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Foreword

This remarkable book explores yet another frontier of multidetector CT imaging, 

namely the widespread application of this high-performance radiological technique in 

the screening for cardiac and coronary artery lesions among the large group of patients 

at risk who undergo MDCT owing to respiratory symptoms.

The volume convincingly demonstrates the exciting new role which both general 

and chest radiologists can play in this medical fi eld, as well as the many new potentially 

medically relevant applications of MDCT in daily radiological practice.

The editors are internationally renowned for their pioneering efforts in defi ning the 

role and scope of high resolution CT and MDCT for the study of the lung. They have 

published numerous articles and several highly successful handbooks on this topic. In 

addition, they have been able to involve many leading experts in the fi eld as individual 

contributing authors to this volume.

Here, they brilliantly describe and illustrate how the fast scanning techniques and 

ultrahigh temporal resolution offered by state-of-the-art MDCT techniques can detect 

and characterise the numerous interaction processes that occur between two vital chest 

organs: the heart and the lungs.

I would like to congratulate both the editors and the authors for this outstanding 

volume, which is an excellent and timely addition to this book series.

 I can highly recommend this handbook not only to all radiologists involved in chest 

imaging, but also to cardiologists, cardiac surgeons, pneumologists and lung surgeons 

as an indispensable guide for the optimal diagnostic and therapeutic management of 

their patients.

I am convinced that this work will rapidly fi nd well deserved recognition and suc-

cess among our readership.

Leuven  Albert L. Baert
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Preface

Since its introduction into medical imaging practice in the 1980s, the major technologi-

cal revolution of the scanner has focused mainly on temporal resolution. Indeed, on 

this basis, is it possible to classify equipment into two groups: scanners which control 

physiological motion and those which are subjected to physiological motion. Techni-

cal innovations have lead to an elaboration of this classifi cation. Cardiac synchronisa-

tion is becoming an increasingly high-performance procedure, with ever less radiation 

exposure. Even without the use of the latter, accelerating rotation times controls motion 

in the slice plane and acquisition volume ever better. These physiological movements 

are caused by beats induced by the heart and vessels (which are quadri-dimensional) 

and, depending on patient condition, by oesophageal peristalsis, poorly controlled 

coughing, involuntary Valsalva maneuver as contrast material passes into the system, 

or disrupted control of apnea at full lung capacity. All anatomical structures of the 

thorax and their possible lesions are thus subjected to shifts. It has been shown that 

detection, analysis and quantifi cation are improved by the suppression of all paracar-

diac motion artefacts. It can also be shown that all paracardiac gains are the result of 

“cardiac arrest” during acquisition. One example demonstrates this accurately: dou-

ble-source technology offers temporal resolution of 83 ms without cardiac gating. It is 

able to acquire the entire thoracic level in 3 s, as well as the proximal coronary arteries 

in diastole if the cardiac frequency is at 75 bpm.

Only total immbolisation of structures and lesions suppresses motion artefacts which 

can have an effect not only on spatial resolution, but also on contrast resolution since 

shifted structures will be under-sampled. The results of this progress have an impact 

on CT practices. While thoracic imaging and cardiac imaging are two distinct special-

ties, the thoracic radiologist of today can no longer neglect examination of the heart 

and coronaries as he used to with earlier generations of equipment. Thus technology 

has opened an era of “cardiothoracic imaging” which prompts the thoracic radiologist 

to take a keen interest in cardiopulmonary interactions, while the cardiac radiologist 

needs to extend his fi eld of analysis. These interactions are manifold: embryologic, 

anatomic, mechanical, physiological, physiopathological, and therapeutic. The time 

has come for these two specialties, thoracic imaging and cardiac imaging, to integrate 

the inseparable part of what was previously the domain of another specialist in their 

own activities.

This book is a trial of integrated cardiothoracic imaging in which a number of fi elds 

are addressed in order to alert the reader to the scale of the task, without, however, 

attempting to be exhaustive. The modest objective of the book is to attract the  reader’s 
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attention to the cardiac effect of pulmonary vascular disease, the cardiovascular 

comorbidities of COPD and the cardiovascular causes and effects of their acute 

exacerbation, the cardiorespiratory tropism of sarcoidosis or  scleroderma, as 

well as the management of equivocal symptoms which can be of either cardiac 

or respiratory origin.

The reader may fi nd overlaps between chapters. These are certainly redun-

dant if they express converging opinions while, in contrast, interesting if they 

express confl icting opinions resulting from the author’s own experience and 

demonstrate that the use of imaging at the boundary between heart and lungs 

has not yet found its balance.

The reader may also encounter chapters lacking suffi cient detail, such as 

the study of the cardio-pericardiac extent of neighbouring diseases (media-

stinal, bronchopulmonary, pleural or even sub-diaphragmatic), or of therapeu-

tic interactions between heart and lungs, a review of which alone would have 

merited a book of this size.

We would like to express our profound gratitude to all the authors who con-

tributed to this book, which represents a collective work of pioneers who have 

just opened the door to a new specialty.

Lille Martine Rémy-Jardin

  Jacques Rémy



  Contents IX

Contents

Part I :  Technological Approach to Cardiothoracic Imaging.  .  .  .  .  .  .  1

  1 From Sixteen Slices to Nowadays – Cardiothoracic Imaging with CT
 Thomas Flohr and Bernd Ohnesorge  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   3

  2 Cardiac Gating
 Thomas Flohr and Bernd Ohnesorge  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  23

  3 Cardiothoracic Image Postprocessing
 Thomas Flohr and Bernd Ohnesorge  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  37

  4   Contrast Medium Utilization
 Dominik Fleischmann and Margaret C. C. Lin .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  53

  5 Dose Reduction in Chest CT
 John R. Mayo and John Aldrich.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  65

  6 Acquisition Protocols
 Jacques Kirsch, Michaël Dupont, and Xavier Hamoir  .  .  .  .  .  .  .  .  .  .  .  .  .  .  79

Part II:  Anatomical and Physiological Approach to 

  Cardiothoracic Imaging.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 87

  7 Cardiac and Coronary Artery Anatomy and Physiology
 Jean-Louis Sablayrolles, Erik Bouvier, Jean Marc Trautenaere, 

 and Jacques Feignoux  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 89

Part III:  Heart-Lung Interactions  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 107

  8 Physiological Interactions
 Francois Laurent and Michel Montaudon  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 109

  9  Drug-Induced Respiratory Disease in Cardiac Patients
 Philippe Camus, Clio Camus, and Pascal Foucher .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 131



X Contents

Part IV:  Medical Applications of Integrated Cardiothoracic Imaging

Cardiac Complications of Thoracic Disorders  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 159

10 Diseases of the Pulmonary Circulation
 Martine Rémy-Jardin, Andrei-Bodgan Gorgos, Vittorio Pansini, 

 Jean-Baptiste Faivre, and Jacques Rémy .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 161

11 COPD and Cardiac Comorbidities
 Jacques Rémy, Anne-Lise Hachulla, and Jean-Baptiste Faivre   .  .  .  .  .  .  .  . 175

12 Immunologic Lung Diseases
 Delphine Gamondès and Didier Revel  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 197

13 Sleep-Related Hypoventilation/Hypoxemic Syndromes (SRHH)
 Jacques Rémy and Nunzia Tacelli  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 203

Thoracic Consequences of Cardiac Diseases .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 207

14 Imaging Findings Associated with Left-Sided Cardiac Dysfunction
 Nicola Sverzellati and David M. Hansell   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 209

MDCT Management of Ambiguous Symptoms   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 219

15 Evaluation of Chest Pain, Hemoptysis and Dyspnea
 Seung Min Yoo and Charles S. White  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 221

Evaluation of Asymptomatic Cardiac Diseases  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 239

16 Lesions of Proximal Coronary Arteries 
 Filippo Cademartiri, Ludovico La Grutta, Anselmo Alessandro Palumbo, 

 Erica Maffei, and Nico R. Mollet  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 241

17 Myocardial Infarction
 Christoph R. Becker   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 251

18 Aortic Bicuspidia, Silent Ductus Arterious
 Salah D. Qanadli and Elena Rizzo.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 257

 
19 Cardiac Calcifi cations
 Annemarieke Rutten and Mathias Prokop  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 269



  Contents XI

20 Left Superior Vena Cava
 Thierry Couvreur and Benoît Ghaye .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 289

21 Partial Anomalous Venous Return
 Benoît Ghaye and Thierry Couvreur .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 307

22 Pulmonary Valvular Stenosis
 Jacques Rémy and Kahimano Boroto  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 325

23 Right-to-Left Shunts
 Loic Boussel, Philippe Douek, and Brett Elicker  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 327

Diseases of the Pericardium   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 339

24 MDCT: Evaluation of Congenital and Acquired Diseases of the Pericardium
 Paul Stolzmann, Borut Marincek, and Hatem Alkadhi .  .  .  .  .  .  .  .  .  .  .  .  . 341

Diseases of the Lung  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 361

25 Lung Perfusion
 Ernst Klotz, Jacques Rémy, François Pontana, Jean-Baptiste Faivre, 

 Vittorio Pansini, and Martine Remy-Jardin  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 363

Miscellaneous .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 379

26 Pulmonary Embolism from Cardiac Origin 
 Lorenzo Bonomo, Anna Rita Larici, Fabio Maggi, Laura Menchini, 

 Andrea Caulo, and Maria Luigia Storto   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 381

27 Pectus Excavatum and the Heart 
 Lorenzo Bonomo, Guiseppe Macis, and Andrea Caulo  .  .  .  .  .  .  .  .  .  .  .  .  .  . 397

28 Thoracic Surgery and Asymptomatic Coronary Artery Disease 
 Jean-Pierre Laissy .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 411

29 Diseases Developing Coronaro-Bronchial Anastomoses
 Jean-Pierre Laissy .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 417

Subject Index.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 425

List of Contributors .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 439



Part I:

Technological Approach to 
Cardiothoracic Imaging



  From Sixteen Slices to Nowadays – Cardiothoracic Imaging with CT 3

From Sixteen Slices to Nowadays –  1
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 1.1 
Introduction and Overview

The broad introduction of multi-detector row com-
puted tomography (MDCT) into clinical practice 
in 1998 constituted a fundamental evolutionary 
step in the development and ongoing refi nement 
of CT-imaging techniques. The fi rst generation of 
MDCT systems offered simultaneous acquisition 
of four slices at a shortest gantry rotation time of 
0.5 s and provided considerable improvement of 
scan speed and longitudinal (z-axis) resolution and 
better utilization of the available X-ray power com-
pared with previous generations of single-slice CT 
systems ( Klingenbeck et al. 1999; McCollough 
and Zink 1999; Hu et al. 2000). As a consequence, 

high- resolution imaging of larger anatomical vol-
umes, such as the entire thorax, with a single scan 
acquisition and a single contrast medium injec-
tion became feasible, see Figure 1.1. The diagnosis 
of pulmonary embolism, already well established 
with single-slice CT systems at the level of segmen-
tal pulmonary arteries (Remy-Jardin et al. 1996; 
Remy-Jardin and Remy 1999), could be extended 
to the level of sub-segmental arteries thanks to 
the improved spatial resolution with 4 × 1-mm or 
4 × 1.25-mm collimation (Schoepf et al. 2001, 2002; 
Remy-Jardin et al. 2002). Imaging of the heart was 
enabled by electro-cardiogram (ECG) synchronized 
data acquisition. Using optimized image reconstruc-
tion techniques, a temporal resolution of 250 ms and 
less was achieved with 0.5-s gantry rotation time 
(Kachelrieß et al. 2000;  Ohnesorge et al. 2000; 
Flohr and  Ohnesorge 2001), which proved suf-
fi cient for adequate visualization of the coronary 
arteries at low to moderate heart rates (Achenbach 
et al. 2000; Becker et al. 2000; Knez et al. 2001; 
Nieman et al. 2001). Due to the very low table feed 
required for gapless volume coverage in any phase 
of the patient’s cardiac cycle (about 3 mm/s for 
4 × 1-mm collimation and 7.5 mm/s for 4 × 2.5-mm 
collimation), ECG-synchronized data acquisition 
with reasonable longitudinal resolution could not 
be extended to the entire thorax (about 300 mm). 
Hence, thoracic CT imaging with four slices was 
restricted to non-ECG gated acquisitions and a mere 
morphological assessment of the thoracic organs 
(d’Agostino et al. 2006).

Sixteen-slice MDCT systems (Flohr et al. 2002a, 
2002b), introduced in 2001, provided simultane-
ous acquisition of 16 sub-millimeter slices (either 
16 × 0.5 mm or 16 × 0.625 mm or 16 × 0.75 mm) 
and faster gantry rotation (rotation times down to 
0.375 s). Substantial anatomical volumes could now 
be routinely covered with isotropic sub-millimeter 
spatial resolution. Due to short breath-hold times 
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of about 10 s for a CT-scan of the thorax with sub-
millimeter collimation, central and peripheral pul-
monary embolism could be reliably and accurately 
diagnosed even in dyspneic patients with a high 
pre-test likelihood of pulmonary embolism as the 
cause of their symptoms and limited ability to coop-
erate (Remy-Jardin et al. 2002; Schoepf et al. 2003). 
Furthermore, the use of MDCT for a combined as-
sessment of pulmonary embolism and deep venous 
thrombosis, already introduced in 2001 (Schoepf 
et al. 2001), was established in clinical practice. 
ECG-synchronized cardiac scanning was enhanced 
by both, improved temporal and improved spatial 
resolution (Nieman et al. 2002; Ropers et al. 2003), 
and by considerably faster volume coverage (8 mm/s 
with 16 × 0.75-mm collimation and 16 mm/s with 
16 × 1.5-mm collimation). Reasonable breath-hold 
times below 30 s to cover the entire thorax with 
ECG-gated acquisition protocols could be achieved 
by using collimation settings of 16 × 1.25 mm or 
16 × 1.5 mm. While the limited longitudinal resolu-
tion hampered the detailed diagnosis of coronary 
arteries, motion-free visualization of the lung and 
the cardiothoracic vessels as well as cardiac func-
tional evaluation became possible. Alternatively, 

two-phase protocols could be used to scan both the 
entire thorax and cardiac cavities with the highest 
spatial resolution. Hence, cardiac functional evalu-
ation could be integrated into a diagnostic CT scan 
of the chest, providing vital information in a variety 
of respiration disorders, e.g., about right ventricular 
function and about details such as the presence of 
cardiomyopathy and ventricular aneurysms, plus 
the analysis of myocardial contractility on CT cine 
images (Coche et al. 2005; Delhaye et al. 2006; 
d’Agostino et al. 2006; Bruzzi et al. 2006a, 2006b).

In addition, fi rst clinical studies proved the po-
tential usefulness of ECG-synchronized imaging of 
the heart and the cardiothoracic vessels with one CT 
scan for a comprehensive diagnosis in patients with 
acute chest pain (Ohnesorge et al. 2005; White et 
al. 2005; Ghersin et al. 2006). In a sense, it is fair 
to say that combined cardiothoracic imaging began 
with the generation of 16-slice CT systems.

In 2004, all major CT manufacturers introduced 
MDCT systems with simultaneous acquisition of 64 
slices. Two different scanner concepts were intro-
duced by the different vendors: the “volume con-
cept” pursued by GE, Philips and Toshiba aims at 
a further increase in volume coverage speed by us-

Fig. 1.1a–c. Case study (coronal MPRs) of a thorax examination in a patient with pulmonary embolism, illustrating the 
increased clinical performance from (a) single-slice CT (8-mm slices) to (b) 4-slice CT (1.25-mm slices), and (c) 64-slice 
CT (0.75-mm slices). Compared with single-slice CT scanners, four-slice CT systems brought about considerably improved 
longitudinal resolution in equivalent examination times (30 s to cover the thorax). Sixty-four-slice CT scanners provide 
signifi cantly reduced examination times (5 s to cover the thorax) in combination with isotropic sub-millimeter resolution. 
The single-slice and 4-slice images were synthesized from the 64-slice CT data (courtesy of Profs. J. Remy and M. Remy-
Jardin, Hopital Calmette, Lille, France)

a cb
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ing 64 detector rows instead of 16, thus providing 
32 mm–40 mm z-coverage without changing other 
physical parameters of the scanner compared to the 
respective 16-slice version. The “resolution concept” 
pursued by Siemens uses 32 physical detector rows 
in combination with double z-sampling, a refi ned 
 z-sampling technique enabled by a periodic mo-
tion of the focal spot in the z-direction, to simulta-
neously acquire 64 overlapping 0.6-mm slices with 
the goal of pitch-independent increase of longitu-
dinal resolution and reduction of spiral artifacts 
(Flohr et al. 2004, 2005). With the use of 64-slice 
CT systems, the entire thorax can be scanned with 
sub-millimeter resolution in about 5 s in a non-ECG-
gated mode (see Fig. 1.1), which is benefi cial for the 
examination of emergency patients, e.g., with suspi-
cion of acute pulmonary embolism. The improved 
temporal resolution due to gantry rotation times 
down to 0.33 s increases the clinical robustness of 
ECG-gated scanning at higher heart rates, thereby 
signifi cantly facilitating the successful integration 
of CT coronary angiography into routine clinical 
algorithms (Leber et al. 2005; Raff et al. 2005). 
While image quality at higher heart rates seems to 
be signifi cantly improved compared with previous 
generations of MDCT systems, several authors still 
propose the administration of beta-blockers (Leber 
et al. 2005; Raff et al. 2005; Mollet et al. 2005).

Sixty-four-slice CT scanners can overcome the 
limitations of 16-slice CT scanners with respect to 
combined cardiothoracic scanning, since they are 
able to cover the entire thorax in an ECG-gated 
mode with sub-millimeter collimation for a com-
prehensive diagnosis of morphology and cardiac 
function within one integrated CT examination, in-
cluding high-resolution imaging of the coronary ar-
teries (Salem et al. 2006; Bruzzi et al. 2006a, 2006b; 
Delhaye et al. 2007). Due to scan times usually not 
exceeding 20 s, suffi cient contrast enhancement of 
the pulmonary vessels, coronary arteries and aorta 
can be achieved without excessive doses of contrast 
medium. In a study with 133 patients using ECG-
gated 64-slice CT, both the underlying respiratory 
disease and cardiac function could be assessed from 
the same CT data set in 92% of the patients (Salem 
et al. 2006). Delhaye et al. (2007a) demonstrated 
that proximal and mid-coronary segments could be 
adequately assessed during an ECG-gated CT angio-
graphic examination of the entire thorax without 
administration of beta-blockers in patients with a 
heart rate below 80 bpm. The authors also showed 
that ECG-gated 64-slice MDCT could be a clini-

cally suitable method for screening for coronary ar-
tery disease prior to chest surgery (Delhaye et al. 
2007b).

First clinical experience indicates that 64-slice CT 
could enable the rapid triage of patients in the emer-
gency room who present with equivocal chest pain, 
non-diagnostic ECG and negative serum markers. 
Such patients usually undergo a period of observa-
tion with repeated assessment of ECG and cardiac 
markers and further workup. Inclusion of 64-slice 
CT into the diagnostic algorithm allows for rapid 
diagnosis of common causes of acute chest pain, 
such as pulmonary embolism, aortic dissection or 
aneurysm, or signifi cant coronary artery disease. 
This application is often referred to as “triple rule 
out” (Schoepf 2007; Johnson et al. 2007a). As a 
downside, ECG-gated multi-slice spiral scanning of 
the entire thorax with high resolution can result in 
considerable radiation exposure, which is of partic-
ular concern in patients with low likelihood of dis-
ease, and has so far precluded the routine use of this 
method for the examination of patients with acute 
chest pain, except when there is suffi cient support 
for the diagnosis of either aortic dissection or pul-
monary embolism (Gallagher and Raff 2008). It 
is in any case mandatory to carefully optimize scan 
techniques and protocols for ECG-synchronized CT 
angiography of the chest according to the clinical 
indication. Some 64-slice CT systems are equipped 
with special protocols for ECG-gated examinations 
of the chest that utilize higher pitch values up to 
0.3 for increased scan speed and reduced radia-
tion exposure. Effective patient dose values of only 
4.95 mSv were reported with the use of such proto-
cols for low-dose ECG-gated CT angiograms of the 
thorax, without altering the diagnostic value of the 
CT scans (d’Agostino et al. 2006). Figure 1.2 shows 
a patient example of an ECG-gated spiral acquisition 
of the entire thorax with a 64-slice CT.

In 2007, a MDCT system with 128 simultaneously 
acquired slices was introduced based on a detector 
with 64 × 0.6-mm collimation and double z-sam-
pling by means of a z-fl ying focal spot.

With the latest generation of 64- or 128-slice 
MDCT, the whole body can be examined with iso-
tropic sub-millimeter resolution in very short scan 
times, and a further increase in the number of si-
multaneously acquired slices to speed up the system 
even more will not necessarily translate into in-
creased clinical benefi t. Instead, new developments 
are ongoing to solve remaining limitations of con-
ventional MDCT scanners.
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Motion artifacts remain the most important 
challenge for integrated cardiothoracic imaging 
and coronary CTA even with the latest generation 
of MDCT. A temporal resolution of less than 100 ms 
at all heart rates is desirable to completely eliminate 
the need for heart rate control. In 2005, a dual source 
CT (DSCT) system, i.e., a CT system with two X-ray 
tubes and two corresponding detectors offset by 90°, 
was introduced (Flohr et al. 2006). The key benefi t 
of DSCT for cardiothoracic scanning and coronary 
CTA is improved temporal resolution. A scanner of 
this type provides temporal resolution of a quarter 
of the gantry rotation time, independent of the pa-

tient’s heart rate. Meanwhile, several clinical studies 
have demonstrated the potential of DSCT to accu-
rately rule out signifi cant coronary artery stenoses 
with little or no dependence on the patient’s heart 
rate (Achenbach et al. 2006; Scheffel et al. 2006; 
Johnson et al. 2007b; Matt et al. 2007; Leber et al. 
2007; Ropers et al. 2007). DSCT scanners are well 
suited for integrated cardiothoracic examinations, 
since they can overcome the restricted image qual-
ity of the coronary arteries in high heart rates, which 
has so far been a major limitation of these examina-
tions in particular in acutely ill patients (Johnson 
et al. 2007c). In a study with 109 consecutive pa-

Fig. 1.2a–d. Example of a high-resolution ECG-gated chest examination using a 64-slice CT, which illustrates the potential 
of ECG-gated cardiothoracic scanning to assess common causes of acute chest pain, such as pulmonary embolism, aortic 
dissection or aneurysm, or signifi cant coronary artery disease, in one single examination. A 49-year-old male patient with 
bilateral pulmonary embolism (a,b), but no evidence of disease of the thoracic aorta (c) and no evidence of disease of the 
coronary arteries (d) (courtesy of Hong Kong Baptist Hospital, Hong Kong, China)

a b

c d
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tients presenting with acute chest pain, the overall 
sensitivity for the identifi cation of the cause of chest 
pain was 98% with the use of DSCT ( Johnson et al. 
2007c).

DSCT scanners also show promising properties 
for general radiology applications, such as potential 
dose accumulation for the examination of obese pa-
tients, or dual-energy acquisitions. Clinical applica-
tions of dual-energy CT include tissue characteriza-
tion, calcium quantifi cation and quantifi cation of 
the local blood volume in contrast-enhanced scans 
(Johnson et al. 2007d; Primak et al. 2007; Scheffel 
et al. 2007; Graser et al. 2008).

Yet another challenge for CT is the visualiza-
tion of dynamic processes in extended anatomical 
ranges, e.g., to characterize the infl ow and outfl ow 
of contrast agent in the arterial and venous system 
in dynamic CT angiographies or to determine the 
enhancement characteristics of the contrast agent 
in volume perfusion studies. One way to solve this 
problem is the introduction of area detectors large 
enough to cover entire organs, such as the heart, 
the kidneys or the brain, in one axial scan (requir-
ing 120 mm volume coverage or more). In 2007, a CT 
scanner with 320 × 0.5-mm collimation and 0.35-s 
gantry rotation time was introduced, which has the 
potential to cover the heart in one single sequential 
acquisition – thereby avoiding stair-step and mis-
registration artifacts – and to acquire dynamic vol-
ume data by repeatedly scanning the same anatomi-
cal range without table movement. 

Overall, the greatest challenge of evolving CT 
technology is the explosion of information now 
available to physicians. Standardizing the display 
of post-processed images will be increasingly im-
portant to preserve effi cient workfl ow and optimum 
patient care. 

 1.2 
Multi-Detector Row CT (MDCT)

1.2.1 

Technology

Third-generation CT scanners employ the so-called 
“rotate/rotate” geometry, in which both X-ray tube 
and detector are mounted onto a rotating gantry 
and rotate about the patient (Fig. 1.3). In a MDCT 
system, the detector comprises several rows of 700 

and more detector elements that cover a scan fi eld of 
view (SFOV) of usually 50 cm. The X-ray attenuation 
of the object is measured by the individual detector 
elements. All measurement values acquired at the 
same angular position of the measurement system 
are called a “projection” or “view.” About 1,000 pro-
jections are typically measured during each 360° 
rotation. A suitable MDCT detector must provide 
different slice widths to adjust the optimum scan 
speed, longitudinal resolution and image noise for 
each application. Different manufacturers of MDCT 
scanners have introduced different detector designs: 
the fi xed array detector consists of detector elements 
with equal sizes in the longitudinal (z-axis) direc-
tion, while the adaptive array detector comprises 
detector rows with different sizes in the longitudinal 
direction. Figure 1.4 gives an overview on the detec-
tor designs of current 16-, 64-, and 128-slice MDCT 
scanners.

Some MDCT scanners make use of a periodic mo-
tion of the X-ray focal spot in the longitudinal direc-
tion (z-fl ying focal spot, double z-sampling) to double 
the number of simultaneously acquired slices and to 
improve data sampling along the z-axis (Flohr et al. 
2004, 2005). By permanent electromagnetic defl ec-
tion of the electron beam in the X-ray tube, the focal 
spot is wobbled between two different positions on 
the anode plate. The amplitude of the periodic z-mo-
tion is adjusted in a way that two subsequent read-

Fig. 1.3. Basic components of a modern third generation CT 
scanner. DAS = data acquisition system
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ings are shifted by half a collimated slice width in the 
patient’s longitudinal direction (Fig. 1.5). Therefore, 
the measurement rays of two subsequent readings 
interleave in the z-direction, and two subsequent 
M-slice readings with, e.g., 0.6-mm collimated slice 
width are combined to one 2M-slice projection with 
a sampling distance of 0.3 mm at the iso-center. The 
clinical benefi ts of optimized z-sampling with the 

z-fl ying focal spot technique are improved longitu-
dinal resolution at any pitch (Fig. 1.6) and suppres-
sion of spiral artifacts. Typical spiral artifacts result 
from insuffi cient data sampling along the z-axis and 
present as hyper- or hypo-dense “windmill” struc-
tures surrounding  z-inhomogeneous high-contrast 
objects such as bones or contrast-fi lled vessels (e.g., 
vena cava), which rotate when scrolling through a 
stack of images.

Key requirement for the mechanical design of the 
gantry is the stability of both focal spot and detector 
position during rotation, in particular with regard 
to the rapidly decreasing rotation times of modern 
CT systems (from 0.75 s in 1994 to 0.3 s in 2008). 
Hence, the mechanical support for X-ray tube, tube 
collimator and data measurement system (DMS) has 
to be designed such as to withstand the high gravi-
tational forces associated with fast gantry rotation. 
Rotation times of less than 0.25 s appear to be be-
yond today’s mechanical limits.

1.2.2 

MDCT Scan and 

Image Reconstruction Techniques

With the advent of MDCT, axial “step-and-shoot” 
scanning has remained in use for only few clini-
cal applications, such as head scanning, high-res-
olution lung scanning, perfusion CT and interven-
tional applications. Spiral/helical scanning is the 
method of choice for the vast majority of all MDCT 
e xaminations.

Fig. 1.4. Adaptive array detectors (comprising elements of varying size in the z-direction) and fi xed array detectors (compris-
ing elements of equal size in the z-direction) used in commercially available MDCT systems. z-FFS = z-fl ying focal spot

Fig. 1.5. Schematic illustration of improved z-sampling with 
the z-fl ying focal spot technique (double z-sampling). Two 
subsequent M-slice readings are shifted by half a collimated 
slice width S /2 at the iso-center and can be interleaved to one 
2M-slice projection. Improved z-sampling is maintained in a 
range of the scan fi eld of view (SFOV), which can be defi ned 
by a “limiting” radius rlim
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An important parameter to characterize a spiral/
helical scan is the pitch. According to IEC speci-
fi cations (International  Electrotechnical 
 Comission 2002) the pitch p is given by

p = tablefeed per rotation/
 total width of the collimated beam (1)

This defi nition holds for single-slice CT as well as 
for MDCT. It shows whether data acquisition occurs 
with gaps (p > 1) or with overlap (p < 1) in the longi-
tudinal direction.

To fully exploit the potential benefi ts of MDCT 
technology, suitable scan and image reconstruc-
tion concepts had to be developed that cope with the 
technical challenges of MDCT imaging, such as the 
complicated z-sampling patterns or the cone angle 
problem: the measurement rays in MDCT are tilted 
by the so-called cone-angle with respect to a plane 
perpendicular to the z-axis. The cone-angle is larg-
est for the slices at the outer edges of the detector, 
and it increases with increasing number of detector 
rows if their width is kept constant.

MDCT spiral/helical algorithms for general radi-
ology applications have to provide acceptable image 
quality in terms of cone-beam artifacts and spiral 
“windmill” artifacts; they should allow for a certain 
variation of the pitch to adjust the table-feed of the 
scanner to clinical needs, and they should make full 

use of the data that are available for an image, i.e., 
they should not waste radiation dose. Depending on 
the number of slices of the respective CT system, the 
cone angle of the measurement rays can either be 
neglected – for up to about eight slices – or it has to 
be taken into account at least approximately – for 
more than eight slices. ECG-triggered and ECG-
gated scan and image reconstruction techniques 
will be covered in the following chapter.

Pertinent spiral/helical algorithms neglecting 
the cone angle of the measurement rays are the 
180� MLI and 360� MLI multi-slice linear interpo-
lation approaches (Hu 1999; Hsieh 2003) or z-fi lter 
techniques (Taguchi and Aradate 1998; Schaller 
et al. 2000). In a z-fi lter reconstruction, all direct and 
complementary rays (i.e., rays in the same direction 
acquired half a rotation earlier or later) within a se-
lectable distance from the image plane contribute to 
the image. Images with different slice widths can be 
retrospectively reconstructed from the same CT raw 
data by adjusting this distance and the correspond-
ing weighting functions. Hence, z-fi ltering allows the 
user to trade off z-axis resolution with image noise 
(which directly correlates with required dose).

Commonly used reconstruction approaches ac-
counting for the cone-beam geometry of the mea-
surement rays are the so-called nutating slice algo-
rithms and 3D fi ltered back-projection. In a nutating 
slice reconstruction, the 3D reconstruction task is 
split into a series of conventional 2D reconstructions 

Fig. 1.6. Multi-planar reformations 
(MPRs) of a z-resolution phantom (high-
resolution insert of the CATPHAN, the 
Phantom Laboratories, Salem, NY, 
turned by 90°). Scan data were acquired 
on a CT system with 32×0.6-mm col-
limation in a 64-slice acquisition mode 
using the z-fl ying focal spot and re-
constructed with the narrowest slice 
width (nominal 0.6 mm) and a sharp 
body kernel. Independent of the pitch 
(p = 0.5, 0.95 or 1.45), all line pair test 
patterns up to 16 lp/cm can be visual-
ized. The line pair test pattern with 
15 lp/cm is exactly perpendicular to 
the z-axis, corresponding to 0.33-mm 
longitudinal resolution



10 T. Flohr and B. Ohnesorge

on tilted intermediate image planes. A representa-
tive example is the adaptive multiple plane recon-
struction, AMPR (Schaller et al. 2001; Flohr et al. 
2003). In a 3D fi ltered back-projection reconstruction 
(Grass et al. 2000; Hein et al. 2003;  Stierstorfer 
et al. 2004), the measurement rays are directly back-
projected into a 3D volume along the lines of mea-
surement, this way accounting for their cone-beam 
geometry (see Fig. 1.7). 

Regardless of the specifi c reconstruction algo-
rithm used in a particular CT scanner, narrow col-
limation scanning is generally recommended due to 
better suppression of partial volume artifacts, even 
if the pitch has to be increased for equivalent volume 
coverage. Similar to single-slice spiral CT, narrow 
collimation scanning is the key to reduce artifacts 
and to improve image quality. CT examinations of 
the chest in particular benefi t from narrow collima-

tion settings. Pitch values of 1.3–1.5 and fast gantry 
rotation (e.g., rotation time trot = 0.33 s) are advisable 
for non-ECG-gated scans of the thorax, resulting in 
high volume coverage speeds of up to, e.g., 90 mm/s 
for a CT scanner with 32 × 0.6-mm collimation and 
up to 180 mm/s for a CT scanner with 64 × 0.6-mm 
collimation.

In practice, different slice widths are often recon-
structed by default: thick slices for fi lming and initial 
viewing and thin slices for 3D post-processing and 
evaluation. The image noise in close-to- isotropic 
high-resolution volumes can be limited by mak-
ing use of thick multi-planar reformations (MPRs) 
or thick maximum intensity projections (MIPs). In 
this way, images with the desired slice width can be 
obtained in arbitrary directions. As a consequence, 
the distinction between longitudinal and in-plane 
resolution has meanwhile become a historical rem-
nant, and the traditional axial slice has lost its clini-
cal predominance. 

 1.3 
CT Systems with Area Detectors

An area detector is a CT detector that is wide enough 
to cover entire organs, such as the heart, the kid-
neys or the brain, in one axial scan without table 
movement, see Figure 1.8. Hence, a clinically useful 
area detector has to cover at least 120 mm in the 
 z-direction. In 2007, a CT scanner with 320 × 0.5-mm 
collimation and 0.35-s gantry rotation time was 
commercially introduced by one vendor, after a 
long evaluation phase using prototype systems with 
256 × 0.5-mm collimation and 0.5 s gantry rotation 
time: the CT scanner and its image reconstruction 
were technically evaluated (Mori et al. 2004, 2006a), 
phantom studies were performed (Funashabi et al. 
2007), and fi rst in-vitro studies and clinical images 
of pigs were presented (Funashabi et al. 2005; Mori 
et al. 2006b). First patient studies (Kondo et al. 2005) 
demonstrated the prototype’s potential to visualize 
the cardiac anatomy and to assess cardiac function. 
In a preliminary clinical report (Kido et al. 2007), 
90.9% of the AHA coronary segments 1, 2, 3, 5, 6, 7, 
9 and 11 could be evaluated in fi ve patients. Mean-
while, estimates for the expected radiation dose to 
the patient have been given (Mori et al. 2006c).

The benefi ts of CT scanners with area detectors 
for cardiothoracic scanning are two-fold: fi rst, they 

Fig. 1.7. Schematic illustration of 3D spiral/helical back-
projection in parallel geometry. Each ray (yellow) is directly 
back-projected into the SFOV (black cylinder) along its line 
of measurement, thereby accounting for its cone angle. This 
means that each voxel in the SFOV receives contributions 
from those rays that pass from the X-ray source through the 
voxel to the detector array. The spiral/helical path is indi-
cated in red. As a consequence of the rebinning procedure 
from fan beam geometry to parallel beam geometry, each 
parallel projection (the array of yellow lines shown in the 
fi gure) consists of rays from several fan beam projections 
acquired at different projection angles with different posi-
tions of the X-ray focus along the spiral path. (Illustration by 
courtesy of Dr. Karl Stierstorfer, Siemens Healthcare, Forch-
heim, Germany)
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can avoid the typical stair-step artifacts in ECG-
synchronized examinations of the heart. With to-
day’s available MDCT detector z-coverage of up 
to 40 mm, an ECG-synchronized volume image of 
the heart still consists of several image slabs recon-
structed from data acquired in multiple consecutive 
heart beats. As a consequence of insuffi cient tem-
poral resolution and variations of the heart motion 
from one cardiac cycle to the next – in particular 
in case of arrhythmia – these image slabs can be 
blurred or shifted relative to each other, resulting in 
banding artifacts in MPRs or volume-rendered dis-
plays (VRTs). The width of an image slab originating 
from one heart beat is proportional to the detector 
z-coverage. With increasing detector z-coverage, the 
number of heart beats contributing to the volume 
image decreases, and so does the number of steps 
in case of artifacts. The diagnostic quality of a “one 
heart beat” cardiac examination, however, depends 
on the available temporal resolution. In the worst 
case, the entire scan will suffer from blurring and 

reduced image quality if it is acquired in a short RR 
cycle.

As a second benefi t, CT systems with area detec-
tors can acquire dynamic volume data by repeat-
edly scanning the same anatomical range without 
table movement, which is useful in dynamic CT an-
giographic studies or in volume perfusion studies, 
e.g., to distinguish hepatocellular carcinoma (HCC) 
from normal liver tissue (Mori et al. 2007). A promi-
nent cardiothoracic application is the evaluation of 
myocardial perfusion defects, e.g., due to coronary 
artery narrowing. With today’s MDCT technology, 
only limited ranges of the myocardium (3–4 cm 
depending on the CT scanner type and its detector 
z-coverage) can be covered with sequential ECG-
controlled scan protocols without table movement 
to study dynamic contrast enhancement. With area 
detector technology, the entire myocardium can be 
examined. CT imaging of the myocardial perfusion 
is conceptually promising, yet it has to compete with 
other well-established modalities (in particular 
magnetic resonance imaging MRI), and a number of 
obstacles have to be overcome to prove clinical feasi-
bility. For clinically relevant diagnostic information 
stress perfusion testing at elevated heart rates (e.g., 
after the administration of adenosine) is mandatory, 
which requires excellent temporal resolution – at 
best below 50–100 ms.

In dynamic volume studies of the entire thorax, 
either for perfusion evaluation or for dynamic CTA, 
a scan range of at least 25 cm has to be covered, which 
is beyond the scope of current area detector tech-
nology and requires repeated axial scans with table 
movement in between. In this case, dynamic spiral/
helical acquisition schemes using MDCT systems 
with limited detector z-coverage may lead to similar 
results. Continuous periodic table movement allows 
for time-resolved spiral/helical scanning of areas 
larger than the detector z-width, see Figure 1.9. With 
an average pitch of 1 and 0.3 s gantry rotation time, a 
scan range of, e.g., 27 cm can be covered in 2.5 s with 
a 4-cm detector. Early clinical experience indicates 
that the temporal sampling rate is then still suffi -
cient for perfusion evaluation of extended tumors, 
e.g., by means of Patlak analysis. Figure 1.10 shows 
a clinical example of a dynamic CTA acquisition of 
the thorax with a CT system with 4-cm detector, vi-
sualizing the infl ow of contrast agent into the vena 
cava, the right heart, the left heart and the aorta. 
Clinical studies will be needed to identify relevant 
applications of such time-resolved CT angiographic 
studies.

Fig. 1.8. Schematic drawing of a CT geometry with area de-
tector large enough to cover entire organs such as the heart 
in a single rotation
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Fig. 1.9. Schematic drawing illustrating the principle of a 
dynamic spiral/helical acquisition scheme to extend the 
 z-coverage in time-resolved CTA or volume-perfusion stud-
ies with MDCT. Continuous periodic table movement (illus-
trated by the sinusoidal yellow line as a function of the time 
t) allows for time-resolved spiral scanning of areas larger 
than the detector z-width (the detector z-width is illustrated 
as a yellow box at the turning points of the sinusoidal path)

Fig. 1.10. Clinical example illustrating the performance of 
dynamic spiral/helical acquisition for time-resolved CT an-
giographic studies. Infl ow of contrast medium into the vena 
cava, the right heart, the left heart and fi nally the aorta. One 
run of the dynamic spiral (scan length 27 cm) was acquired 
every 2.5 s using a detector with 4 cm z-coverage (courtesy 
of Dr. M. Lell, University Erlangen, Germany)
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 1.4 
Dual-Source CT (DSCT)

Increased gantry rotation speed is a pre-requisite 
for clinically robust improvement of the tempo-
ral resolution with conventional third-generation 
MDCT systems. An alternative scanner concept that 
provides considerably enhanced temporal resolu-
tion but does not require faster gantry rotation is 
a CT with multiple tubes and corresponding detec-
tors (Robb and Ritman 1979; Ritman et al. 1980). 
In 2005, a dual-source CT (DSCT) was commer-
cially introduced. The two acquisition systems are 
mounted onto the rotating gantry with an angular 
offset of 90� (Fig. 1.11). One detector covers the entire 
SFOV (50 cm in diameter), while the other detector is 
restricted to a smaller, central fi eld of view (26 cm). 
Both detectors provide simultaneous acquisition of 
64 overlapping 0.6-mm slices by means of double 
z-sampling using a z-fl ying focal spot. The gantry 
rotation time is 0.33 s (Flohr et al. 2006). Due to 
the restriction of detector (B) to a 26-cm fi eld of 
view, the projection data of larger objects are trun-
cated. They have to be extrapolated in the image 
reconstruction process by using data acquired with 
detector (A) at the same view angle a quarter rota-
tion earlier or later. 

The key benefi t of DSCT for cardiothoracic scan-
ning is improved temporal resolution equivalent to 
a quarter of the gantry rotation time (Flohr et al. 
2006). In parallel geometry, 180� of scan data (a half-
scan sinogram) is necessary for ECG-synchronized 
image reconstruction. Due to the 90� angle between 
both detectors, the half-scan sinogram can be split 
up into two 90� data segments, which are simulta-
neously acquired by the two acquisition systems 
in the same relative phase of the patient’s cardiac 
cycle and at the same anatomical level. With this ap-
proach, constant temporal resolution equivalent to 
a quarter of the gantry rotation time trot/4 (83 ms at 
0.33 s gantry rotation) is achieved in a suffi ciently 
centered region of the SFOV. The temporal resolu-
tion is independent of the patient’s heart rate, since 
data from one cardiac cycle only are used to recon-
struct an image (single-segment reconstruction). 
This is a major difference to conventional MDCT 
systems, which can theoretically provide similar 
temporal resolution by combining data from several 
heart cycles to an image (multi-segment reconstruc-
tion). With multi-segment approaches, temporal 
resolution strongly depends on the heart rate – op-
timal temporal resolution can only be achieved at 
few selected heart rates – and a stable and predict-
able heart rate and complete periodicity of the heart 
motion are required for adequate performance (see 

Fig. 1.11a,b. Picture of the open gantry of a commercially available dual source CT (DSCT) system using two tubes and two 
corresponding detectors offset by 90° (left). One detector (a) covers the entire SFOV with a diameter of 50 cm, while the 
other detector (b) is restricted to a smaller, central fi eld of view (right)

a b
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Fig. 1.12 for a comparison of MDCT single-segment 
and multi-segment reconstruction and DSCT single-
segment reconstruction for the same patient with 
 arrhythmia).

Several clinical studies have meanwhile demon-
strated that DSCT can provide diagnostic results in 
coronary CT angiography examinations irrespective 
of the patient’s heart rate (Achenbach et al. 2006; 
Scheffel et al. 2006; Johnson et al. 2007b; Matt et 
al. 2007; Leber et al. 2007;  Ropers et al. 2007). Very 
high sensitivity and negative predictive values show 

the strength of the technique in ruling out signifi cant 
coronary artery disease (CAD) (Leber et al. 2007). 
While DSCT may demonstrate slightly lower per-seg-
ment evaluability for high heart rates, diagnostic ac-
curacy for the detection of coronary artery stenoses 
does not decrease (Ropers et al. 2007). With DSTC, 
image quality is less dependent on heart rate varia-
tions than with MDCT, hence clinically robust image 
quality in patients with irregular heart rate during 
the scan can be achieved. Only heart rates that are 
both high and variable deteriorate image quality, but 

Fig. 1.12a–c. Volume-rendered images (VRTs) of a coronary 
CT angiographic study in a patient with severe arrhythmia 
(varying heart rate from 86 bpm to 122 bpm) during scan 
data acquisition with a DSCT system. The same rendering 
parameters were used for all VRTs. a Single-segment image 
reconstruction using data from only one of the two measure-
ment systems (A). This corresponds to a scan acquired with 
a 64-slice single source MDCT system with 165-ms temporal 
resolution. Severe motion artifacts in the RCA, the LAD and 
the diagonal branches are caused by insuffi cient temporal 
resolution. b Two-segment image reconstruction using data 
from only one of the two measurement systems (A). As a con-
sequence of the rapidly varying heart rate, temporal resolu-
tion is not consistently improved by the multi-segment tech-
nique. The visualization of the coronary arteries is improved, 
but still suffers from artifacts. c Single-segment image re-
construction using data from both measurement systems 
(A, B), resulting in 83 ms temporal resolution. The coronary 
arteries are now almost free of motion artifacts, despite the 
patient’s arrhythmia (courtesy of Dr. C. Becker, University 
Hospital of Munich-Grosshadern, Munich,  Germany)

a b

c
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the quality remains adequate for diagnosis (Matt et 
al. 2007). First clinical experience indicates that the 
elimination of cardiac motion due to the improved 
temporal resolution signifi cantly reduces Ca bloom-
ing (Fig. 1.13), which has so far been an obstacle in 
the assessment of coronary artery disease in patients 
with signifi cant calcifi cations in the coronary arter-
ies. DSCT coronary CTA performs well in the detec-
tion of in-stent restenosis, see Figure 1.14. Although 
DSCT coronary CTA leads to frequent false-positive 
fi ndings in small stents (� 2.75 mm), it reliably rules 
out in-stent restenosis irrespective of stent size 
( Pugliese et al. 2007). First clinical evaluations have 
meanwhile demonstrated promising results in the 

triage of patients with acute chest pain by means of 
DSCT (Johnson et al. 2007c; Schertler et al. 2007).

DSCT can provide high power reserves of up to 
160 kW for general radiology examinations by using 
both X-ray tubes simultaneously, which is benefi -
cial for long scan ranges and obese patients. Dual-
energy acquisitions with both X-ray tubes operated 
at different kV settings have the potential to open a 
new era of clinical applications. The evaluation of 
dual-energy CT data can add functional informa-
tion to the mere morphological information based 
on different X-ray attenuation coeffi cients that is 
usually obtained in a CT examination. Dual-energy 
acquisition can support the differentiation of ves-

Fig. 1.13. Improved visualization of calcifi ed plaques (reduced “blooming” artifact) at lower heart 
rates due to improved temporal resolution. A comparable clinical situation (calcifi ed LAD) is 
shown both for a 64-slice CT system with 165 ms temporal resolution (top left) and a DSCT system 
with 83 ms temporal resolution (top right). The spatial resolution of both systems is similar (cour-
tesy of Dr. S. Achenbach, Erlangen University, Germany). At least part of the blooming artifact 
is caused by residual coronary motion (arrow). This clinical result is supported by a computer 
simulation study of a moving coronary artery at identical spatial resolution, but different temporal 
resolution (165 ms, bottom left, versus 83 ms, bottom right)
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sels and bone for an automatic bone removal in CT 
angiographic studies, in particular in complex ana-
tomical situations. Dual energy helps to character-
ize certain tissues in the human body, such as kid-
ney stones or tendons and ligaments (Primak et al. 
2007; Scheffel et al. 2007; Graser et al. 2008). With 
dual-energy CT techniques, uric acid, cystine, stru-
vite and mixed renal calculi can be differentiated 
from other types of stones in vitro and in vivo, with 
accuracy � 93% and sensitivity � 88% depending on 
the scan conditions (Primak et al. 2007). This is of 
clinical relevance as uric acid stones may be treated 
pharmacologically rather than with surgical extrac-
tion or extracorporal shockwave lithotripsy. Most 
important, dual-energy CT is capable of visualizing 
and quantifying the local iodine update in tissues as 
a measure for the local blood supply. Potential car-
diothoracic applications of this technique comprise 
visualization of the iodine uptake in the lung pa-
renchyma to evaluate perfusion defects in the lung, 
e.g., as a consequence of pulmonary embolism (see 
Fig. 1.15), tumor characterization and monitoring of 
anti-angiogenesis tumor therapy, or quantifi cation 
of myocardial enhancement to determine the myo-
cardial blood volume (Ruzsics et al. 2008), which 
so far has been reserved for other modalities (see 
Fig. 1.16). Clinical research will be needed to fully 
evaluate the potential of dual-energy CT for relevant 
cardiothoracic applications.

 1.5 
Radiation Dose and 
Radiation Dose Reduction

In CT the average dose in the scan plane is best de-
scribed by the weighted computerized tomographic 
dose index CTDIw (Morin et al. 2003;  McCollough 
2003), which is determined from measurements 
both in the center and at the periphery of a 16-cm 
lucite phantom for the head and a 32-cm lucite phan-
tom for the body. Scan protocols for different CT 
scanners should always be compared on the basis of 
 CTDIw and never on the basis of mAs, since different 
system geometries can lead to signifi cant differences 
in the radiation dose that is applied at identical mAs. 
 CTDIw depends on scanner geometry, slice collima-
tion and beam pre-fi ltration as well as on X-ray tube 
voltage, tube current mA and gantry rotation time 
trot. To obtain a parameter characteristic for the 
scanner used, it is helpful to introduce a normal-
ized (CTDIw)n given in mGy/mAs:

CTDIw = mA × trot x (CTDIw)n
 = mAs × (CTDIw)n (2)

To represent the dose in a spiral/helical scan, it 
is essential to account for gaps or overlaps between 
the radiation dose profi les from consecutive rota-
tions of the X-ray source (Morin et al. 2003). For 

Fig. 1.14. Case study illustrating the 
visualization of a coronary in-stent 
restenosis with a DSCT system at 
83 ms temporal resolution. The heart 
rate of the patient during examination 
was 70 bpm. A scan range of 148 mm 
was covered in 7 s (courtesy of Dr. 
van Wageningen, Cape Town, South 
Africa)
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Fig. 1.15. Case study illustrating the po-
tential of dual-energy CT to visualize the 
iodine uptake in the lung parenchyma as a 
measure for the local blood supply. Dual-
energy acquisition with a DSCT results in 
80 kV and 140 kV images, which are aver-
aged for regular viewing (left). The arrow 
indicates a pulmonary embolus. The typi-
cal perfusion defect of the lung parenchyma 
resulting from the pulmonary embolus 
can be visualized by means of dual-energy 
post-processing techniques. The iodine 
uptake is color coded and superimposed 
on the regular CT image (right). The per-
fusion defect is marked by an arrow (cour-
tesy of Profs. J. Remy and M. Remy-Jardin, 
Hopital Calmette, Lille, France)

Fig. 1.16a–d. Case study illustrating the potential of dual-energy CT to 
visualize the iodine uptake in the myocardium in a 74-year-old woman 
with suspected coronary artery disease. a ECG-gated dual-energy spi-
ral scan with a temporal resolution of 165 ms, depicting a subtotal 
stenosis (arrow) of the fi rst diagonal branch, caused by extensive cal-
cifi ed and noncalcifi ed plaque. b Correlation with coronary catheter 
angiography. c Dual-energy post-processing of the CT data reveals a 
myocardial blood pool defi cit (arrow) in the fi rst distal branch terri-
tory. The iodine uptake is color coded and superimposed on the regu-

lar CT-image. d Corresponding short-axis rest SPECT thallium myocardial perfusion study shows perfusion defect (arrow) in 
the same myocardial territory (courtesy of Dr. U. J. Schoepf, Medical University of South Carolina, Charleston, SC, USA)

a

b

c

d
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this purpose CTDIvol, the volume CTDIw, has been 
introduced

CTDIvol = 1/p × CTDIw (3)

The factor 1/p accounts for the increasing dose 
accumulation with decreasing spiral pitch due to 
the increasing spiral overlap. Some manufacturers 
such as Siemens use an “effective” mAs-concept for 
spiral/helical MDCT scanning that includes the fac-
tor 1/p into the mAs-defi nition: 

(mAs)eff = mA × trot × 1/p = mAs × 1/ p (4)

The dose of a spiral/helical scan is then simply 
given by 

CTDIvol = (mAs)eff × (CTDIw)n (5)

Some other manufacturers stay with the conven-
tional mAs defi nition, and the users have to perform 
the 1/p correction by themselves. When comparing 
the scan parameters for CT systems of different 
manufacturers, the underlying mAs defi nition has 
to be considered. The dose-length product DLP ac-
counts for the scan range L of a CT examination. It 
is defi ned as

DLP = CTDIvol × L (6)

and measured in mGy·cm. 
CTDIvol and DLP are physical dose measures; 

they do not inform about the radiation risk associ-
ated 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 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 re-
spective organs. Effective dose can be measured 
using whole body phantoms, such as the Alder-
son phantom, or derived from computer simula-
tions using Monte Carlo techniques to determine 
scattered radiation. The effective patient dose for 
cardiothoracic examinations can be estimated by 
multiplying the DLP (in mGy·cm) with the conver-
sion factor 0.0177 mSv/(mGy·cm). This conversion 
is only valid for standard-size patients. It will un-
derestimate radiation dose for small and pediatric 
patients.

The most important factor for exposure reduc-
tion is an adaptation of the dose to patient size and 
weight (Donelly et al. 2001; Wildberger et al. 
2001; Das et al. 2005), which can be achieved by re-
ducing the mAs and selecting lower X-ray tube volt-
ages (kV-settings). 

Another means to reduce radiation dose is adap-
tation of the X-ray tube voltage to the intended ap-
plication. In contrast-enhanced studies, such as CT 
angiography, the contrast-to-noise ratio for fi xed 
patient dose increases with decreasing X-ray tube 
voltage, and the radiation dose to the patient can be 
reduced correspondingly to maintain the desired 
contrast-to-noise ratio. The potential for dose re-
duction is more signifi cant for smaller patients. De-
pending on the patient size, use of 80 kV or 100 kV 
appears as the method of choice for CT angiography 
of the chest. Hohl et al. (2006) report potential dose 
savings of 30% when performing coronary CTA with 
a 100 kV protocol instead of the standard 120 kV 
protocol. Wintersperger et al. (2005) recommend 
100 kV as the method of choice for aorto-iliac CTA, 
resulting in dose reduction by 30% without loss of 
diagnostic information.

Anatomical tube current modulation is a tech-
nique that automatically adapts the output of the 
X-ray tube (mA) to the patient geometry both dur-
ing each rotation of the scanner to compensate for 
strongly varying X-ray attenuations in asymmetrical 
body regions, such as the shoulders, and in the lon-
gitudinal direction to maintain adequate dose when 
moving to different body regions, for instance from 
thorax to abdomen. By the use of this so-called au-
tomatic exposure control (AEC), the radiation dose 
can be reduced by 20–68% depending on the body 
region without degrading image quality (Mulkens 
et al. 2005; Greess et al. 2004). Automatic adapta-
tion of the tube current to patient size prevents both 
over- and under-irradiation, considerably simplifi es 
the clinical workfl ow for the technician and elimi-
nates the need for look-up tables of patient weight 
and size for adjusting the mAs settings.

The radiation dose in ECG-gated spiral/helical 
examinations can be reduced by means of ECG-
synchronized tube current modulation (“ECG puls-
ing”). During the spiral scan, the output of the X-ray 
tube is modulated according to the patient’s ECG. 
The X-ray tube current is kept at its nominal value 
only during a user-defi ned phase of the cardiac cy-
cle, in general the mid- to end-diastolic phase. Dur-
ing the rest of the cardiac cycle, the tube output is 
reduced. Clinical studies with four-slice CT systems 
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and ECG-controlled reduction of the tube current to 
20% of its nominal value demonstrated dose reduc-
tion by 30–50% depending on the patient’s heart rate 
(Jakobs et al. 2002). Further reduction of the tube 
current outside the desired cardiac phases to 4% of 
its nominal value can reduce the radiation dose by 
an additional 10–15% in a standard patient popu-
lation, if cardiac function need not be evaluated 
( Stolzmann et al. 2008). Similar to ECG-triggered 
axial scanning, ECG-controlled dose modulation re-
lies on a prediction of the patient’s next RR-interval 
length by analyzing the preceding RR intervals. So 
far, ECG-controlled dose modulation has provided 
inadequate results in patients with arrhythmia, 
which is a severe drawback for routine clinical use. 
Recently, a more versatile ECG-pulsing algorithm 
was introduced (Raupach et al. 2006), which esti-
mates duration and position of the pulsing window 
by analyzing median, minimum and maximum RR-
interval lengths, and by performing a trend analy-
sis. This algorithm reacts fl exibly to arrhythmia and 
ectopic beats and has the potential to considerably 
expand the clinical application spectrum of ECG-
controlled dose modulation.

Consequent application of ECG-pulsing is man-
datory for ECG-gated spiral/helical scanning of the 
thorax. By combining ECG-pulsing with narrow il-
lumination window, automatic anatomical exposure 
control and special protocols that utilize pitch 0.3 
instead of 0.2, an average effective patient dose of 
4.95 mSv (d’Agostino et al. 2006; Delhaye et al. 
2007) could be achieved in ECG-gated examinations 
of the chest with 64-slice MDCT. This value is lower 
than typical dose values for dedicated ECG-gated 
coronary CTA with 64-slice systems, since lower 
mAs was chosen.

DSCT systems make use of several mechanisms 
to reduce the radiation dose to the patient in ECG-
synchronized examinations: as a consequence of 
the single-segment reconstruction the pitch in 
ECG-gated spiral/helical examinations can be sig-
nifi cantly increased at elevated heart rates, thereby 
reducing the radiation dose to the patient. The pitch 
ranges from 0.2 at low heart rates to 0.43 at high 
heart rates. Integration of ECG-controlled tube cur-
rent modulation with minimized length of the high-
dose intervals into all ECG-gated cardiothoracic 
protocols can further reduce the radiation exposure. 
Leschka et al. (2007) recommend pulsing windows 
of 60–70% for heart rates < 60 bpm, 60–80% for 
60–70 bpm, 55–80% for 70–80 bpm and 30–80% for 
heart rates > 80 bpm. ECG-gated spiral/helical car-

diac examinations with DSCT systems result in radi-
ation dose values that are for low heart rates similar 
to and for higher heart rates less than those obtained 
with comparable MDCT systems ( McCollough et 
al. 2007). Stolzmann et al. (2008) reported an aver-
age effective patient dose of 7.8 mSv for ECG-gated 
spiral/helical coronary CTA with DSCT by utilizing 
the proposed techniques for dose reduction.

If the patient’s heart rate is low and suffi ciently 
stable, ECG-gated spiral/helical scans may be re-
placed by ECG-triggered sequential scans that lead 
to a further level of dose reduction. Depending on 
the patient size, the effective patient dose can be as 
low as 1.5–3 mSv for ECG-triggered coronary CTA. 
Scheffel et al. (2008) performed ECG-triggered 
coronary CTA with DSCT in 120 patients at an aver-
age radiation dose of 2.5±0.8mSv.

Further reduction of the radiation exposure will 
continue to be a key requirement for the design of 
new CT scanners. New technical developments such 
as, e.g., dynamic collimators, organ-specifi c dose 
modulation or fully automated kV adaptation, are 
on the horizon and will further minimize the radia-
tion burden to the patient.
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 2.1 
Introduction

Cardio-thoracic imaging with CT requires short ex-
posure time for the acquisition of the axial slices 
and the corresponding dedicated scan and image 
reconstruction techniques to virtually freeze the 
cardiac motion and to avoid motion artifacts in the 
images. Scan and image reconstruction needs to be 
synchronized with the heart motion, e.g., by using 
information from the patient’s electro-cardiogram 
(ECG) that is recorded in parallel to the CT scan 
data acquisition.

The least motion of the heart and the coronary 
arteries during the cardiac cycle can be observed 
in end-systole and mid- to end-diastole. While the 
duration of the end-systolic phase (approximately 

100–150 ms) is more or less independent of the heart 
rate (and the related RR-interval time), the phase 
with lowest cardiac motion during diastole narrows 
with increasing heart rate. Hence, the mid- to end-
diastolic phase and at higher heart rates also the 
end-systolic phase are particularly well suited for 
CT data acquisition (Hong et al. 2001; Kopp et al. 
2001). In a study using 64-slice CT, Wintersperger 
et al. (2007) found out that for patients with a heart 
rate < 65 bpm, the best image quality was predomi-
nately achieved in diastole (93%), while in patients 
with heart rate > 75 bpm, the best image quality 
shifted to systole in most cases (86%).

Currently, two different ECG synchronization 
and data acquisition techniques are employed for 
multi-detector row CT (MDCT) and dual-source CT 
(DSCT) cardiothoracic scanning: prospective ECG 
triggering and retrospective ECG gating. Both will 
be covered in the following sections.

 2.2 
ECG-Triggered Axial Scanning

The simplest and most straightforward approach 
for ECG-synchronized CT data acquisition is pro-
spectively ECG-triggered axial scanning, which was 
introduced with electron beam CT (EBCT) (Boyd 
and Lipton 1982; Achenbach et al. 1998; Becker 
et al. 2000a).

The patient’s ECG-signal is monitored during the 
cardiac CT examination, and a series of axial scans 
at different z-positions (different anatomical levels) 
is performed with a user-defi ned temporal offset 
relative to the R-waves of subsequent heart beats. 
This temporal offset can be either relative (given 
as a certain percentage of the RR-interval time 
TRR) or absolute (given in ms) and either forward 
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or reverse (Ohnesorge et al. 1999), see Figure 2.1. 
Data acquisition is therefore “triggered” by the R-
waves of the patient’s ECG. The principle of ECG-
triggered multi-slice axial scanning is illustrated in 
Figure 2.2. A volume image of the heart consists of 
several image slabs reconstructed from axial scan 
data acquired in multiple consecutive heart beats. 
The number of axial images within an image slab 
corresponds to the number of active detector slices; 
the width of an image slab is proportional to the de-

tector z-coverage. In between the individual axial 
scans the table moves to the next z-position; the 
heart volume is therefore covered by means of “step-
and-shoot” scanning. Due to the time necessary for 
table motion, typically every second heart beat can 
be used for data acquisition (Fig. 2.2).

Partial scan data segments are usually acquired in 
ECG-triggered axial scan protocols. A partial scan 
consists of 180� of fan-beam data plus the total fan 
angle of the detector (~ 50°) plus a transition angle 

Fig. 2.2. Principle of ECG-triggered multi-slice axial scanning. The patient’s ECG is schematically shown as a function of 
time on the horizontal axis. The z-positions of the detector slices relative to the patient (eight slices in this example) are 
indicated by the dashed white lines. Usually, partial scan data intervals (which are marked as red boxes) are acquired at a 
user-defi ned temporal offset to the R-waves. An ECG-triggered volume image of the heart consists of several image slabs 
acquired in multiple consecutive heart beats. The width of an image slab corresponds to the z-width of the detector

Fig. 2.1a–c. Different strategies to position the 
data interval for image acquisition or image re-
construction in the patient’s cardiac cycle in ECG-
triggered and ECG-gated CT. a Relative delay after 
an R-wave. The start of the data interval is defi ned 
at a certain fraction � of the RR-interval time TRR. 
b Absolute forward. The start of the data interval is 
defi ned at a fi xed time interval Tdel (in ms) after the 
previous R-wave. This approach is useful for image 
reconstruction in the end-systolic phase, because 
the T-wave occurs with an approximately constant 
delay after the previous R-wave. c Absolute reverse. 
The start of the data interval is defi ned at a fi xed 
time interval Tdel (in ms) prior to an R-wave. This 
approach allows for consistent imaging in the end-
diastolic phase

a

c

b
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for smooth data weighting, in total 240–260� of fan-
beam data. This is the minimum data interval that is 
suffi cient for image reconstruction throughout the 
entire scan fi eld of view (SFOV) of usually 50-cm di-
ameter. The temporal resolution at a certain point in 
the SFOV is determined by the acquisition time win-
dow of the data contributing to the reconstruction 
of that particular image point. In a conventional ap-
proach, the entire partial scan data segment is used 
for image reconstruction in any point of the SFOV. 
Redundant data are weighted using algorithms such 
as the one described by Parker (1982). The resulting 
temporal resolution is about 0.22–0.24 s for 0.33-s 
gantry rotation time. To improve temporal resolu-
tion, modifi ed reconstruction approaches for par-
tial scan data have been proposed (Ohnesorge et 
al. 2000; Flohr and Ohnesorge 2001), which are 
best explained in parallel geometry. A modern CT 
scanner acquires data in fan-beam geometry. Each 
measurement ray is characterized by the projec-
tion (view) angle ��and by its fan angle 	�within the 
projection. Each ray can also be denoted by coordi-
nates 
 and b in parallel geometry. 
�is the azimuthal 
angle, and b denotes the distance of a ray from the 
iso-center, see Figure 2.3. A simple coordinate trans-
formation relates the two sets of variables

Fig. 2.3. Geometry of CT-data acquisition. A modern CT 
scanner acquires data in “fan beam geometry,” characterized 
by the projection angle � and by the fan angle 	 within a pro-
jection. Another set of variables serving the same purpose is 

�and b. b denotes the distance of a ray from the iso-center. 
�
and b are the coordinates of a ray in “parallel geometry”


�������	�b = RF sin 	� (1)

RF is the distance from the focus to the iso-center. 
Using this equation, the measured fan-beam data can 
be transformed to parallel data, a procedure called 
“rebinning”. In parallel geometry, 180° of scan data, 
a half-scan segment, is necessary for image recon-
struction. As a consequence of data acquisition in 
fan-beam geometry, a partial scan interval of 180� 
plus the detector fan angle is necessary to provide a 
half-scan segment in parallel geometry. At the iso-
center of the scanner, for 	����, 180° of the acquired 
fan-beam data is suffi cient to provide 180° of paral-
lel data, see Equation (1). If all redundant data are 
neglected, the temporal resolution at the iso-center 
can be as good as 180�/360� times the gantry rota-
tion time (half the gantry rotation time, e.g., 165 ms 
for 0.33 s gantry rotation time).

With DSCT systems, the required half-scan seg-
ment in parallel geometry can be split into two quar-
ter-scan segments (Flohr et al. 2006), which are 
simultaneously acquired by the two measurement 
systems in the same cardiac phase and at the same 
anatomical level, see Figure 2.4. Hence, the tempo-
ral resolution for ECG-triggered axial scanning with 
DSCT is a quarter of the gantry rotation time (83 ms 
for 0.33 s gantry rotation time) in a suffi ciently cen-
tered region of interest.

The extracted half-scan segment in parallel ge-
ometry is used as an input to a convolution back-
projection reconstruction. In the convolution step, 
the measurement rays undergo a fi lter-operation 
that controls image sharpness and image noise. In 
the back-projection step, the fi ltered CT data are 
projected into the image space to create the CT im-
age. For CT systems with up to 16 slices, the cone 
angle of the measurement rays, that is the angle be-
tween a ray and a plane perpendicular to the z-axis, 
is usually neglected (Flohr et al. 2003). The rays are 
treated as if they were perpendicular to the z-axis, 
which is of course only an approximation in particu-
lar for the outer rows of a multi-row detector, where 
the cone angle is largest. Two-dimensional back-
projection algorithms are applied to the data to pro-
duce one axial image for each individual detector 
slice. Hence, the number of axial images per axial 
scan corresponds to the number of active detector 
slices. With wider detectors and increasing number 
of detector rows, 3D back-projection becomes man-
datory. Using this approach, the measurement rays 
are back-projected into a 3D volume along the lines 
of measurement, this way accounting for their cone-
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beam geometry. With 3D back-projection, a 3D im-
age volume is obtained for each axial scan, and im-
ages at arbitrary z-positions zima within this volume 
can be generated by z-reformation (Stierstorfer 
et al. 2004).

Prospective ECG-triggering combined with “step-
and-shoot” acquisition of axial slices is the most 
dose-effi cient way of ECG-synchronized CT scan-
ning as only the very minimum of scan data needed 
for image reconstruction is acquired in the previously 
selected heart phase. As a drawback, reconstruction 
of images in different phases of the cardiac cycle for 
functional evaluation is not possible, and the method 
encounters its limitations for patients with severe 
arrhythmia, since ECG-triggered axial scanning de-
pends on a reliable prediction of the patient’s next 
RR interval by using the mean or median durations 
of the preceding RR intervals. “Mis-triggering” due 
to arrhythmia or ectopic beats causes image blur-
ring, or image slabs from subsequent cardiac cycles 
may be shifted relative to each other, resulting in 
stair-step artifacts in MPRs, see Figure 2.5.

While ECG-triggered axial scanning was aban-
doned for coronary CT angiography with 4-slice, 
8-slice and 16-slice CT systems due to long acquisi-
tion times with thin slices, the method has recently 
been re-introduced for 64-slice CT systems (Hsieh 
et al. 2006). With ECG-triggered 64-slice CT, the en-
tire heart can be covered with sub-millimeter slices 
within a reasonable breath-hold time at very low ra-
diation dose to the patient, see Figure 2.6. A recently 
introduced CT system equipped with a 320 � 0.5-mm 
detector has the potential to cover the heart with 
one single ECG-triggered axial scan. The diagnos-
tic quality of this one shot examination, however, 
depends on the available temporal resolution and 
the stability of the patient’s heart rate. In the worst 
case, the entire scan can be non-diagnostic, if it is 
acquired during an ectopic beat or in a period of ar-
rhythmia.

Currently, ECG-triggered axial scanning is re-
stricted to patients with low and regular heart rates, 
and evaluation of functional parameters of the 
heart is not possible. Developments are ongoing to 

Fig. 2.4. Schematic illustration of a 
dual source CT (DSCT) using two tubes 
and two corresponding detectors off-
set by 90�. The 180� half-scan segment 
in parallel geometry necessary to re-
construct an image at a certain phase 
within the patient’s cardiac cycle (e.g., 
at a time Tdel after the R-peak) is split 
into two 90° data segments (indicated 
green and  orange) that are acquired by 
both measurement systems simulta-
neously at the same anatomical level. 
A scanner of this type provides tempo-
ral resolution equivalent to a quarter of 
the gantry rotation time, independent 
of the patient’s heart rate
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Fig. 2.5. Limits of ECG-triggered multi-slice axial scanning. In a conventional approach, the length of the 
patient’s next RR-interval is estimated from the mean duration of the preceding RR-intervals. In case of 
arrhythmia and ectopic beats, mis-triggering occurs, and scan data are acquired in the wrong phase of the 
patient’s cardiac cycle. As a consequence, the image quality of the corresponding image slab will be com-
promised. In currently investigated, modifi ed approaches, the scan is automatically repeated at the same 
z-position if an ectopic beat or an extra-systole has occurred

Fig. 2.6. Case study illustrating the performance of ECG-triggered sequential acquisition (“step and shoot” 
scanning) for coronary CTA using a DSCT system with 83-ms temporal resolution. ECG-triggered sequen-
tial acquisition is a means to reduce radiation dose to the patient, provided the heart rate is stable enough 
(courtesy of Dr. J. Hausleiter, German Heart Center, Munich, Germany)

enhance the application spectrum of ECG-triggered 
axial CT, e.g., by introducing more versatile trig-
gering concepts. With refi ned approaches, the scan 
can be automatically repeated at the current table 
position to reliably avoid stair-step artifacts in case 
of ectopic beats, and an optional padded scan data 
range, i.e., the acquisition of data intervals longer 

than a partial scan, allows for retrospective optimi-
zation of the reconstruction phase similar to spiral 
examinations. In combination with the improved 
temporal resolution of modern MDCT and in par-
ticular DCST systems, these new techniques may 
lead to a revival of ECG-triggered axial scanning in 
clinical routine.
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 2.3 
ECG-Gated Spiral/Helical Scanning

The heart volume is covered by a spiral/helical scan 
in retrospectively ECG-gated examinations, while the 
patient’s ECG is recorded simultaneously to allow for 
a retrospective selection of the data segments used for 
image reconstruction. ECG-gated spiral scanning had 
already been introduced for single-slice CT (Bahner 
et al. 1999; Kachelriess and  Kalender 1998). The 
results, however, were not convincing due to poor 
temporal resolution and insuffi cient volume cover-
age with thin slices. The introduction of four-slice 
CT systems in 1999, which provided faster volume 
coverage and improved temporal resolution, was the 
fi rst step for ECG-gated spiral CT on its way to clini-
cal routine use ( Achenbach et al. 2001; Becker et 
al. 2000b; Knez et al. 2001; Nieman et al. 2001). The 
principle of retrospectively ECG-gated MDCT spiral/
helical scanning is schematically shown in Figure 2.7. 
The table moves continuously, and continuous spiral/
helical scan data of the heart volume are acquired. 
Only scan data measured in a pre-defi ned cardiac 

Fig. 2.7. Principle of retrospectively ECG-gated MDCT spiral/helical scanning using single-
segment reconstruction. The patient‘s ECG is schematically shown as a function of time on the 
horizontal axis. The z-positions of the detector slices (eight slices in this example) relative to the 
patient are indicated by the dashed white lines. The table moves continuously, and continuous 
spiral/helical scan data of the heart volume are acquired. Only scan data acquired in a pre-
defi ned cardiac phase, usually the diastolic phase, are used for image reconstruction (marked as 
red boxes). The white horizontal lines represent axial images at two z-positions, zima1 and zima2. 
Since no axial scan data are available, spiral/helical interpolation to the desired z-positions 
is needed for 2D reconstruction approaches. To ensure gapless volume coverage of the heart, 
the spiral pitch has to be adapted to the patient’s heart rate. Typically, very low pitch values 
(0.2–0.25) are required. With increasing heart rate, the table feed can be increased

phase, usually the mid- to end-diastolic or the end-
systolic phase, are used for image reconstruction 
(Ohnesorge et al. 2000; Flohr and Ohnesorge 
2001). Images can be reconstructed in every heart 
beat; hence faster volume coverage than with pro-
spectively ECG-triggered axial scanning is possible.

A variety of dedicated image reconstruction ap-
proaches for ECG-gated multi-slice spiral/helical CT 
have meanwhile been proposed (e.g.,  Kachelrieß 
et al. 2000; Taguchi and Anno 2000; Ohnesorge 
2000; Flohr and Ohnesorge 2001, Flohr et al. 2003; 
Bruder et al. 2001; Grass et al. 2003). Depending on 
the number of active detector slices, 2D or 3D fi ltered 
back-projection is used. For CT systems with up to 
16 slices, adequate image quality was demonstrated 
with 2D back-projection neglecting the cone angle 
of the measurement rays (Flohr et al. 2003). In this 
case, the reconstruction of ECG-gated multi-slice 
spiral/helical data aims at the generation of indi-
vidual axial images – comparable to ECG-triggered 
axial scanning – and requires a two-step approach: 
spiral/helical interpolation of the multi-slice scan 
data in the desired cardiac phases (the red boxes 
in Fig. 2.7) to compensate for the continuous table 
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scan segments undergo a fi lter operation, followed 
by 3D back-projection into the 3D image volume. By 
using appropriate data weighting, the quarter-scan 
segments complement to a half-scan segment.

For ECG-gated spiral/helical CT, both single-seg-
ment and multi-segment reconstruction have been 
introduced into clinical practice (Kachelrieß 
et al. 2000; Taguchi and Anno 2000; Flohr and 
 Ohnesorge 2001). In a single-segment approach, 
each image is reconstructed from a half-scan data 
segment that is acquired in one heart period (this 
situation is illustrated in Fig. 2.7). The temporal res-
olution is constant and equals half the gantry rota-
tion time for MDCT-systems (165 ms for 0.33 s rota-
tion time) or a quarter of the gantry rotation time for 
DSCT systems (83 ms for 0.33 s rotation time).

The temporal resolution of MDCT scanners can 
be improved by dividing the half-scan data seg-
ment into N = 2–4 sub-segments acquired in sub-
sequent cardiac cycles, see Figure 2.8. Note that in 
this case each image is reconstructed from data sub-
segments with temporal gaps in between. For DSCT 
scanners, both measurement systems can be treated 
independently, and each quarter-scan segment is 

movement and to produce axial half-scan segments 
at the desired image z-positions, followed by a par-
tial scan reconstruction of the half-scan segments 
similar to ECG-triggered axial reconstruction. For 
CT systems with 64 and more slices, the cone angle 
of the measurement rays can no longer be neglected; 
3D back-projection has to be used, which aims at the 
generation of a 3D image volume (Grass et al. 2003; 
Stierstorfer et al. 2004). Hence, no spiral interpo-
lation to axial image planes as an intermediate step 
is performed. Instead, the multi-slice scan data seg-
ments in the desired cardiac phases (the red boxes in 
Fig. 2.7) are fi ltered to control image sharpness and 
noise, and the measurement rays are then directly 
back-projected into the 3D volume along the lines 
of measurement. Each voxel receives contributions 
from those rays that pass from the X-ray source 
through the voxel to the detector array. Axial images 
or images on arbitrarily tilted planes are obtained 
by a z-reformation of the 3D image volume.

In DSCT systems the required half-scan segments 
are composed of quarter-scan segments simultane-
ously acquired by both detectors in the desired rela-
tive phases of the patient’s cardiac cycle. The quarter-

Fig. 2.8. Principle of retrospectively ECG-gated MDCT spiral/helical scanning using N = 2 
sub-segments of multi-slice data from consecutive heart periods (marked as “1” and “2”) for 
image reconstruction. Both sub-segments are acquired in the same relative phase of the pa-
tient’s cardiac cycle, and they fi t together to make up the half-scan segment required for im-
age reconstruction. Ideally, each sub-segment is shorter than a half-scan, thereby improving 
temporal resolution (see the red boxes, which are less wide than in Fig. 2.7). Compared with 
single-segment reconstruction (Fig. 2.7), the pitch has to be considerably reduced to ensure 
gapless volume coverage: each z-position of the heart has to be seen by a detector slice during 
two cardiac cycles
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divided into N = 2–4 sub-segments. When using 
multi-segment reconstruction, the patient’s heart 
rate and the gantry rotation time of the scanner have 
to be de-synchronized to enable improved temporal 
resolution. Two requirements have to be met: fi rst, 
the sub-segments have to fi t together in projection 
space to build up a full half-scan interval. As a con-
sequence, the start projections of subsequent sub-
segments have to be shifted relative to each other. 
For two-segment reconstruction as an example, the 
start-projection angle of the second sub-segment 
must correspond to the end-projection angle of the 
fi rst sub-segment or vice versa. Second, all sub-seg-
ments have to be acquired in the same relative phase 
of the patient’s heart cycle to reduce the “exposure 
time” per image. If the patient’s heart beat and the 
rotation of the scanner are completely synchronous, 
the two requirements are contradictory. This is best 
illustrated by an example. If a patient with a con-
stant heart rate of 60 bpm is examined by using a 
MDCT scanner with 0.5 s gantry rotation time, the 
same heart phase always corresponds to the same 
projection angle, and a half-scan segment cannot be 
divided into smaller sub-segments acquired in suc-
cessive heart periods. In this case, the temporal res-
olution cannot be improved beyond single-segment 
reconstruction. In the best case, when the patient’s 
heart beat and the rotation of the MDCT scanner 
are optimally de-synchronized, the half-scan seg-
ment can be divided into N sub-segments of equal 
lengths, each of which requires an acquisition time 
of 1/(2N) times the gantry rotation time within the 
same relative heart phase. Generally, depending on 
the relation of rotation time and patient’s heart rate, 
temporal resolution is not constant, but varies be-
tween one half and 1/(2N) times the gantry rotation 
time for MDCT. There are “sweet spots,” heart rates 
with optimum temporal resolution, and heart rates 
where temporal resolution cannot be improved be-
yond half the gantry rotation time. Similarly, tem-
poral resolution varies between one quarter and 1/
(4N) times the gantry rotation time for DSCT. Fig-
ure 2.9 shows the temporal resolution of MDCT and 
DSCT systems at 0.33 s gantry rotation, both for 
single-segment reconstruction and for two-segment 
reconstruction.

Continuous volume coverage in retrospectively 
ECG-gated multi-slice spiral CT of the heart re-
quires limitation of the spiral pitch p1 depending on 

1 p is the table feed per rotation divided by the total colli-
mated z-width of the detector

the patient’s heart rate. If N-segment reconstruction 
is applied, every z-position of the heart needs to be 
scanned by a detector slice at every time during the 
N heart cycles. For the sake of simplicity, we assume 
constant RR-cycle time TRR. In a time interval of 
N cardiac cycles N•TRR , the table can travel one full 
detector z-width. This leads to the following simple 
equation for the maximum pitch

p T
N T

rot

RR

≤
⋅

 (2)

Trot is the gantry rotation time of the scanner. The 
use of N-segment reconstruction requires signifi -
cantly reduced volume coverage speed in particular 
at lower heart rates: the larger N and TRR are, the 
more the spiral pitch has to be reduced, resulting 
in increased examination times and increased ra-
diation dose to the patient. If the pitch is too high, 
certain z-positions will not be sampled by a detec-
tor slice in the desired phase of the cardiac cycle 
(Fig. 2.10). To obtain images at these z-positions, far-
reaching interpolations are needed, which degrade 
image quality and reduce spatial resolution in the 
z-direction (Fig. 2.11).

Multi-segment reconstruction approaches rely 
on a complete periodicity of the heart motion, and 
they encounter their limitations for patients with ar-
rhythmia (Fig. 2.12). It has been demonstrated that 

Fig. 2.9. Temporal resolution for ECG-gated spiral/helical 
scanning with MDCT and DSCT systems at 0.33-s gantry 
rotation time, both for single-segment reconstruction and 
for two-segment reconstruction. The DSCT system provides 
83-ms temporal resolution independent of the patient’s heart 
rate by means of single-segment reconstruction
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Fig. 2.10. Illustration of retrospectively ECG-gated MDCT spiral/helical scanning using single-
segment reconstruction with inadequate spiral pitch (compare to Fig. 2.7). The pitch is not 
properly adapted to the patient’s heart rate: the table moves too fast, and certain z-positions are 
not covered by a detector slice in the desired phase of the cardiac cycle. The reconstruction of 
images in these volume gaps requires far-reaching interpolations, which degrade longitudinal 
resolution

Fig. 2.11. Example of a retrospectively 
ECG-gated spiral/helical cardiac scan with 
z-interpolation artifacts. Volume gaps as a 
consequence of inadequately high pitch (see 
Fig. 2.10) had to be closed by far-reaching in-
terpolations, which degrade image quality

multi-segment reconstruction for imaging of car-
diac and coronary anatomy is clinically most use-
ful when only two segments are used (Greuter et 
al. 2007). In some MDCT scanners, the partial scan 
data segment is automatically divided into one or 
two sub-segments depending on the patient’s heart 
rate during examination [Adaptive Cardio Volume 
ACV algorithm (Flohr and Ohnesorge 2001)]. At 

low heart rates below a certain threshold, one sub-
segment of consecutive multi-slice spiral data from 
the same heart period is used. At higher heart rates, 
two sub-segments from subsequent heart cycles 
contribute to the half-scan data segment. In some 
other MDCT scanners, the single-segment half-scan 
images are reconstructed prospectively as base-line 
images, followed by a two-segment reconstruction 
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retrospectively for a potential gain of temporal reso-
lution at higher heart rates. Another approach is to 
prospectively adjust the rotation time of the scan-
ner to the heart rate of the patient to obtain the best 
possible temporal resolution for a multi-segment 
reconstruction. Prospectively adapting the rotation 
time of the scanner and exploiting multi-segment re-
construction requires a stable and predictable heart 
rate during examination and complete periodicity of 
the heart motion. Large and rapid variations of the 
patient’s heart rate are a severe limitation for ECG-
 synchronized cardiac CT even with 64-slice CT scan-
ners at 0.33 s gantry rotation (Leschka et al. 2006).

With DSCT systems, data from one cardiac cycle 
only are typically used to reconstruct an image (sin-
gle-segment reconstruction), and constant temporal 
resolution equivalent to a quarter of the gantry rota-
tion time Trot/4 is achieved in a centered region of the 
scan fi eld of view that is covered by both acquisition 
systems. For Trot= 0.33 s, the temporal resolution is 
83 ms, independent of the patient’s heart rate. This is 
a major difference to MDCT, which can provide simi-
lar temporal resolution only by using multi- segment 
reconstruction with the above-mentioned disadvan-
tages. In contrast to MDCT scanners, DSCT systems 
can handle both high heart rates and high heart rate 
variability with little infl uence on the image quality 
(Matt et al. 2007). Following Equation 2 with N = 1, 
the table feed in DSCT systems can be effi ciently 

adapted to the patient’s heart rate and signifi cantly 
increased at elevated heart rates, thereby reducing 
the examination time and the radiation dose to the 
patient. In single source CT, one can usually not in-
crease the pitch at higher heart rates, because multi-
segment reconstruction must be used to improve 
temporal resolution.

By means of ECG-gated spiral/helical data acqui-
sition, image reconstruction during different heart 
phases is feasible by shifting the start points of the 
data segments used for image reconstruction rela-
tive to the R-waves. This allows for a retrospective 
selection of reconstruction phases that provide best 
image quality in an individual patient (Hong et al. 
2001; Kopp et al. 2001; Wintersperger et al. 2007). 
Besides the morphological information that is in 
many cases derived from images reconstructed in 
mid- to end-diastole, additional reconstructions of 
the same scan data in other phases of the cardiac cy-
cle enable analysis of cardiac function parameters, 
such as end-diastolic volume, end-systolic volume 
and ejection fraction. In case of arrhythmia and pre-
mature beats, retrospective ECG editing can help to 
still achieve diagnostic image quality by discarding 
certain RR intervals for image reconstruction or by 
individually shifting the reconstruction phases in 
different heart cycles (Cademartiri et al. 2006), 
while such techniques are not yet fully available for 
ECG-triggered axial acquisitions.

Fig. 2.12. Clinical example illustrating the limits of multi-segment reconstruction. The right coronary artery (RCA) of a 
patient with rapidly varying heart rate (70 bpm–126 bpm) during examination is shown. Scan data were acquired using a 
64-slice CT scanner at 0.33-s gantry rotation time. The images were reconstructed at 45% of the cardiac cycle. Image quality 
improves signifi cantly when performing two- or three-segment reconstruction instead of single-segment reconstruction. 
Nevertheless, the images remain non-diagnostic for certain segments of the RCA even with four-segment reconstruction 
due to the rapidly varying heart rate (courtesy of Dr. C. Becker, Klinikum Großhadern, Munich, Germany)
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As a drawback, relatively high radiation exposure 
is involved with retrospectively ECG-gated spiral 
imaging of the heart due to continuous X-ray expo-
sure and overlapping data acquisition at low table 
feed. To maintain the benefi ts of ECG-gated spiral 
CT but reduce patient dose, ECG-controlled dose 
modulation (“ECG-pulsing”) has been developed 
(Jakobs et al. 2002). A detailed description may be 
found in Chapter 1, together with other techniques 
to reduce the radiation exposure. 

 2.4 
Alternative Scan and 
Reconstruction Techniques

2.4.1 

ECG Gating with Increased Pitch

ECG-gated spiral/helical scanning requires substan-
tially lower table feed than conventional multi-slice 
spiral/helical scanning without ECG gating. Hence, 
coverage of the entire chest with thin slices within a 

short breath-hold was not possible with 4-slice and 
16-slice CT scanners. For these systems, a modifi ed 
ECG-gated spiral acquisition technique was pro-
posed that enables the use of higher pitch values 
than conventional ECG gating (Flohr et al. 2002). 
Instead of restricting the data ranges for image re-
construction to narrow, user-selected time intervals 
at the same relative time points within the patient’s 
cardiac cycles, which requires very low pitch, the 
alternative method allows image reconstruction at 
multiple time points within the cardiac cycles; only 
scan data acquired in the systolic phase with stron-
gest heart motion are excluded from image recon-
struction. The alternative ECG-gating method does 
not prescribe image reconstruction in pre-defi ned 
cardiac phases, but rather exclusion of data within 
a user-selectable temporal window of width �T, see 
Figure 2.13. By the use of this method the pitch 
can be substantially increased to values between 
0.5 and 0.6, which is suffi cient to cover the entire 
thorax with thin slices within a single breath-hold 
even with 4-slice and 16-slice CT systems. While the 
patient example (dissection of the thoracic aorta) 
in Figure 2.14 demonstrates substantial reduction 
of motion artifacts in axial slices compared to the 

Fig. 2.13. Principle of retrospectively ECG-gated MDCT spiral/helical scanning with extended 
volume coverage, using relaxed gating to increase the pitch. The patient‘s ECG is schematically 
shown as a function of time on the horizontal axis. The z-positions of the detector slices (eight 
slices in this example) relative to the patient are indicated by the dashed white lines. The table 
moves continuously, and continuous spiral/helical scan data of the heart volume are acquired. 
Scan data acquired in a pre-defi ned cardiac phase, usually the systolic phase, are excluded from 
image reconstruction. Images are reconstructed from half-scan data segments starting at vari-
able time points in the allowed phases of the patient’s cardiac cycles (the red parallelograms)
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non-gated reconstruction, step and displacement 
artifacts in multiplanar reformations (MPRs) can-
not be completely avoided due to the relaxed ECG-
gating conditions.

With the advent of 32- and 64-slice CT scan-
ners, the method was abandoned, since ECG-gated 
examinations of the entire thorax with thin slices 
were now feasible with regular ECG-gated acquisi-
tion protocols. Using a typical pitch of 0.2 that is re-
quired for gapless volume coverage down to heart 
rates of 40 bpm, a 250-mm scan range can be cov-
ered within 12–23-s breath-hold time. For patients 
with heart rates of at least 60 bpm during the scan, 
dedicated cardiothoracic examination protocols 
have been proposed that do not allow multi-segment 
reconstruction at higher heart rates and increase the 
pitch to values of about 0.3, thus providing 50% in-
creased volume coverage speed and correspondingly 

reduced radiation dose to the patient ( Johnson et al. 
2007; d’Agostino et al. 2006). Due to the effi cient 
automatic adaptation of the pitch to the patient’s 
heart rate, DSCT systems are well suited for ECG-
gated cardiothoracic examinations.

2.4.2 

Alternative Synchronization of 

Data Acquisition and Cardiac Motion

The reconstruction phase in ECG-synchronized CT 
scans is commonly selected by using the R-waves 
as reference time points. The R-waves can be easily 
detected in the patient’s ECG due to their high sig-
nal amplitude. Cardiac image reconstruction is fre-
quently performed during end-systole and mid- to 
end-diastole, which have to be estimated by means 

Fig. 2.14a,b. Case study showing ECG-gated spiral/helical reconstruction with extended volume coverage for evaluation 
of the ascending and descending aorta in comparison to multi-slice spiral reconstruction with a standard algorithm. Scan 
data were acquired using a four-slice CT system with 4×1 mm collimation. With standard reconstruction (a) considerable 
pulsation artifacts are visible that produce a double contour (arrow). The intimal fl ap of the type-A dissection can be evalu-
ated free of pulsation artifacts on corresponding sections (b) using ECG-gated spiral reconstruction with extended volume 
coverage (courtesy of Cleveland Clinic Foundation, Cleveland, OH)

a b
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of appropriate phase parameters relative to the 
 R-wave. More advanced ECG-gating techniques are 
currently investigated that determine the location of 
the end-systolic phase based on the detection of the 
T-wave and the location of the end-diastolic phase 
based on the detection of the P-wave. In a clinical 
study, Sato et al. (2003) reported superior results 
for end-diastolic reconstruction based on P-wave-
gating compared with the conventional method us-
ing a relative delay to the R-wave.

Despite its widespread use for phase consistent 
cardiac imaging, the patient’s ECG only represents 
an indirect measure of cardiac motion. In some 
cases the electrical stimulation does not directly 
correspond to the contraction of the heart, such as 
in patients with atrial fi brillation or with extra-sys-
toles. Therefore, motion detection algorithms have 
been investigated that aim at a direct evaluation of 
cardiac motion from the measured scan data.

One approach (Ohnesorge et al. 1999) compares 
complementary parallel projections (i.e., projec-
tions that are half a rotation apart), which should 
be identical for non-moving objects. The degree of 
deviation is a measure for cardiac motion.  How-
ever, the accuracy and consistency of the signal 
for reproducible detection of equivalent phases in 
consecutive cardiac cycles are limited.  A more re-
cent approach, the so-called Kymogram algorithm 
(Kachelrieß et al. 2002), uses the variation of the 
center of mass from projection to projection as a 
measure for cardiac motion. The authors reported 
that peaks of this so-called Kymogram function 
often correlate with the positions of the R-waves in 
the corresponding ECGs, and that Kymogram gated 
image reconstruction can produce results compa-
rable to ECG-gated image reconstruction. A clinical 
study, however, demonstrated problematic outcomes 
when using Kymogram-gated image reconstruction 
in particular for patients with irregular heart rates 
( Fischbach 2004).

Currently, ECG-correlated data acquisition and 
image reconstruction remains the method of choice 
to synchronize CT scanning with the cardiac mo-
tion. P-wave and T-wave gating appear as promising 
alternatives to the established R-wave gating, if ac-
curate automated P-wave and T-wave detection algo-
rithms become available. Approaches to detect car-
diac motion from CT scan data cannot yet provide 
suffi cient robustness in clinical routine. To date, the 
use of such algorithms is restricted to a back-up role 
for the ECG, e.g., in case of bad signal detection, R-
wave mis-registration or failure of the ECG.
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 3.1 
Introduction

Image postprocessing is the use of imaging tech-
niques either to derive additional information from 
the original axial images of a CT scan or to hide un-
wanted information that distracts from the clinical 
fi ndings. The basis for image postprocessing is a 
three-dimensional image volume, which in most 
cases consists of a stack of individual axial images. 
The fundamental three-dimensional unit in this 
volume is called a “voxel.” Ideally, the spatial reso-
lution of volume image data is high and isotropic, 
i.e., each voxel is of equal dimensions in all three 
spatial axes. Isotropic sub-millimeter resolution is 

the basis for image display in arbitrarily oriented 
imaging planes and advanced image postprocess-
ing techniques. With the advent of multi-detector 
row CT (MDCT) and its ongoing refi nement, iso-
tropic sub-millimeter voxels can be obtained for 
the majority of clinical examinations, improving 
the diagnostic quality of image postprocessing 
and turning it into a vital component of medical 
imaging today, in particular for CT angiography 
(Prokop et al. 1997; Rankin 1999; Addis et al. 
2001; Lawler et al. 2002).

The axial source images contain the basic infor-
mation of a CT scan; they can be supplemented by 
multiplanar reformations (MPRs), curved MPRs, 
maximum intensity projections (MIPs), curved 
MIPs, shaded surface display (SSD), and direct 
volume-rendering techniques (VTRs), which are 
commonly available on most clinical workstations. 
Information on the use of these imaging techniques 
for cardiac CT can be found, for example, in Vogl et 
al. (2002), van Ooijen et al. (2003), de Feyter and 
Krestin (2005), and Ferencik et al. (2007).

 3.2 
Axial Images

Axial images are the basic outcome of a CT scan. 
They include all information that has been acquired. 
The review of thin axial slices is the method of 
choice for the diagnosis of acute pulmonary embo-
lism (Marten et al. 2003) and for the quick mor-
phological assessment of the cardiothoracic vascu-
lature, including the coronary arteries.

The matrix size for axial images in CT is gen-
erally 512 � 512 picture elements (pixels). Consid-
ered as a part of a three-dimensional image vol-
ume, an axial image is a layer of 512 � 512 voxels 
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within that volume. The size of the voxel in the 
image plane (in the x-y direction, in-plane voxel 
size) is determined by the field of view (FOV); per-
pendicular to it (in the z-direction, through-plane 
voxel size), it is given by the reconstruction slice 
width. 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/matrix 
size. Typically, a FOV of 300–350 mm is chosen for 
image reconstruction in thoracic examinations, 
resulting in 0.59–0.68-mm in-plane voxel size. For 
a detailed reconstruction of the heart and the cor-
onary arteries, the FOV is reduced to 150-180 mm, 
with a corresponding reduction of the in-plane 
voxel size to 0.29–0.35 mm. The in-plane voxel 
size is not necessarily equivalent to the in-plane 
resolution of a CT image, since the choice of the 
convolution kernel (filter) for image reconstruc-
tion plays a major role in determining the in-plane 
resolution. Typical convolution kernels used for 
coronary CTA provide a maximum resolution of 
8–12 lp/cm, corresponding to 0.4–0.6 mm object 
size that can be differentiated. Hence, for a FOV 
of 150–180 mm, the convolution kernel limits the 
resolution – and not the matrix size of the image. 
Further reducing the FOV for image reconstruc-
tion will not improve image resolution in this 
case, despite the further reduced in-plane voxel 
size. In-plane resolution is only limited by the in-
plane voxel size for high-resolution thorax imag-
ing with a large FOV of 300–350 mm.

As an example, Figure 3.1 shows axial images at 
different anatomical levels of a coronary CTA ex-
amination in a patient with a stenosis in the right 
coronary artery (RCA) acquired with a 64-slice CT 
scanner.

 3.3 
Multiplanar Reformations (MPRs)

Multi-planar reformations (MPRs) are a straight-
forward extension of axial images. In a MPR, a plane 
is defi ned in a three-dimensional image volume, and 
all voxels on that plane are visualized in a planar 
image. Axial images can be considered as MPRs that 
cut the volume image in the x-y direction. In thoracic 
imaging, they are often complemented by sagittal 
and coronal MPRs, which cut the volume image in 
the y-z direction and in the x-z direction. Axial im-
ages, sagittal and coronal MPRs are orthogonal to 
each other (Fig. 3.2). Thin axial images combined 
with coronal MPRs show excellent diagnostic accu-
racy in the diagnosis of acute pulmonary embolism 
(Marten et al. 2003). Sagittal and coronal MPRs are 
of limited use in coronary artery imaging due the 
complex course of the coronary arteries – in this 
case, oblique MPRs are more helpful. 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 con-
necting the right coronary artery (RCA) and circum-
fl ex artery (CX). Representative images are shown 
in Figure 3.3, together with the corresponding MIP 
reconstructions (see below). Scrolling through the 
fi rst set of planes will allow following the tortuous 
course of the LAD; scrolling through the second 
set of planes will display the anatomy of RCA and 
CX. It has been demonstrated that the evaluation 
of MDCT coronary angiography with interactive 
oblique MPRs permits signifi cantly higher diagnos-
tic accuracy than evaluation of prerendered images 
(Ferencik et al. 2007). In cardiothoracic imaging, 

Fig. 3.1. Axial images at different anatomical levels (in the cranio-caudal direction) of a coronary CTA examination in a 
patient with a stenosis in the right coronary artery. Axial images include all information that has been acquired in a CT scan 
and should be reviewed in any case. 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 ascending coronary artery, RCA = 
right coronary artery, CX = circumfl ex artery (case courtesy of Dr. S. Achenbach, Erlangen University, Germany)
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the use of oblique MPRs, in particular radial MPRs, 
may signifi cantly improve the recognition of subseg-
mental pulmonary embolism (Pech et al. 2004).

The resolution of a MPR depends on both the in-
plane resolution of the original axial images, which is 
mainly determined by the convolution kernel (fi lter), 

and the through-plane resolution (z-axis resolution), 
which is a function of reconstruction slice width 
and image increment. For spiral CT, through-plane 
resolution can be improved by reconstructing over-
lapping images with an increment of 0.5-0.7 times 
the reconstruction slice width. In this way, objects 

Fig. 3.2. Axial image, coronal and sagittal multiplanar reconstruction (MPR) of a CT thorax examination in a 44-year-old 
female patient with leukemia, who suffered from breathing diffi culties. The CT scan revealed aspergiliosis in the lower lobe 
of the right lung. Axial images, coronal and sagittal MPRs are perpendicular to each other and frequently used in cardio-
thoracic imaging (courtesy of Dr. C. Becker/ Dr. K. Nikolaou, Klinikum Großhadern, Munich, Germany)

Fig. 3.3a,b. Multiplanar reconstructions (MPRs) and thin-slab maximum intensity projections (MIPs) for the case shown 
in Fig. 3.1. The green and red lines in the axial images indicate the orientations of the MPRs and MIPs. Red (a): plane along 
the left anterior descending artery (LAD). Green (b): Plane along the right coronary artery (RCA). Stacks of MPRs and MIPs 
in pre-defi ned directions are the basis for a standardized routine evaluation workfl ow

b

a
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with a size down to 0.7-0.9 times the reconstruction 
slice width can be resolved in the longitudinal (z-) 
direction. Depending on the orientation of the MPR, 
the relative infl uence of in-plane and through-plane 
(z-axis) resolution varies, and so does the resulting 
MPR resolution, in particular for non-isotropic im-
age data. Considering the typical in-plane resolution 
of 0.5–0.6 mm in cardiothoracic examinations, it is 
obvious that one should reconstruct the axial source 
images with sub-millimeter slice width to optimize 
MPR image quality. The 64-slice CT systems can 
provide up to 0.33-mm z-axis resolution using over-
lapping images with a reconstruction slice width of 
0.6 mm (Flohr et al. 2004, 2005). The resolution of 
MPRs is then homogeneous irrespective of the ori-
entation of the MPR image planes.

To trade-off image resolution and image noise, 
the slab thickness of a MPR can be modifi ed. Then 
all voxels along the viewing ray within a given dis-
tance orthogonal to the MPR plane are averaged, 
and a so-called slab MPR is created (Fig. 3.4). Slab 
MPRs, e.g., with 2–5-mm slab thickness, are useful 
to reduce image noise and to visualize larger parts 
of tortuous vessels.

Curved MPRs are defi ned on curved planes, which 
are straightened for display. They are useful to follow 
the course of a tortuous vessel along its entire length 
(Fig. 3.5). Curved MPRs can be generated manually 
as in the example shown in Figure 3.5. The user then 
places multiple seed points along the vessel, and the 
software connects them by an interpolated curve. 
Alternatively, advanced postprocessing software is 

available that provides automatic calculation of the 
centerline of a vessel, which defi nes the curved visu-
alization plane (Fig. 3.6). A more detailed description 
of advanced vessel analysis will be given in Sect. 3.6.

MPRs are readily available, and they do not re-
quire extensive user interaction, e.g., to segment po-
tentially overlapping structures as in other postpro-
cessing approaches. This is why MPRs can be used 
in routine clinical evaluation algorithms. MPRs 
maintain the full information of the axial CT im-
ages, in particular CT density values (CT numbers, 
HU values). On the other hand, they are operator de-
pendent, and improper positioning may introduce 
false-negative and false-positive stenoses, or give a 
wrong estimation of the degree of stenosis (Fig. 3.7). 
Interactive viewing of overlapping stacks of MPRs, 
at best from multiple viewing angles, is therefore 
recommended (Ferencik et al. 2007).

 3.4 
Maximum Intensity Projections (MIPs)

In maximum intensity projections (MIPs), paral-
lel rays in the viewing direction are cast through 
the 3D image volume, and only the maximum CT 
number encountered along each ray is displayed 
in the resulting two-dimensional MIP image. MIPs 
preserve the grey scale of the original axial images, 
and they reduce the visually perceived image noise 
without compromising the visually perceived image 
sharpness. The differentiation between contrast-en-
hanced vascular structures and background is good, 
and calcifi cations are clearly depicted. 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 im-
ages; high-density structures, such as the contrast-
fi lled cavities of the heart, may therefore overlap the 
coronary arteries in the projection direction and 
obscure structures of interest. For the same reason, 
hypo-attenuating intraluminal lesions may not be 
identifi ed, unless they are adjacent to the vessel wall 
and the proper viewing direction has been chosen.

To avoid these shortcomings, thin-slab MIPs 
(Napel et al. 1993) have been introduced. In a thin-
slab MIP, the maximum CT number along the view-
ing ray within a user-selectable distance orthogonal 
to the MIP plane (the slab thickness) is displayed 
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Fig. 3.4. Illustration of slab MPR and slab MIP reconstruc-
tion. For a slab MPR, the CT values within a user-selectable 
slab thickness along the viewing ray are averaged. The mean 
intensity is displayed. For a slab MIP, the maximum CT 
number along the ray within the selected slab is chosen
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(Fig. 3.4). 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 thicknesses 
range from 3 to 10 mm. In a standardized approach, 
reconstructing series of thin-slab MIP images with 
an increment smaller than the slab thickness (e.g., 
1-mm increment for 3-mm slab thickness) is recom-
mended. For cardiac imaging, one should consider 

the same planes as discussed for slab MPRs, in par-
ticular planes parallel to a line connecting the RCA 
and CX, and planes parallel to a line along the LAD. 
Thin-slab MIPs with 5-mm slab thickness along the 
RCA and LAD are shown in Figure 3.3 and can be 
directly compared to the corresponding MPR re-
constructions. In more interactive evaluation ap-
proaches, thin-slab MIPs can be scrolled through 

Fig. 3.5. Curved MPR for the case shown in Figure 3.1. Note the stenosis in the RCA. The yellow line in the axial image 
indicates the curved image plane of the MPR, which has been generated manually. Curved MPRs can be used to follow 
the course of a tortuous vessel along its entire length

Fig. 3.6a,b. Curved MPRs along the RCA and cross sections perpendicular to the centerline of the RCA for two patients with 
severe three-vessel disease. The yellow arrows mark the positions of the cross sections on the vessel. Curved MPRs and the 
corresponding perpendicular cross sections–in this case automatically generated by an advanced postprocessing software 
package–are helpful tools for an analysis of the coronary arteries [courtesy of (a) Dr. J. Jacobs, New York University, NY, 
and (b) Dr. J. Breen, Mayo Clinic Rochester, MN]

a b
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the volume (sliding thin-slab MIPs). By carefully ad-
justing both the thickness and the orientation of the 
MIP plane, each coronary artery can be displayed in 
its entire length in many cases.

In analogy to curved MPRs, curved thin-slab MIPs 
have been introduced (Raman et al. 2003). Curved 
thin-slab MIPs may include multiple vessels in a 
single image, thereby improving interpretation ef-
fi ciency by reducing the number of images required 
to assess vasculature with MIPs. Figure 3.8 shows an 
example of a curved thin-slab MIP reconstruction of 
a coronary CTA data set, which visualizes the main 
coronary artery segments in one image.

Similar to MPRs, MIPs are fast and easily avail-
able. In many institutions, they are the basis for a 
standardized routine evaluation workfl ow of the 
coronary arteries. When the slab thickness is prop-
erly selected, the visualization of non-calcifi ed and 
mixed plaques is excellent. On the other hand, MIPs 
use only a part of the available data, thus discarding 
information that is included in the original axial im-
ages. Relevant anatomical details may be obscured 
by overlapping structures, and stenoses may be 
under- or overestimated (van Ooijen et al. 2003). 
MIPs are not recommended for the visualization of 
stents, since the in-stent lumen will be obscured due 
to the principle of the MIP projection. For the same 
reason, clods in pulmonary arteries cannot be ad-
equately displayed. MIPs are therefore not suited for 
the diagnosis of pulmonary embolism (Marten et 
al. 2003).

 3.5 
Volume-Rendering Techniques (VRT)

Direct volume-rendering techniques (VRTs) are ad-
vanced 3D postprocessing methods that have mean-
while entered clinical routine thanks to continu-
ous improvement of both computer hardware and 
software. VRTs use all available data in the volume 
image. A voxel-intensity histogram, i.e., a histogram 
of CT numbers, is generated, and several parameters 
are assigned to each voxel according to its CT num-
ber (HU value), such as color, brightness, and opac-
ity. Similar to MIP projections, rays are cast through 

Fig. 3.7. Two MPRs on slightly shifted 
image planes along the RCA for the 
case shown in Figure 3.1. While the 
left MPR correctly reveals signifi cant 
stenosis, the right MPR underestimates 
the degree of stenosis. MPRs are opera-
tor dependent, and improper position-
ing may introduce false-negative and 
false-positive stenoses or give a wrong 
estimation of the degree of stenosis. 
MPRs from different viewing angles–
at best interactively manipulated–are 
therefore recommended for vascular 
evaluation

Fig. 3.8. Coronary CT angiography examination of a patient 
with chest pain. A curved thin-slab MIP reconstruction vi-
sualizes the main coronary artery segments in one image 
and reveals multiple calcifi ed, non-calcifi ed, and mixed le-
sions. The non-calcifi ed stenosis (arrow) in the RCA can be 
readily assessed. Curved thin-slab MIPs may include mul-
tiple vessels in a single image, thereby improving reading 
effi ciency (courtesy of Dr. U. J. Schoepf, Medical University 
of South Carolina, Charleston, SC)
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the 3D image volume in the viewing direction. De-
viating from MIPs, however, all voxels along a ray 
contribute to the resulting pixel in the VRT image. 
Sometimes the term “compositing” is used to spec-
ify how each traversed voxel contributes to the fi nal 
image. By means of a so-called transfer function, T, 
the user assigns an opacity to each voxel according 
to its CT number (HU value), which describes the 
absorption of light by this voxel. The opacities of 
all voxels along the viewing ray are summed up 
using weighting factors. Assume we walk along the 
ray from voxel 1 to voxel (n–1) and fi nally voxel n. 
The CT density Sumn of the resulting pixel in the 
VRT image can be calculated in a recursive manner 
according to 

Sumn = Opn ·CTn + (1- Opn) · Sumn-1  (3.1)

Opn is the opacity of voxel n; CTn is its CT number 
(HU value). An opacity of 0 (Opn = 0) means that the 
corresponding 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 (non-transparent). Val-
ues between 0 and 1 characterize different degrees 

of transparency. It is obvious from Equation 3.1 that 
when a pixel n with opacity Opn = 1 is traversed, 
the contribution of all preceding voxels will be set 
to 0, since (1–Opn) = 0. In other words, as soon as 
a completely opaque voxel has been traversed, only 
this voxel will be shown in the resulting image, and 
all previously traversed voxels will be hidden. As-
signing different opacities to different ranges of CT 
values by means of a transfer function, T, enables 
the user to control the contribution of voxels within 
these CT density ranges to the resulting VRT image: 
he can make these voxels more or less transparent, 
thus hiding or showing the corresponding anatomi-
cal details and adjusting 3D depth, contrast, and 
transparency of the VRT image. The relevant ana-
tomical structures in cardiothoracic images are fat 
with a CT density of approximately –100 HU, soft 
tissue with a CT density of approximately 50 HU, 
contrast-fi lled vessels with a CT density of approxi-
mately 200–300 HU, and calcifi cations and bony 
structures with a CT density > 100–150 HU. Usually, 
linear, triangular or trapezoidal transfer functions, 
T, are used to assign opacity to a certain range of CT 
numbers (HU values). Figure 3.9 shows a grey-scale 
VRT reconstruction of a heart. At the bottom, the 

Fig. 3.9. Volume-rendered images (VRTs) demonstrating the infl uence of opacity. By means of a so-called transfer function, 
T, 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 transfer functions (yellow lines). 
Left: low maximum opacity. The image looks transparent and has a large 3D depth, but it lacks contrast. LAD and CX are 
barely visible. Center: medium maximum opacity. 3D depth decreases, and contrast increases. Right: high maximum opac-
ity. Only the surface of the heart is visible, but the coronary arteries are much better and more sharply delineated; see the 
side branches of the RCA
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histogram of the CT numbers is shown together with 
the transfer function T (yellow line). The opacity for 
all voxels with a CT number less than –80 HU is set 
to zero: these voxels are not displayed in the result-
ing VRT. The opacity increases linearly in the range 
–80 HU to 250 HU, and constant maximum opacity 
is assigned to all voxels with a CT number >250 HU. 
With these settings, soft tissue (at about 50 HU) is 
relatively transparent, and contrast-fi lled vessels–
the structures of interest–are relatively opaque. 
The visibility of the contrast-fi lled coronary arter-
ies is therefore enhanced. Figure 3.9 demonstrates 
the effect of increasing maximum opacity levels: on 
the left, the maximum opacity is low. The resulting 
VRT image looks transparent; it is characterized 
by large 3D depth, but low contrast. In the center, 
the maximum opacity is at a medium level; on the 
right it is high: the 3D depth of the resulting VRT 
images decreases until only the surface of the heart 
is visible. On the other hand, contrast for objects in 
the foreground increases, and the coronary arteries 
are much better and more sharply delineated; see in 
particular the side branches of the RCA.

Instead of grey values, colors can be attributed 
to the voxels according to their CT numbers; see 
 Figure 3.10. Each voxel n with a certain CT num-
ber (HU value) CTn is assigned a color RGB(CTn ). 
Although the choice of colors is arbitrary, a brown-
ish red is most commonly used for soft tissue, and 
lighter colors are used for the visualization of con-
trast-fi lled vessels.

To improve the visibility of boundaries between 
different tissue types and the delineation of ana-
tomical structures, gradient transfer functions are 
used in more elaborate VRT approaches. For 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 vi-
sualized more transparently. In areas with abrupt 
density changes, the opacity is increased. The visu-
alization of boundaries between tissues will there-
fore be enhanced. Furthermore, shading and local 
illumination techniques can be used to improve the 
three-dimensional impression of the VRT images. 
Local illumination models introduce additional 
light sources that illuminate the object from a pre-
defi ned direction. They allow the approximation of 
the light intensity refl ected from each point on the 
surface of an object, usually by calculating the sum 
of ambient light, diffuse refl ection, and specular re-
fl ection in the viewing direction.

Similar to MPRs and MIPs, oblique slab VRTs are 
available for an interactive evaluation of anatomical 
details.

VRTs require extensive user interaction for ad-
equate imaging results. In most 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. With advanced 
cardiac evaluation packages, the heart can be auto-
matically isolated. VRTs depend on a multitude of 
user-defi nable parameters. They are helpful for a 
visualization of results, in particular to non-radiol-
ogists, but they are of limited value for primary di-
agnosis in cardiac and cardiothoracic CT examina-
tions. The variety of parameters and settings and the 
lack of standardization impair the ability of VRTs to 

Fig. 3.10. In a VRT, colors instead of grey values can be at-
tributed to the voxels according to their CT numbers and 
their opacities. In this example, soft tissue is assigned a 
brownish red, whereas a lighter brown is used for the con-
trast-fi lled coronary arteries with higher CT numbers (com-
pare to Figure 3.9, right)
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correctly assess coronary diameters and coronary 
artery stenoses (Mahnken et al. 2003). On the other 
hand, VRTs provide good insight into the three-
dimensional relationship of anatomical structures. 
This is why they are helpful in the evaluation of ab-
errant cardiothoracic anatomy, such as anomalous 
coronary arteries, and bypass grafts (Fig. 3.11).

 3.6 
Advanced Cardiothoracic 
Image Postprocessing

In addition to the on-going refi nement of CT acquisi-
tion technology with the goal of integrating cardiac 
and cardiothoracic imaging into routine clinical 
protocols, advanced visualization and evaluation 
tools have been developed. They provide the user 
with optimized clinical workfl ow solutions, e.g., for 

vessel segmentation and vessel analysis, for evalu-
ation of cardiac function parameters and detailed 
reporting functionality. These advanced application 
packages make use of all available 3D postprocess-
ing techniques, such as MPRs, MIPs, and VRTs, to 
simplify and streamline the clinical workfl ow.

3.6.1 

Advanced Cardiac Evaluation

In a typical software package for advanced cardiac 
postprocessing, MPRs and VRTs of a coronary CTA 
image data set are shown for a fi rst orientation, with 
the rib cage automatically removed (“heart isola-
tion”) so that only the heart is visible. The coro-
nary arteries are then automatically segmented to 
calculate curved MPRs or curved MIPs along the 
respective center lines. Two different types of vessel 
segmentation are currently used. In a vessel probe 
approach, the user places a marker (mouse click) 
in the vessel of interest. A centerline extending on 
both sides of the marker is calculated, and the cor-
responding vessel segment is displayed as a curved 
MPR. In a vessel segmentation approach, the entire 
coronary artery tree is segmented as a fi rst step. In 
some software packages, the segmentation of the 
coronary artery tree is automatically performed as a 
pre-processing step, so that the segmented coronary 
arteries are already available when the user starts 
the evaluation. Arteries or branches that are not 
initially recognized by the segmentation algorithm 
can usually be appended by marking them with a 
mouse click. The user can then defi ne centerlines 
on the coronary artery tree–e.g., by a mouseclick–to 
produce curved MPRs along the respective coronary 
arteries as a basis for further evaluation.

MPRs on straight planes perpendicular to the 
centerline of the vessel are usually displayed in addi-
tion to curved MPRs to facilitate the comprehensive 
evaluation of coronary artery stenosis and plaques. 
In some application packages, the degree of a steno-
sis has to be manually measured (e.g., by a length 
measurement using an electronic ruler); in some 
others, it is automatically determined by calculating 
area ratios or maximum diameter ratios of the ves-
sel’s cross sections. A scoring system for lumen nar-
rowing (Schmermund et al. 1998) can be used to de-
scribe different grades of coronary artery stenosis: 
A = angiographically normal segment (0% stenosis), 
B = non-obstructive disease (1–49% lumen diam-
eter narrowing), C = signifi cant stenosis (50–74%), 

Fig. 3.11. VRTs are mainly useful for a demonstration of 
the diagnosis. They provide good insight into the three-
dimensional relationship of anatomical structures, e.g., in 
the case of anomalous coronary arteries or bypass grafts. In 
this example, the heart of a patient with LIMA bypass graft is 
shown. The images were acquired on a dual source CT (cour-
tesy of Dr. S. Achenbach, Erlangen University, Germany)
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D = high-grade stenosis (75–99%), and E = total oc-
clusion (100% stenosis). Figure 3.12 shows a screen-
shot of comprehensive cardiac evaluation software 
(syngo Circulation, Siemens Healthcare, Forchheim, 
Germany). The bottom right image represents a 
VRT of the segmented coronary artery tree with a 
centerline (indicated in red) along the RCA. Three 
markers indicate a high-grade stenosis of the RCA. 
The top right image shows a curved MPR along this 
centerline. The top left image shows a cross section 
perpendicular to the centerline at the position indi-
cated by the red dot in the top right image.

Clinical studies have demonstrated the poten-
tial of MDCT not only to detect, but also to some 
degree to characterize non-calcifi ed and calcifi ed 

plaques in the coronary arteries based on their CT 
number (Schroeder et al. 2001a,b; Becker et al. 
2003;  Caussin et al. 2004; Leber et al. 2003, 2006; 
 Carrascosa et al. 2006; Pohle et al. 2007). Mean-
while, the development of advanced evaluation tools 
that help visualize and quantify plaques in the coro-
nary arteries is on-going. Figure 3.13 shows a curved 
MPR along the RCA and a cross-sectional image per-
pendicular to the centerline for the same patient as in 
Figure. 3.12. Using a plaque-evaluation tool, the vox-
els belonging to four different ranges of CT numbers, 
which may represent different types of plaques, are 
color-coded. The volume of the compartments can 
be calculated, and an individual “plaque burden” can 
be derived for the patient. Clinical studies are needed 

Fig. 3.12. Case study demonstrating advanced cardiac vessel analysis for a patient with signifi cant stenosis of the RCA (cour-
tesy of Dr. S. Achenbach, Erlangen University, Germany). The images are processed using an advanced cardiac evaluation 
software (syngo Circulation, Siemens Healthcare, Forchheim, Germany). Segmented coronary artery tree with a centerline 
along the RCA and three markers indicating the high-grade stenosis (bottom right), curved MPR along the RCA following the 
centerline (top right), and cross section perpendicular to the centerline of the RCA (top left). The red dot marks the position 
of the cross-sectional image. Cross sections perpendicular to the centerline of a vessel are helpful for an evaluation of the 
vessel, in this case for the grading of the stenosis
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to evaluate the potential and the clinical relevance of 
these plaque quantifi cation 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.

Any contrast-enhanced retrospectively ECG-
gated MDCT data set that has been acquired to vi-
sualize the cardiac anatomy can be re-used for the 
assessment of cardiac function (Juergens et al. 
2002, 2004; Heuschmid et al. 2003, 2006; Kopp et 
al. 2005; Mahnken et al. 2007; Brodoefel et al. 
2007). Measurement of global cardiac function and 
of some regional function parameters by MDCT is 
possible through image reconstruction of the heart 
in different phases of the cardiac cycle. Global car-
diac function is represented by end-diastolic vol-
ume, end-systolic volume, ejection fraction, and 
left ventricular stroke volume, which can be derived 
from reconstructions of the left ventricle in the end-
diastolic and end-systolic phase of the cardiac cycle. 
These reconstructions can also serve for the deter-
mination of regional function parameters such as 
wall thickness and systolic wall thickening. Image 
reconstruction at multiple equidistant time points 
throughout the cardiac cycle can reveal additional 
information about regional wall motion, in particu-
lar when the images are displayed as a cine-loop. In 

addition, measurements of right ventricular volume 
and function can provide important information for 
the diagnosis, treatment, follow-up, and prognosis of 

various cardiac and pulmonary diseases ( Delhaye 
et al. 2006; Remy-Jardin et al. 2006).

To streamline and simplify analysis of cardiac 
function, advanced postprocessing tools are avail-
able that enable a fully or semi-automated volumet-
ric segmentation of the contrast-enhanced cardiac 
chambers, the calculation of global cardiac function 
parameters, such as end-diastolic volume, end-sys-
tolic volume, ejection fraction, or stroke volume, and 
the visualization of wall thickening or wall motion. 
It has been demonstrated that automated threshold-
based 3D segmentation enables accurate and repro-
ducible CT assessment of left ventricular volume 
and function with excellent correlation with results 
of manual 2D short-axis analysis (Juergens et al. 
2008). Figure 3.14 shows a screenshot of a compre-
hensive cardiac evaluation software (syngo Circu-
lation, Siemens Healthcare, Forchheim, Germany), 
demonstrating the automated 3D segmentation of 
the left ventricle and the determination of epicardial 
and endocardial contours. Figure 3.15 shows a po-
lar map representation (“bull’s eye plot”) of systolic 
wall thickening with a projection of the coronary ar-
teries for the same patient as in Figures 3.12 and 3.13. 

Fig. 3.13. Plaque evaluation tool, assigning different colors to voxels within different ranges of CT numbers. In this example, 
a stenosis in the RCA is evaluated (same case as in Figure 3.12). Dark green is used for voxels with CT numbers between 
–25 HU and 50 HU (potential “lipid” plaques), light green is used for voxels with CT-numbers between 50 HU and 150 HU 
(potential “fi brous” plaques), orange is used for voxels between 150 HU and 500 HU (contrast-fi lled lumen), and pink is used 
for voxels with CT numbers >500 HU (calcifi cations)
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Fig. 3.14. Case study demonstrating advanced cardiac function analysis for a patient with signifi cant stenosis of the RCA 
(same case as in Figure 3.12). The images are processed using an advanced cardiac evaluation software (syngo Circulation, 
Siemens Healthcare, Forchheim, Germany). Short axis (top left) and long axis visualization (top right) of the left ventricle 
with automatically determined epicardial and endocardial contours as a basis for the calculation of global and regional 
function parameters

Fig. 3.15. Polar map (“bull’s eye plot”) visualizing wall 
thickening with a projection of the coronary arteries for the 
same patient as in Figure 3.12. A wall-thickening abnormal-
ity (red) can be observed in the territory that is supplied by 
the stenotic segment of the RCA (yellow circle)
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A wall-thickening abnormality can be observed in 
the territory that is supplied by the stenotic segment 
of the RCA.

Some other 3D postprocessing techniques can 
be used for cardiac CT, such as virtual endoscopy, 
which is known from CT colonoscopy. Virtual en-
doscopy can provide a spectacular visualization of 
the inner surface of contrast-fi lled coronary arter-
ies; its clinical use in cardiac imaging, however, is 
doubtful.

3.6.2 

Advanced Cardiothoracic Evaluation

As a consequence of the on-going technical re-
fi nement, inclusion of MDCT into the diagnostic 
algorithm allows for comprehensive evaluation of 
cardiothoracic diseases and for rapid diagnosis of 
common causes of acute chest pain, such as pulmo-
nary embolism, aortic dissection, or aneurysm, or 
signifi cant coronary artery disease. Advanced visu-
alization and evaluation tools may help to optimize 
the clinical workfl ow also for the assessment of non-
cardiac fi ndings.

For general vascular analysis, vessel probe ap-
proaches are most helpful. Similar to coronary ar-
tery evaluation, the user places one or more markers 

(mouse clicks) into the vessel of interest. A center-
line is then calculated, and the corresponding ves-
sel segment is automatically displayed as a curved 
MPR, together with orthogonal cross sections 
(Fig. 3.16). A variety of measurement tools is usually 
available to further evaluate stenoses, aneurysms, 
or  dissections.

Computer-aided diagnosis (CAD) tools have been 
proposed to facilitate the diagnosis of pulmonary 
embolism. In a clinical evaluation of a CAD pro-
totype (Buhmann et al. 2007), the CAD software 
showed a sensitivity comparable to that of the gen-
eral radiologists, but with more false positives. CAD 
detection of fi ndings incremental to the radiologist 
suggests benefi t when used as a second reader. Par-
ticularly inexperienced readers benefi t from con-
sensus with CAD data, thereby greatly improving 
detection of segmental and subsegmental emboli 
(Engelke et al. 2008; Das et al. 2008). As a drawback, 
some CAD systems show high false-negative results 
that demand technologic improvement (Maizlin 
et al. 2007). Overall, application of CAD tools may 
improve the diagnostic accuracy and decrease the 
interpretation time of CT angiography for the detec-
tion of pulmonary emboli in the peripheral arterial 
tree and further enhance the acceptance of this test 
as the fi rst line diagnostic modality for suspected PE 
(Schoepf et al. 2007).

Fig. 3.16. Curved MPR along the aorta and cross section perpendicular to the centerline for a patient with aortic aneurysm. 
Automated vessel analysis tools can facilitate the assessment of non-cardiac fi ndings in cardiothoracic examinations (cour-
tesy of Dr. C. Becker, Klinikum Großhadern, Munich, Germany)
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 4.1 
Introduction

Contrast medium (CM) administration remains an 
integral part of thoracic and cardiovascular CT. While 
simple, empiric injection protocols (fi xed volume and 
fi xed scanning delay) are suffi cient for non-vascular 
CM-enhanced thoracic CT, cardiac and CT angio-
graphic applications require more sophistication. The 
goal is to achieve strong enhancement of the vascu-
lar territory (or territories) of interest synchronized 
with CT data acquisition, which requires integrating 
knowledge of arterial enhancement dynamics with 
the technical capabilities and acquisition parameters 
of the CT scanner. The increasing breadth of cardio-
vascular CT applications, ranging from pulmonary 
CTA over left atrial mapping, coronary and thoracic 
CTA, to complex applications aiming at simultaneous 
opacifi cation of systemic and pulmonary circulations 
with minimal artifacts, make this a challenging task. 
CT scanner technology is continuously evolving, with 
scan times becoming shorter with every new CT scan-
ner generation. The long-term merit of providing de-
tailed scanning and injection protocols for a given 
scanner generation is therefore short-lived and of 
limited value. Understanding the basic principles of 
arterial enhancement dynamics in the chest, on the 
other hand, and learning how vascular enhancement 
can be controlled by user-selectable parameters is of 
great benefi t to everyone involved in the design and 
execution of current and future scanning and injec-
tion protocols for cardiovascular CT.

The purpose of this chapter is therefore to fi rst re-
view the physiologic and pharmacokinetic principles of 
vascular enhancement (‘key-rules’ of arterial enhance-
ment) and explain how these principles apply to differ-
ent vascular territories in the thorax. The remainder 
of this chapter reviews the techniques to synchronize 
vascular enhancement with CT data acquisition and 
explains basic cardiovascular CT injection protocols.
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 4.2 
Physiologic and Pharmacokinetic Principles

The key to contrast medium delivery for cardiovas-
cular CT applications is to understand the relation-
ship between intravenously injected CM and sub-
sequent vascular enhancement. The fi rst step is to 
realize the fundamental difference between vascular 
(arterial) enhancement and tissue (organ) enhance-
ment. For non-vascular CT (e.g., imaging of the liver 
during a parenchymal phase), the degree of organ 
opacifi cation correlates closely with the volume of 
CM administered, and it is also inversely related 
to a patient’s body weight. This is easy to under-
stand since all iodinated X-ray contrast agents are 
extracellular fl uid markers, and extracellular space 
correlates with body weight (Dawson and Blomley 
1996). Arterial enhancement, on the other hand, is 
not immediately related to CM volume. Arterial en-
hancement is controlled by two key factors – or ‘key 
rules’ as summarized in Table 4.1 (Fleischmann 
2002): (1) the amount of iodinated CM delivered per 
unit of time, which – for a given iodine concentra-
tion – is simply the injection fl ow rate (mL/s) and 
(2) the injection duration of such a contrast medium 
injection in seconds (s). Of course, the injection fl ow 
rate multiplied by the injection duration equals the 
CM volume, so CM volume does indirectly play a 
role, notably since most power injectors require that 
a planned CM injection is keyed into the injector 
interface as CM volume and fl ow rate. However, as 
will become more apparent later, it is substantially 

more useful to consider injection protocols for car-
diovascular CT as injection fl ow rate times injection 
duration. For example, an intravenous CM injection 
described as ‘100 ml @ 5 ml/s’ should  be understood 
as ‘5 ml/s for 20 s,’ because the latter can be more 
intuitively translated into the expected strength and 
length of a desired vascular enhancement phase. 
The importance of thinking about injection proto-
cols as injection fl ow rate multiplied by the injection 
duration cannot be overemphasized. It is the most 
important learning objective of this chapter and is 
also refl ected in the fi rst two ‘key rules’ listed in 
Table 4.1.

4.2.1 

Early Arterial Contrast Medium Dynamics

Time attenuation responses to intravenously injected 
CM vary between vascular territories and even more 
so between different individuals, but they all share 
the same basic principles. Figure 4.1 schematically 
illustrates the early arterial contrast medium dy-
namics as observed in the aorta: When a 16-ml test 
bolus of CM is injected intravenously, it causes an 
arterial enhancement response in the aorta after a 
certain time interval. This time interval needed for 
the CM to arrive in the arterial territory of interest 
is referred to as the contrast medium transit time 
(tCMT), an important landmark for scan timing. The 
arterial time attenuation response itself consists of 
two phases. The fi rst peak of the time attenuation 
response is referred to as the “fi rst pass” effect. This 

Table 4.1. Key rules of early arterial contrast medium dynamics for CT angiography and their consequences

Key rules of arterial enhancement

§1 Arterial enhancement is proportional to the iodine administration rate

Arterial opacifi cation can be increased by 
 increasing the injection fl ow rate and/or by 
  increasing the iodine concentration of the contrast medium.

§2 Arterial enhancement increases with the injection duration 

 Longer CM injections have a cumulative effect on arterial enhancement
 A minimum injection duration of approximately 10 s is always needed to achieve adequate arterial enhancement

§3 Individual enhancement is controlled by cardiac output

 Cardiac output is inversely proportional to arterial opacifi cation (i.e., high cardiac output results in decreased arterial 
enhancement, and vice versa). Cardiac output correlates with body weight

 Increasing or decreasing both the injection rate and the injection volumes to body weight, at least for large (> 90 kg) and 
small (< 60 kg) individuals, respectively, reduces the interindividual variability of arterial enhancement
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is followed by the ‘recirculation’ phase, character-
ized by the fact that the tail of the time-attenuation 
curve does not return to zero after the fi rst-pass, but 
undulates above the baseline. This tail is only in part 
caused by true recirculation of opacifi ed blood from 
highly perfused organs such as the brain and the 
kidney. Early on, it is mostly a consequence of bolus 
broadening, but detailed knowledge of the cause of 
the ‘recirculation’ phase is not essential for our pur-
poses. It is very important, however, to acknowledge 
its existence, because it explains the effect of the 
injection duration on vascular enhancement. 

4.2.1.1 

Eff ect of Injection Flow Rate on 

Arterial Enhancement (§1)

For a given patient and vascular territory, the degree 
of arterial enhancement is directly proportional to the 
iodine administration rate. Figure 4.1 shows that when 
the injection rate is doubled from 4 ml/s to 8 ml/s, or 
more precisely, if the iodine administration rate is 
increased from 1.2 g to 2.4 g of iodine per second (if a 
300 mg I/ml CM is used), the corresponding enhance-
ment response is twice as strong. Note that changing 

Fig. 4.1a–f. Simple “additive model” illustrating the effects of injection fl ow rate and injection 
duration on arterial enhancement. Intravenous contrast medium (CM) injection (a) causes an 
arterial enhancement response (b), which consists of an early “fi rst pass” peak and a lower “re-
circulation” effect. Doubling the injection fl ow rate (doubling the iodine administration rate) (c) 
results in approximately twice the arterial enhancement (d). The effect of the injection duration 
(e) can be regarded as the sum (time integral) of several enhancement responses (f). Note that 
due to the asymmetric shape of the test-enhancement curve and due to recirculation effects, 
arterial enhancement following an injection of 128 ml (the time integral of 8 consecutive 16 ml) 
increases continuously over time [adopted from (Fleischmann 2002), with permission]

ba

c
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d

f
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the iodine concentration of the contrast agent has the 
same proportional effect on arterial enhancement as 
changing the injection fl ow rate has. 

There are physiologic and practical limitations to 
increasing the injection fl ow rates, however. Injec-
tion fl ow rates of 8 ml/s or greater have been shown 
to not directly translate into stronger enhancement 
(Claussen et al. 1984), possibly because of pool-
ing in the central venous system with refl ux into 
the inferior vena cava – a phenomenon that can be 
observed with even moderate and low fl ow rates in 
patients with signifi cantly decreased cardiac output. 
High injection fl ow rates are also limited by the size 
of the intravenous cannula, most of which would not 
allow injection rates greater than 6 ml/s for an 18-G 
cannula, even if warmed (and thus less viscous) con-
trast agents are used.

4.2.1.2 

Eff ect of Injection Duration on 

Arterial Enhancement (§2)

The effect of increasing (or shortening) the injec-
tion duration is more diffi cult to understand than 
the direct relationship of the iodine administration 
rate, but it is equally important. One intuitive way 
to think about the effect of the injection duration is 
shown in Figure 4.1. A longer injection duration of, 
e.g., 32 s (128 ml total volume) can be regarded as 
the sum of eight subsequent injections of small “test 
boluses” of 4-s duration (16 ml each). Each of these 
eight “test boluses” has its own effect on arterial 
enhancement, in terms of fi rst pass and recircula-
tion, respectively. Under the assumption of a time-in-
variant linear system (Fleischmann and Hittmair 
1999), the cumulative enhancement response to the 
entire 128 ml injection equals the sum (time integral) 
of each enhancement response to their respective 
eight test boluses (Fleischmann 2002). Note that 
the ‘recirculation’ effects of the earlier test boluses 
overlap (and thus sum up) with the fi rst pass effects 
of later test boluses, resulting in the typical continu-
ous increase of arterial enhancement over time. 

4.2.1.3 

Physiologic Parameters Aff ecting 

Vascular Enhancement (§3)

The degree of arterial enhancement following the 
same intravenous contrast medium injection is 
highly variable between individuals. Even in pa-
tients considered to have normal cardiac output, 

mid-aortic enhancement may range from 140 HU 
to 440 HU (a factor of three) between patients 
( Sheiman et al. 1996). If body weight is taken into ac-
count, the average aortic enhancement ranges from 
92 to 196 HU/ml/kg (a factor of two) ( Hittmair 
and  Fleischmann 2001). Adjusting the contrast me-
dium injection rates (and volumes) to body weight 
will therefore reduce interindividual differences 
of arterial enhancement, but it will not completely 
eliminate them. Body-weight adjustment of injec-
tions is nevertheless recommended for patients with 
small (< 60 kg) and large (> 90 kg) body size.

The fundamental physiologic parameter affect-
ing arterial enhancement is cardiac output and, to 
a lesser degree, central blood volume. Cardiac out-
put is inversely related to the degree of arterial en-
hancement, particularly in fi rst pass dynamics (Bae 
et al. 1998). This can be understood intuitively when 
thinking about a CM injection as ‘fl ow of iodine’ 
(iodine molecules per second), injected into a larger 
‘fl ow of blood’ (ml of blood per second). The relative 
amount of ‘fl ow of iodine’ into the ‘fl ow of blood’ will 
determine the iodine concentration in the blood, 
and thus its CT attenuation. Arterial enhancement is 
therefore lower in patients with high cardiac output, 
but it is stronger in patients with low cardiac output 
(despite the delayed tCMT in the latter).

4.2.2 

Early Contrast Medium Dynamics in the Chest

Equipped with good understanding of early arte-
rial enhancement dynamics, we will now look at 
the relative time attenuation dynamics of central 
venous, pulmonary and systemic arterial enhance-
ment within the chest, because of their relevance for 
scan timing, for avoiding streak artifacts, for avoid-
ing or maintaining right ventricular opacifi cation 
during cardiac CT, and for simultaneous pulmonary 
and systemic opacifi cation.

The sequence of early vascular enhancement ef-
fects in the thorax following intravenous admin-
istration of CM is illustrated in Figure. 4.2, which 
shows a series of non-incremental dynamic images 
obtained every 2 s at the level of the pulmonary 
artery following the injection of a small test bolus. 
CM appears immediately after the beginning of 
the injection, relatively undiluted and incompletely 
mixed, in the superior vena cava [which collects 
approximately one third (~ 25 ml/s) of the cardiac 
output (~ 85 ml/s)]. This causes not only bright en-
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hancement, but also perivenous streak artifacts. The 
subsequent enhancement of the pulmonary arteries 
and the thoracic aorta is less strong, because it has 
mixed in the right atrium and ventricle with blood 
from the inferior vena cava (~ 60 ml/s). The time-
attenuation curves for each vascular territory are 
plotted in Figure 4.2c. Note, that pulmonary arte-
rial enhancement begins immediately (2 s) after 
enhancement of the superior vena cava. This is an 
important observation, because it explains why it is 
currently impossible to completely avoid perivenous 
streak artifacts in pulmonary CT angiograms. The 

transit time from the SVC to the pulmonary circula-
tion is just too short for current scanners even with 
scan times in the range of 5 s.

The bolus is delayed and broadened in the pulmo-
nary circulation and left heart chambers, and fi nally 
appears in the thoracic aorta after another 6–8 s or 
so. The ‘pulmonary transit time’, i.e., the time it 
takes for the bolus to travel from the right ventricle 
to the systemic circulation, is thus much longer than 
the SVC-to-pulmonary transit time, and it is also 
more variable between individuals. The pulmonary 
transit time is important for some cardiac imaging 

Fig. 4.2a–d. Early contrast medium dynamics in the chest. a Sequence of vascular enhancement observed in a non-incre-
mental dynamic CT acquisition following the intravenous injection of a small test bolus are shown (see text for details). b 
Maximum intensity projection of a MDCT pulmonary angiogram shows extensive opacifi cation of the left brachicephalic 
vein and SVC. As densely opacifi ed blood is mixed with unenhanced blood from the inferior vena cava in the right atrium 
and ventricle, the pulmonary arterial enhancement is substantially smaller than the enhancement in the SVC. Aortic en-
hancement is again slightly less than PA enhancement. Analysis of the time attenuation curves from a 4-s test injection (c) 
allows predicting the time attenuation curves for a prolonged, 20-s injection (d). SVC superior vena cava; PA pulmonary 
artery; AO thoracic aorta; tCMT contrast medium transit time for the aorta; double-headed arrows in (c) and (d) indicate 
pulmonary transit time. Adapted from (Fleischmann 2003), with permission

a b

c d
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protocols, because it determines the temporal rela-
tionship of right and left ventricular enhancement.

Figure 4.2d integrates the relative enhancement ef-
fects (in ��HU, above baseline) for a prolonged injec-
tion of 20 s for each vessel, respectively. Note, that the 
enhancement events now show a much greater overlap 
in time. However, the order and the absolute onset-
times of the respective time-attenuation events are 
maintained: pulmonary enhancement again begins 
again immediately after SVC opacifi cation, and it takes 
again another 6–8 s for the aorta to enhance. Similarly, 
pulmonary opacifi cation decreases immediately after 
CM is fl ushed from the SVC, but is maintained in the 
systemic circulation for another 6–8 s in this particu-
lar example before it decreases as well. The sequence 
of events can also be seen on a MIP of a thoracic CT 
angiogram (Fig. 4.2b), where the craniocaudal direc-
tion corresponds to the time axis shared by all vas-
cular territories (SVC, right heart and pulmonary, left 
heart and systemic arteries). Short acquisition times 
with fast scanners allow scanning at specifi c time win-
dows of enhancement if timed correctly.

 4.3 
Synchronizing CM Enhancement with 
CT Data Acquisition

A fi xed scanning delay cannot be recommended for 
cardiac or vascular CT, because the arterial contrast 
medium transit time (tCMT) is prohibitively variable 
between individual patients – ranging from as short 
as 8 to as long as 40 s in patients with cardiovascular 
diseases. The scanning delay (the time interval be-
tween the beginning of a CM injection and the initia-
tion of CT data acquisition) needs to be timed rela-
tive to the tCMT of the vascular territory of interest. 
It is important to realize that with fast MDCT acqui-
sitions, the tCMT itself does not necessarily serve as 
the scanning delay, but rather as a landmark relative 
to which the scanning delay can be individualized. 
Depending on the vessels of interest, an additional 
delay relative to the tCMT can be selected. In CTA, 
this additional delay may be as short as 2 s (“tCMT + 
2 s”), but often additional delays of 5 or 8 s are used 
(“tCMT + 8 s”). The notation “tCMT + 8 s” means that 
the scan is initiated 8 s after the CM has arrived in 
the target vasculature. Transit times can be easily 
determined using either a test-bolus injection or an 
automatic bolus triggering technique. 

4.3.1 

Test Bolus

The injection of a small test bolus (15–20 ml) while 
acquiring a low-dose dynamic (non-incremental) 
CT acquisition is a reliable means to determine the 
tCMT from the intravenous injection site to the arte-
rial territory of interest (Van Hoe et al. 1995). The 
tCMT equals the time-to-peak enhancement interval 
measured in a region-of-interest (ROI) placed within 
a reference vessel (Fig. 4.1).

4.3.2 

Automated Bolus Triggering

For bolus triggering, a circular region of interest 
(ROI) is placed into the target vessel on a non-
enhanced image. While CM is injected, a series of 
low-dose non-incremental scans are obtained, and 
the attenuation within the ROI is monitored. The 
tCMT equals the time when a predefi ned enhance-
ment threshold (“trigger level”) is reached (e.g., 
100 �HU). Because of technical reasons, however, 
the CT acquisition cannot begin immediately. Au-
tomated bolus triggering thus inherently causes a 
slight delay relative to the tCMT, the “trigger de-
lay.” The trigger delay depends on the scanner 
model and on the longitudinal distance between 
the monitoring series and the starting position of 
the scan. Also, if a pre-recorded breath-holding 
command is programmed into the CT acquisition, 
this increases the minimal “trigger delay” before a 
scan can be initiated as well. The minimal trigger 
delay is usually 2 s, which can be ignored when 
designing an injection protocol. If a longer trigger 
delay is necessary or intentionally chosen, e.g., 8 s 
(“tCMT + 8s”), the injection duration needs to be 
increased accordingly. Bolus triggering is a very 
robust and practical technique for routine use and 
has the advantage that it does not require an ad-
ditional test-bolus injection.

4.3.3 

Right Ventricular Opacifi cation in Cardiac CT

With fast enough CT scanners, it is possible to 
achieve bright systemic arterial enhancement 
without perivenous artifacts (notably if saline 
fl ushing is used), and it is also possible to achieve 
bright systemic enhancement when CM has been 
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cleared (nearly) completely out of the right atrium 
and ventricle. This effect leads to a very nice depic-
tion of the right coronary artery in MIP or volume-
rendered coronary CTA images (Fig. 4.3), because 
it is no longer obscured by artifacts and bright 
opacifi cation of the right atrium and ventricle (the 
‘levo-cardiogram’ effect). This effect – which by 
the way was not necessarily planned intention-
ally, but rather observed coincidentally – is not 
consistently achievable, however, if an individual’s 
pulmonary transit time is short (at least with cur-
rent retrospectively ECG-gated helical data acqui-
sition).

Complete fl ushing of the right ventricle may also 
be a disadvantage, however, if delineation of the 
right ventricular cavity (and thus the RV border of 
the interventricular septum) is diagnostically desir-
able (Fig. 4.4a–c), such as for the assessment of left 
ventricular function and mass. This limitation can 
been overcome by the injection of diluted contrast 
medium (10–20%) rather than normal saline follow-
ing the main bolus. Alternatively, a long injection 
duration and a long scanning delay also result in 
good right chamber enhancement due to recircula-
tion of opacifi ed blood from the brain and the kid-
neys (Fig. 4.4d–f).

4.3.4 

Simultaneous Pulmonary and 

Systemic Arterial Enhancement

If bright opacifi cation of both the pulmonary and the 
systemic arteries is desired, for example, to evaluate 
for both pulmonary embolism and thoracic aortic 
dissection, the injection duration needs to addition-
ally include the pulmonary transit time. The simplest 
way to do this is to use a thoracic aortic CTA protocol 
and empirically add another 10 s to the injection dura-
tion. The scanning delay remains unchanged relative 
to the aortic tCMT . The same effect can be achieved by 
using a pulmonary CTA protocol and adding 10 s to 
both the injection duration and the scanning delay 
relative to the pulmonary tCMT . Both strategies will 
opacify both the pulmonary and the systemic arter-
ies in the majority of patients, i.e., in patients with 
pulmonary transit times less than 10 s.

In situations where the pulmonary transit time 
can be expected to be particularly long or hard to 
predict, such as in patients with severe right heart 
failure, or patients with surgically repaired con-
genital heart diseases, it is advisable to obtain a test 
bolus injection and plan the protocol individually 
based on the specifi c time-attenuation curves seen 
in the pulmonary and systemic arterial systems. Al-
ternatively, one can also obtain two scans, one early 
and one delayed. 

 4.4  
CM Injection Strategies for 
Cardiovascular CT

The traditional paradigm of injection protocol de-
sign aims at choosing an injection fl ow rate and 
injection duration that matches the scan time. Scan 
times for CTA vary widely, however, and may range 
from more than 30 s for a thoracoabdominal CTA 
using a 4-channel MDCT to as short as 4 s for an 
abdominal CTA using a 64-channel MDCT. Even 
shorter scan times will become possible in the near 
future. No single strategy of CM injection for cardio-
vascular CT can therefore be applied. Since the in-
troduction of 64-channel MDCT, we have observed 
a paradigm shift, where for the fi rst time, injection 
protocols are not designed to match the scan time, 
but instead the CT acquisition protocol is designed 
to match the injection protocol.

Fig. 4.3. ‘Levocardiogram’ effect. Coronary CT angiogram 
with saline fl ushing. Thin-slab MIP image through the right 
coronary artery shows complete fl ushing of contrast medium 
out of the right ventricle, resulting in exquisite, artifact-free 
visualization of the right coronary artery. (Image courtesy 
of C. Becker, Munich)
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4.4.1 

Basic Strategy: Injection Time Equals Scan Time

The traditional injection strategy for CTA – derived 
in the era of single-slice CT – was to inject CM for a 
duration that is equal to the scan time. Thus, for a 
40-s abdominal CTA acquisition, the injection du-
ration would also be 40 s, resulting in a fairly large 
CM dose of 160 ml if a typical injection fl ow rate of 
4 ml/s was used. Scan timing was determined either 
by using a test bolus or by bolus tracking.

This basic strategy is still useful for many CTA 
applications as well as for cardiac CT whenever scan 
times are in the range of 10–20 s. Over the years of 

CT evolution with increasingly shorter scan times, 
the injection fl ow rates have also increased from 
4 ml/s to 5 ml/s and even 6 ml/s. At the same time, 
the iodine concentration of the CM used has also in-
creased from the traditional 300 mg I/ml to 350, 370, 
or 400 mg I/ml at most institutions. This is not at 
all surprising, because the lower opacifi cation from 
shorter injections (a consequence of Rule §2) has to 
be compensated for by increasing the iodine fl ux 
(see Rule §1) (Fig. 4.5). By increasing the injection 
fl ow rate from 4 to 5 ml/s and using a contrast agent 
with, e.g., 350 rather than 300 mg I/ml concentra-
tion, the iodine fl ux and thus arterial enhancement 
is increased by 45%.

Fig. 4.4a–f. Right ventricular opacifi cation in cardiac CT. Volume-rendered image (a), three-chamber view (b) and short-
axis view (c) in a 68-year-old man with a short LAD occlusion [arrow in (a)]. Note that the thickness of the akinetic anterior 
septal wall (arrowheads) cannot be assessed due to the lack of right ventricular opacifi cation. Coronary CT angiogram in an 
obese woman before gastric bypass surgery (d–f) and limited venous access (20-G cannula) shows good opacifi cation of the 
left ventricle and the right coronary artery without major artifacts from right heart chambers (e,f). Adequate enhancement 
of the right heart chambers was achieved by using a comparably slow injection rate (4 ml/s) but a long injection duration 
(30 s) and long scanning delay relative to the aortic contrast medium transit time (tCMT + 15). Recirculating contrast medium 
enhanced venous blood maintains right atrial and ventricular enhancement after the end of the main bolus

a c

e

b

d f
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4.4.2 

Basic Strategy with 

Additionally Increased Scanning Delay

With even faster scanners it became readily apparent 
that the basic strategy (injection duration equals scan 
time) alone is not applicable for scan times well below 
10 s. It is not possible to achieve adequate arterial 
enhancement from, e.g., a 4-s injection duration to 
match a 4-s scan time. The injection fl ow rates that 
might allow this would simply be too high to be prac-
tical (15 ml/s), and scan timing would be even less for-
giving. The obvious solution is simply to increase the 
injection duration and to increase the scanning delay 
accordingly – in other words, make use of Rule §2. 

Note that with this second approach, the injection 
duration is no longer equal to but rather longer than 
the scan time, and the scanning delay is not equal to 
but rather longer than the tCMT (Fig. 4.5).

We use such a protocol for all 8- and 16-channel 
CT angiograms, and also for 64-channel coronary 
CTAs (Table 4.2): We use an injection rate of 5 ml/s 
(range: 4–6 ml/s) using 370 mg I/ml contrast agent. 
The injection duration is 8 s longer than the scan 
time (e.g., for a 12-s acquisition, we inject 5 ml/s for 
20 s, resulting in a total volume of 100 ml). Auto-
mated bolus triggering is used to individualize the 
scanning delay such that the acquisition will start 
approximately 8 s after the CM arrives in the target 
vasculature (‘tCMT+8s’). 

Fig. 4.5. Strategies to improve arterial enhancement with fast CT acquisitions. Two 
strategies to increase arterial enhancement compared to what can be achieved from a 
16-s injection at 4 ml/s (upper left panel) can be employed – either alone or in combi-
nation: Increasing the injection rate from 4 to 5 ml/s increases the enhancement ap-
proximately 20% (lower left panel). Alternatively, one can also increase the injection 
duration and the scanning delay – taking advantage of the fact that enhancement in-
creases with longer injection durations (right upper panel). Maximum enhancement can 
be achieved when both the injection rate (and/or the iodine concentration) as well as 
the injection duration are increased (right lower panel) simultaneously. From reference 
(Fleischmann 2005), with permission). 
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4.4.3 

Strategies for 64-Channel CT and Beyond: 

The Paradigm Shift

Short scan times certainly have advantages in the 
setting of CTA, such as shorter breath-holding, fewer 
motion artifacts, and – to some extent – less to-
tal volume of CM. However, fast CTA acquisitions 
also have disadvantages and using maximum scan 
speed may even be detrimental, because very fast 
acquisitions may not allow complete and suffi cient 
opacifi cation of a diseased arterial tree, even if 
timed correctly. This has been observed in mesen-
teric CTA, in aortic aneurysms, and most notably in 
lower extremity CT angiograms. Another diffi culty 
with CTA injection protocols is that they are diffi cult 
to standardize across different patients and vascu-
lar territories because the acquisition times may be 
quite different, even within the same application. 

So instead of the traditional paradigm, where the 
injection duration is chosen to match the scan time, 
the technical capabilities of modern 64-channel 
scanners allow us to reverse this paradigm, and now 
select the scan time, based on the injection protocol. 
The injection protocol is chosen such that it allows 
good opacifi cation with reasonable injection fl ow 
rates for a wide range of patients. 

Our current integrated acquisition and CM in-
jection strategy for 64-channel CTA is therefore to 
deliberately slow down the CT acquisition and – im-
portantly – use the same scan time for a given vas-
cular territory for every patient (the pitch thus varies 
between patients). Automated tube-current modula-
tion is used not only to avoid increasing the radiation 
dose to the patient, but also to control image noise. 
The user is thus able to set the desired image noise 

for a given CT application, which will then be con-
stant within individuals and vary only mildly across 
individuals. When the same scan time is used for all 
patients, one can always use the same injection dura-
tion as well. For example, we have chosen a scan time 
of 10 s for abdominal CTA, with an injection duration 
of 18 s and a scanning delay of tCMT + 8 s, as deter-
mined by bolus triggering (Table 4.3). This strategy 
allows breath-holding for virtually all patients. It re-
sults in reliably strong arterial enhancement because 
of both high iodine fl ux and increased scanning delay 
relative to the tCMT , while avoiding excessive injection 
fl ow rates. Image noise is constant within and across 
individuals by using automated tube current modula-
tion. The fi nal advantage of always using the same in-
jection duration is that now injection fl ow rates (and 
volumes) can easily be adjusted to body weight.

 4.5 
Conclusion

CM delivery remains an integral part of cardiovascu-
lar CT. While CT technology continues to evolve, the 
physiologic and pharmacokinetic principles of arte-
rial enhancement will remain unchanged in the fore-
seeable future. A basic understanding of early con-
trast medium dynamics thus provides the foundation 
for the design of current and future CM injection pro-
tocols. With these tools in hand, CM utilization can 
be optimized for various clinical applications of CT 
and optimized for each patient. This ensures optimal 
CM utilization while exploiting the full capabilities of 
continuously evolving MDCT technology.

Table 4.2. Injection protocol for 64-channel coronary CTA

Scan time   injection duration:
(scan time + 8 s)

10 s
18 s (10 s + 8 s)

12 s
20 s (12 s + 8 s)

14 s
22 s (14 s + 8 s)

Body weight CM fl ow rate CM volume CM volume CM volume 

< 55 kg 4.0 ml/s 72 ml 80 ml 88 ml

56–65 kg 4.5 ml/s 81 ml 90 ml 99 ml

66–85 kg 5.0 ml/s 90 ml 100 ml 110 ml

86–95 kg 5.5 ml/s 99 ml 110 ml 121 ml

> 95 kg 6.0 ml/s 108 ml 120 ml 132 ml

CM: contrast medium (370 mg I/ml concentration) 
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 5.1 
Introduction

The invention and rapid development of computer-
ized tomography is one of the major medical ad-
vances of our time. Current multidetector CT scan-
ners can image the entire chest in 2–5 s, producing 
up to 1,000 slices, each composed of sub-millimeter 
isometric voxels. These high signal-to-noise ratio, 
large fi eld-of-view images provide non-invasive 
anatomic evaluation of the chest with similar in-
formation content to that achievable at autopsy. In 
vivo physiologic functional information regarding 
the pulmonary vasculature, systemic vasculature or 
airways can be obtained by acquiring CT images 
while administering intravenous contrast media 

or performing breathing maneuvers, respectively. 
Expert radiological interpretation of these volume 
data sets can differentiate diseases that are clinically 
indistinguishable, but demonstrate unique changes 
at the gross anatomic level.

For example, a previously well patient present-
ing to the emergency room with acute shortness 
of breath, pleuritic chest pain and a normal chest 
physical examination has clinical fi ndings consis-
tent with pulmonary embolism, early pneumonia or 
a small pneumothorax. The chest radiograph can-
not differentiate these possibilities with confi dence. 
However, contrast-enhanced chest CT can simulta-
neously examine the pulmonary vasculature, lung 
parenchyma and pleural space with high accuracy 
in a single 5-min examination, facilitating rapid 
and confi dent triage and treatment for this common 
emergency room problem.

This unique diagnostic power makes CT the fi rst 
choice examination for many adult and pediatric 
clinical presentations and accounts for the explosive 
growth in of CT examinations in the last 20 years. 
Multiple studies have documented this dramatic 
increase in CT utilization in industrialized coun-
tries over the last 20 years. In a study performed at 
an academic institution in the US, Mettler et al. 
(2000) found that CT accounted for 6.1% of radio-
logical examinations in 1990, increasing to 11.1% by 
1999. Similar fi ndings have been reported in studies 
from the UK (Shrimpton and Edyvean 1998) and 
Canada (Aldrich et al. 2006).

However, the increased utilization of CT comes 
with a price, increased population radiation expo-
sure. In most cases adding CT to diagnostic imag-
ing algorithms has substantially increased patient 
X-ray radiation exposure. For example, a chest CT 
(3–6 mSv) has 60 to 120 times the radiation dose 
of the postero-anterior (PA) chest radiograph 
(0.05 mSv). In addition, since CT is so available 
and easy to perform, it is liberally applied to ex-
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clude potentially serious, but statistically unlikely 
diagnoses, often solely to reassure anxious patients 
and clinicians. The net result is greatly increased 
CT utilization and resulting population radiation 
dose. It is noted that in some situations, CT has re-
placed radiological examinations with higher dose 
(e.g., bronchography, nuclear medicine ventilation 
perfusion scintigraphy followed by pulmonary an-
giography) while providing equivalent or superior 
diagnostic information, but these situations are in 
the minority.

The increased radiation dose of chest CT com-
pared to the PA chest radiograph arises from two 
properties of the CT technique (Sprawls 1992). 
First, unlike analogue fi lm radiography in which 
the image acquisition and display are both reliant 
on the fi lm, CT is a digital technique in which im-
age acquisition and display can be independently 
manipulated. Therefore, when CT dose is exces-
sive, the image does not become too dark (as it 
does in fi lm radiography), but instead improves 
because of decreased image noise (Rothenberg 
and  Pentlow 1992). Second, visualization of image 
noise is enhanced by the ability to map the entire 
visible gray scale onto a selected segment of the CT 
number scale. As a result, image degradation due 
to quantum noise (mottle) is easily visible and may 
interfere with image interpretation. As a result of 
these two effects and the overwhelming drive of ra-
diologists for the very best image quality to support 
high levels of diagnostic accuracy and confi dence, 
CT images are often obtained using high radiation 
exposure to the patient. Studies in many countries 
have shown wide variation in the level of radiation 
used for equivalent CT examinations among insti-
tutions (Shrimpton and Edyvean 1998; Aldrich 
et al. 2006). In addition, studies have shown radiol-
ogists, referring clinicians and patients may be un-
aware of the high level of radiation exposure associ-
ated with CT examinations, further contributing to 
its use in low-yield situations (Lee et al. 2004). It is 
noted excessive radiation exposure can occur with 
plain radiographic digital imaging modalities such 
as computed radiography (CR) and digital radiog-
raphy (DR), but the base level of exposure in these 
modalities is much lower.

In the early 1990s concern was raised regarding 
radiation dose in chest CT (Di Marco and Briones 

1993; Naidich et al. 1994; Di Marco and Renston 
1994). The authors of these studies concluded that 
these CT data demonstrated that greater consider-
ation needed to be given to optimizing CT expo-

sures. In spite of these early warnings, the develop-
ment of multidetector row CT scanner, the increase 
in the number of CT scanners and the development 
of new high-radiation dose CT chest techniques 
(e.g., cardiac CT) have increased the magnitude of 
the problem.

The purpose of this chapter is to outline (1) evi-
dence indicating the detrimental effect of radiation 
dose at the level administered in chest CT examina-
tions, (2) parameters that affect CT radiation dose, 
(3) advances in dose reduction in the chest CT and 
(4) the interaction between CT radiation dose and 
diagnostic accuracy. A complete review of radiation 
dosimetry and bioeffects is beyond the scope of this 
chapter.

 5.2 
Radiation Bioeff ects

There has been considerable debate within the 
medical community regarding the risk of low-level 
radiation exposure from CT. The reason for this 
debate arises from the complexity of the data sup-
porting the detrimental effect of ionizing radia-
tion on humans. In broad overview the detrimental 
effects of ionizing radiation can be divided into 
two major categories, deterministic and stochastic 
effects.

Deterministic effects, skin erythema, skin necro-
sis and hair loss only occur above a threshold dose 
that lies well above those administered in diagnostic 
chest CT examinations. Radiation exposure at de-
terministic dose levels is usually only seen in com-
plex interventional cases and will not be discussed 
further in this chapter. By comparison, stochastic 
effects are believed to have no radiation dose thresh-
old and can occur at the low doses delivered in chest 
CT. Mechanistically, stochastic effects are believed 
to be mediated by chemical damage to the DNA mol-
ecule and clinically manifest as an increased risk of 
cancer and genetic defects. Stochastic effects occur 
randomly and the risk of occurrence is dependent 
on the type of ionizing radiation administered, the 
tissue receiving the radiation and the age of the sub-
ject at the time of exposure. It is believed that dose 
fractionation, a substantial modifi er of detrimental 
effect for deterministic radiation doses, does not 
substantially modify the stochastic risk (Ullrich 
et al. 1987).
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Subjects exposed to the atomic bomb explosions 
in 1945 are the most extensively studied radiation 
exposure cohort. This group is unique since it is 
large, covers all ages, has been extensively studied 
over 60 years and was not selected on the basis of 
underlying disease. It is estimated that a substantial 
subgroup of the 25,000 survivors received less than 
50 mSv, a low level of exposure, approximating the 
dose range delivered by multiple chest CT exams. 
The major observed effect in the group that received 
low doses of radiation (5 to 150 mSv) has been an 
increase in the risk of cancer over the past 60 years. 
It is noted that the effect has been an increase in the 
number of cancers, not an earlier presentation of 
cancers. However, these data must be extrapolated 
to even lower dose levels to predict the cancer risk 
associated with radiation exposure from a single 
chest CT, and the nature of this extrapolation has 
proven to be highly controversial.

Disagreement among experts has been based on 
three non-resolvable issues: uncertainty in the ac-
tual radiation exposure received by individuals ex-
posed to nuclear explosion since on-site radiation 
dose measurements were not obtained, differences 
in the natural cancer risk of the Japanese population 
compared to other populations and the different 
quality of the radiation imparted by atomic bombs 
compared to X-ray-based medical imaging. As a re-
sult of these controversies, learned societies have 
come to varying conclusions on the risk attributable 
to radiation exposure at the levels found in chest 
CT. The International Commission on Radiological 
Protection, or ICRP, used a linear no-threshold ex-
trapolation of nuclear explosion data and estimated 
50 additional fatal cancers induced per million peo-
ple exposed to 1 mSv of medical radiation (ICRP-60 
1991). In contrast the French Academy of Science 
concluded there was not suffi cient evidence to sup-
port an increased cancer risk associated with radia-
tion exposures less that 20 mSv (Tubiana et al. 2005), 
a level above that delivered in chest CT examina-
tions (< 6 mSv). Further confl icting evidence on the 
impact of low-level radiation exposure is found in 
tissue culture experimental studies that have shown 
induction of free radical detoxifi cation mechanisms 
with low-level radiation exposure (Strzelczyk et 
al. 2007). This has led some to suggest that low-level 
radiation exposure, at the same level as that used in 
chest CT, may be benefi cial, an effect known as ra-
diation hermesis.

In 2007 additional important data were added to 
the debate regarding the cancer induction effect of 

low-level radiation (Cardis et al. 2007). The 15-coun-
try study reported on the cancer induction effect of 
low-level radiation exposure in 407,000 radiation 
workers who were followed for over 20 years, provid-
ing 5.2 million person-years of follow-up. This study 
is unique as it reports on the largest cohort to date, 
has accurate dosimetry and investigated multieth-
nic workers. Ninety percent of the subjects received 
a dose less than 50 mSv, and on average each worker 
received a dose of 19 mSv. Therefore, this study is 
reporting on low-level doses close to those received 
during a single chest CT examination (3–6 mSv). 
This study found an excess relative risk (ERR) for 
all-cause mortality of 0.42 per Sievert (0.00042 per 
mSv) with a statistically signifi cant increasing ex-
cess relative risk with increasing radiation dose 
(P< 0.02), indicating a dose-response effect. The in-
creased risk in all-cause mortality was mainly due 
to an increase in mortality from all cancers. 

A sub-analysis stratifi ed by dose categories (less 
than 400, 200, 150 and 100 mSv) showed that the 
risk estimates were not driven by cancers seen in the 
highest dose categories. Therefore, this study, which 
is the largest study of low-dose protracted exposure 
to ionizing radiation to date, supports the concept 
that there is a small cancer risk from the low dose 
of ionizing radiation delivered in CT examinations. 
These new data add supportive evidence to the con-
cern over radiation dose delivered in chest CT ex-
aminations and support the use of the ALARA prin-
ciple (As Low As Reasonably Achievable) for these 
exams. It is noted that only workers were studied; 
thus, there is no information on children, and since 
90% of the workers were men who received over 98% 
of the cumulative dose, limited information is avail-
able on the effect in women.

The infl uence of age at exposure and of sex has 
been studied in the nuclear explosion cohort, show-
ing that radiation risk is modifi ed by these subject 
factors (Pierce et al. 1996; Brenner et al. 2001). The 
increased radiation sensitivity of children is felt to 
arise from two biologic facts: they have more time to 
express the cancer-inducing effect of radiation and 
they have more rapidly dividing cells than adults 
that are inherently more radiation sensitive.

It has been found that women have approximately 
twice the risk compared to males for the same level of 
radiation exposure. Increased female risk is height-
ened in chest CT by the presence of radiosensitive 
breast tissue in the radiated fi eld. Radiation dose 
to breast tissue has been calculated (Parker et al. 
2005) and directly measured (Hurwitz et al. 2006; 
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Milne 2006) with a wide variation in reported aver-
age values, ranging from 10 to 70 mGy. The variation 
in values is related to CT parameter settings, differ-
ences in size and confi guration of breast tissue, and 
methods to calculate or directly measure radiation 
dose. Clearly, all CT-associated breast radiation dose 
values reported are substantial when compared with 
the average glandular dose of 3 mGy for standard 
two-view screening mammography. It is noted that 
there is a strong effect of age at exposure for breast 
tissue, with lower risk for subjects (Brenner 2004) 
above the age of 40. These factors must be taken into 
account in setting chest CT radiation dose param-
eters in CT chest examinations for women. Breast 
shields, thyroid shields (Fricke et al. 2003; Hopper 
et al. 1997) and X-ray tube current modulation tech-
niques have been employed to decrease radiation 
dose to these superfi cial and radiosensitive tissues 
within the chest. These techniques have been shown 
to decrease breast radiation exposure delivered in 
chest CT scans. However, these dose-modifying 
techniques must be used with due consideration of 
their impact on image diagnostic quality.

 5.3 
Radiation Dose Measurement

There are many methods currently in use for quan-
tifying ionizing radiations (Table 5.1) (Huda 1997). 
The fact that several methods exist attests to the 
complexity of this issue. In our opinion the most 
simple radiation dose measure is effective dose, a 
parameter that allows easy comparison of the detri-

mental effect of radiation exposure among different 
radiological examinations on different body parts. 

Effective dose is a measurement that estimates the 
whole body dose that would be required to produce 
the same stochastic risk as the partial body dose 
that was actually delivered in a localized CT scan. 
It is useful because it allows comparison of CT dose 
to other types of radiation exposure such as whole 
body radiation exposure secondary to natural back-
ground radiation. Effective dose is calculated by 
summing the absorbed doses to individual organs 
weighted for their radiation sensitivity (ICRP-60 
1991). The measurement unit is the sievert (Sv) or 
milli-sievert (mSv). Since an effective dose requires 
determination of absorbed dose to each body organ 
multiplied by their radiation sensitivity, the distri-
bution of radiation dose in the body must be deter-
mined. Chest CT has a markedly asymmetric dose 
distribution, with higher dose found peripherally 
and lower dose centrally due to the shielding effects 
of body tissue. This makes it diffi cult to calculate 
the exact effective dose for each patient. Instead, a 
simpler calculation is performed (Fig. 5.1). Scanner 
manufacturers use dose data derived from measure-
ments made in head and body phantoms to deter-
mine a weighted CT dose index (CTDI) for each CT 
scanner model at all available selections of tube volt-
age (kVp), tube current (mA) and rotation time (s). 
The selected pitch value is then incorporated to pro-
duce a CT exposure index, the CTDIVOL. Once the 
scan length is determined from the topogram, the 
appropriate CTDIVOL is combined with the actual 
length scanned in the patient to calculate the dose 
length product (DLP). Since the administered radia-
tion dose is linearly related to the length scanned in 
the patient, the scanned volume should be tightly 

Table 5.1. Methods of quantifying ionizing radiation. Reprinted with permission from Mayo 
et al. Radiology 2003; 228: p 16, Table 5.1

Method Conventional units International System 
of Units, or SI

Radiation exposure
Absorbed dose
Equivalent dose
Effective dose

roentgens (R)
rads (rad)
rems
Effective dose equivalent (Sv) a

coulombs per kilogram (C/kg)
grays (Gy) b

sieverts (Sv) c

Note–Abbreviations of the units of measure are in parentheses.
a 1977 tissue-weighting factors.
b D multiplied by ICRP radiation weighting factor WR. The WR for X-rays is 1.
c 1990 tissue-weighting factors.
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confi ned to the region of interest. Inadequate ana-
tomic training of technicians can lead to expanded 
scanned volumes, which can substantially increase 
radiation dose.

The DLP is a measure of the radiation dose deliv-
ered to that patient during the scan. An estimated 
effective dose for that scan can then be calculated by 
multiplying the DLP value by the normalized effec-
tive dose coeffi cients (Table 5.2) for the scanned body 
part. This normalized effective dose coeffi cient ac-
counts for the radiation sensitivity of the body region 
scanned based on its composition. The DLP value is 
shown on the current the CT scanner displays once 
the topogram has been obtained and the region to 
be scanned prescribed. In chest CT, multiplying the 
DLP by 0.017 allows the radiologist or technologist 
to easily calculate the estimated effective dose of 
the examination prior to scan acquisition. The DLP 
value can also be archived in the picture archiving 
and communication system (PACS) by storing the 
protocol page. Newer DICOM standards for CT en-
able the storage of dose data in the DICOM header of 
each examination. Use of the DLP value provides a 
convenient and quick tool to assess CT effective dose 
values and compare to established standards. 

Radiation dose surveys have noted wide varia-
tions in DLP settings for identical examinations be-
tween institutions ( Shrimpton and Edyvean 1998; 
Aldrich et al. 2006; Panzer et al. 1989; Nishizawa 
et al. 1991). To decrease this variation and protect 
the public from inadvertent overexposure, the Euro-

pean Community (2000) has published suggested 
reference dose values for chest CT examinations, 
with a DLP value of 650 mGy·cm. This reference dose 
value was obtained by surveying a large number of 
institutions in Europe and adopting the 75th percen-
tile of responses as the reference dose values. This 
value serves as a guide to acceptable practice in any 
institution. 

 5.4 
Scanner Radiation Effi  ciency

Several physical aspects of CT scanners result in 
wasted radiation dose. These include the shield-
ing effect of the collimator between the patient and 
the detector (post patient collimator), imperfect 
collimation of the X-ray beam and movement of 
the X-ray focal spot. The sum of all these effects 
is measured by the geometric effi ciency of the CT 
scanner.

Single-detector-row CT scanners with their wide 
detectors typically have higher geometric effi ciency 
than multi-detector row scanners. The decreased 
geometric effi ciency of multi-detector row CT scan-
ners arises from three major factors: the gaps be-
tween detector elements in the array, the effect of 
focal spot penumbra and the motion of the focal 
spot. Since the focal spot of the X-ray tube is not 
a point, the collimator cannot perfectly collimate 

Exposure (in acrylic phantom)

CTDI (Dose in acrylic phantom per slice)

Length of Scan and Pitch

Dose Length Product

Multiply by normalized eff ective dose coeffi  cient

Eff ective Dose in a reference subject

Risk in a Reference Subject

Fig. 5.1. Diagram shows algorithm for the estimation of ra-
diation exposure risk from CT

Table 5.2. Dose length product (DLP) to effective dose (E) 
conversion coeffi cients

Study E/DLP
(mSv/mGy cm)

Head 0.0023

Chest 0.017

Abdomen 0.015

Abdomen-plevis 0.017

Pelvis 0.019
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the beam. Therefore, the edge of the beam, or pen-
umbra, has spatially varying X-ray intensity. In 
single-detector-row helical CT scanners, this por-
tion of the beam can be detected and used in the 
reconstruction process. With multi-detector row 
CT scanners, however, use of the penumbra would 
result in different readings from detectors in this 
region compared with those in the central, or um-
bra, portion of the beam. Therefore, the active de-
tectors in multi-detector row CT scanners measure 
only the umbra or non-varying part of the X-ray 
beam. Radiation in the penumbra falls on inactive 
detectors or off the edge of the detector array and 
is discarded, although it contributes to patient ra-
diation dose. In addition, thermal and mechanical 
stresses within the X-ray tube cause the focal spot to 
move. As a result, the X-ray beam wanders slightly 
across the detector array during CT data acquisi-
tion. Widening the X-ray beam to compensate for 
the penumbra and focal spot motion leads to a de-
crease in the geometric effi ciency and an increase 
in the radiation dose. Because the penumbra is a 
fi xed size, its effect is greatest on four-section CT 
scanners operating with thin-section collimation. 
The effect is progressively less severe with 8-, 16-, 
32- and 64-section multi-detector row CT scan-
ners. Manufacturers have devised beam-tracking 
systems to stabilize the position of the X-ray beam 
and thereby minimize the radiation-wasting effect 
of focal spot motion (Toth et al. 2000). 

CT scanners require a minimum of 180 degrees of 
raw scan data (projections) to reconstruct an image. 
This requirement, coupled with helical scan acquisi-
tion, results in wasted radiation dose to the patient 
at the top and the bottom of the scanned volume. 
This effect is proportionally most substantial when 
small volumes are scanned and is most pronounced 
in children. In the chest this effect can increase ra-
diation dose by up to 36 percent (Tzedakis et al. 
2005). Z over-scanning can be minimized by modi-
fying the motion of the collimators at the beginning 
and the end of the scan.

Scattered radiation is formed by the interaction 
of the primary beam with the body of the patient. 
Scattered radiation exits the body in all directions, 
and if detected it reduces contrast and may generate 
artifacts. Because of scatter and imperfect collima-
tion, the radiation intensity profi le does not fall to 
zero at the edge of the nominal section width. It has 
been shown by using a single-section CT scanner 
that contiguous sections generate a peak radiation 
dose approximately 50% greater than that of a single 

CT section (10-mm collimation, 10-mm table incre-
ment, measured at the surface of a 15-cm head phan-
tom) (Pentlow et al. 1977). Helical CT scanning 
with a pitch of 1 results in a dose distribution that is 
essentially equivalent to that of contiguous single-
detector row CT imaging (McGee and  Humphreys 
1994).

CT detectors vary in their effi ciency. Ideally, a 
detector should count all incident beam X-ray pho-
tons. Depending on the technology used, however, 
detectors will record only 60% (high-pressure xe-
non detectors) to 95% (solid-state detectors) of the 
incident X-ray photons. All multi-detector row 
scanners use solid state detectors. The accuracy 
of conversion of the absorbed X-ray signal into 
an electrical signal is known as the conversion ef-
fi ciency. The overall dose effi ciency of the scan-
ner is the product of the geometric effi ciency, the 
quantum detection effi ciency and the conversion 
effi ciency (Cunningham 1995). The overall dose 
effi ciency can vary substantially between scanners. 
Noise is also introduced by the electronics of the 
data acquisition system of the scanner. The sum of 
quantum noise and electronic noise results in dif-
ferences in image quality between scanners at the 
same radiation dose.

CT is similar to other radiological techniques 
in that the primary X-ray beam is fi ltered to elimi-
nate low-energy photons, which would be preferen-
tially absorbed relative to high-energy photons and 
contribute to radiation dose. With CT, additional 
spatially varying fi ltration is often placed in the 
primary X-ray beam. These fi lters reduce (1) the 
necessary dynamic range of the detector system in 
the periphery of the detector array and (2) the ra-
diation dose for larger fi elds of view. They are often 
referred to as bow-tie fi lters because of their shape, 
and they create variations in entrance radiation ex-
posure depending on both the size of the object and 
its position in the fi eld of view. For some CT scan-
ners, multiple fi lters of varying shapes are moved 
into place based on the specifi ed fi eld of view of 
the scan. In other scanners these fi lters are perma-
nently positioned. These fi lters substantially reduce 
radiation dose of CT scans in adult patients, but 
they are less effective in pediatric patients. These 
fi lters can interact with radiation dose reduction 
systems if patients are incorrectly centered within 
the CT scanner bore leading to increased radiation 
dose (Li et al. 2007). Technologists must be aware of 
this effect and carefully center patients within the 
CT gantry.
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 5.5 
Radiation Dose Reduction at the 
CT Scanner Level

Reduction in radiation dose results in increased 
image noise and decreased image quality. Stud-
ies assessing the subjective evaluation of chest CT 
scans have demonstrated that radiologists consis-
tently gave higher image-quality scores to images 
obtained with a higher radiation dose (Haaga et 
al. 1991; Mayo et al. 1995). Image noise is easily 
measured by placing a region of interest (> 100 pix-
els) in an area of uniform density in the body (e.g., 
the thoracic aorta) (Sprawls 1992). The standard 
deviation of the pixel values represents image noise. 
It is noted that the choice of reconstruction algo-
rithm greatly infl uences the resultant image noise, 
and higher noise is obtained by using high-spatial-
frequency reconstruction algorithms (e.g., bone or 
lung algorithms) rather than low-spatial-frequency 
algorithms (e.g., standard, soft-tissue algorithm). 
High-spatial-frequency reconstruction algorithms 
are most commonly used when one is searching for 
fi ne structures within bones or lung tissue. The in-
crease in image noise associated with the high-spa-
tial-frequency algorithm is not a problem in these 
applications, because of the high radiographic con-
trast of these tissues.

Radiation dose and image noise can be modifi ed 
by adjusting the tube current, scan time and tube 
voltage. In practice, the tube current is most fre-
quently adjusted to change the radiation dose and 
image noise. In most CT scanners, the tube current 
is adjustable in steps from 20 mA to approximately 
400 mA. The radiation dose can also be linearly af-
fected by scan time, but the time is usually mini-
mized in imaging of the chest to reduce the effect of 
patient motion. Increasing the tube voltage increases 
the output of the X-ray tube. If the tube current and 
scan times are not changed, decreasing the tube volt-
age will decrease the radiation dose to the patient. 
Changes in tube voltage also affect CT tissue attenu-
ation values, which can change tissue contrast in a 
complex fashion. Tube voltage may be reduced when 
scanning smaller patients, especially if intravenous 
contrast media is administered. The lower tube cur-
rent will increase the subject contrast provided by 
the contrast media and provide diagnostic scans at 
reduced radiation dose. It is noted that the radiation 
exposure delivered at a given tube voltage and cur-
rent setting will vary greatly between CT scanners of 

different models and manufacturers because of dif-
ferences in scanner geometry (X-ray tube-to-patient 
separation) and X-ray tube fi ltration. 

Helical CT scanners introduced a new parameter: 
pitch. For single-detector row helical CT scanners, 
pitch is defi ned as the table travel per 360� X-ray tube 
rotation divided by the beam collimation  (Polacin 
et al. 1992). In many cases the table feed (e.g., 5 mm 
per X-ray tube rotation) and beam collimation (e.g., 
5 mm) are identical, and the resultant pitch is 1. This 
yields one helical turn per section thickness and a 
radiation exposure essentially equal to that of con-
tiguous transverse sections. However, the table can 
be made to feed more rapidly (e.g., 10 mm per X-ray 
tube rotation) without changing the beam collima-
tion (5 mm). This results in a pitch of 2. Examina-
tions with pitch values greater than 1 cover larger 
volumes in shorter times, which provides either re-
duced motion artifact or a larger area of coverage. 
On single-slice scanners, examinations obtained 
with elevated pitch have lower image quality be-
cause the section profi le is broadened. However, 
the radiation dose delivered by the examination is 
decreased by the value of the pitch (e.g., one-half of 
the radiation exposure for a pitch of 2) if the tube 
voltage and current are kept constant. It should be 
noted that in many multi-detector row scanners, the 
tube current is automatically increased to compen-
sate for increased noise at higher pitch values, which 
eliminates the reduction in radiation dose. Some 
manufacturers report the mA value as effective mA 
(eff mA), the actual tube current (mA) divided by 
the pitch value to directly account for the relative 
change in tube current with the change in the pitch 
value. Multi-detector row scanners have a complex 
relationship among detector confi guration, recon-
structed slice thickness, reconstruction algorithm 
and resultant spatial resolution, contrast resolution 
and image noise. As a result the selection of specifi c 
acquisition parameters may require some experi-
mentation to obtain a favorable trade off between 
acquisition parameters, image quality and radiation 
dose. A medical physicist may be helpful in explor-
ing this complex data space. 

Overlapping sections or helical CT scanning 
with a pitch of less than 1 results in increased ra-
diation dose. In cardiac-gated CT, the reconstruc-
tion must be synchronized to the cardiac cycle to 
eliminate heart motion. For heart rates between 50 
and 80 beats per minute using a single-tube scan-
ner (Siemens Sensation 64 Cardiac, Siemens Medi-
cal Solutions, Erlangan, Germany) with a gantry 



72 J. R. Mayo and J. Aldrich

rotation time of approximately 350 ms, a pitch of 
0.2 must be used to ensure that there is a complete 
set of projection data available for every location at 
all points in the cardiac cycle. This low pitch value 
creates a radiation dose build-up effect known as 
helical overscan. Using a pitch of 0.2 increases the 
radiation dose of a cardiac-gated scan by a factor 
of 7 over a non-cardiac-gated scan (pitch 1.4) using 
equivalent kVp and mA values. This effect accounts 
for the very high dose (15–20 mSv) of these single-
tube retrospectively gated cardiac acquisitions. Us-
ing a dual-tube cardiac-gated CT scanner, the data 
acquisition rate is twice that of a single tube scanner, 
allowing an increase in the pitch value from 0.2 to 
0.5 as heart rates increase from below 50 to above 
100 beats per minute. This provides a corresponding 
decrease in the radiation dose of the examination as 
the heart rate increases. All retrospective helical ex-
aminations are also susceptible to step artifacts if 
the patient breaths or the heart rate is irregular dur-
ing the examination.

Modulating the tube current (mA) according to 
the phase of the cardiac cycle is another approach to 
reduce the dose of cardiac-gated CT examinations. 
In most cases the coronary arteries are best viewed 
during late diastole (65–85% of the R to R interval) 

when the heart is relatively motionless. This is espe-
cially true for those vessels that run in the atrioven-
tricular groove, the right and circumfl ex coronary 
arteries. Optimal imaging of coronary vessels is 
achieved using a high spatial resolution acquisition 
at high dose in late diastole. Using ECG pulsing the 
tube current is decreased by 80% or 96% in the re-
mainder of the cardiac cycle providing a radiation 
dose reduction of approximately 50% (8 mSv) or 70% 
(5 mSv) over the non-ECG pulsed exam (16 mSv). Re-
ducing the tube current by 70% provides noisy but 
diagnostic images of the left ventricular chamber 
and valves (Fig. 5.2). If the tube current is reduced 
by 94%, images are cannot be reconstructed, and no 
functional information of the left ventricular cham-
ber or valves is provided. 

Another approach dose reduction in cardiac CT is 
the elimination of helical overscan through the use 
of a cardiac-gated step and shoot technique. This ac-
quisition scheme provides a non-helical scan gated 
to the relatively motion-free 65% to 85% portion of 
the R-to-R interval. Depending on the width of the 
detector, rapidity of table movement and the overlap 
between adjacent slice clusters, cardiac scan times 
of 5 to 10 s can be achieved. The dose savings are 
substantial, with complete coronary artery evalua-

Fig. 5.2a,b. Helical retrospectively cardiac-gated chest CT scan in a 48-year-old male with atypical chest pain showing the 
effects of ECG tube current modulation. a Image obtained in mid diastole (75% of the R-to-R interval) reconstructed using 
1-mm slice thickness at 1-mm spacing at high tube current shows a low noise three-chamber image with associated high 
radiation dose. b Image obtained in mid systole (30% of the R-to-R interval) reconstructed using 1-mm slice thickness at 
1-mm spacing shows higher noise image obtained at low radiation dose, adequate for assessment of left ventricular regional 
wall thickness and in cine mode, regional wall motion

a b
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tion using 1.5 to 4 mSv. Similar to the highest levels 
of ECG tube current modulation in retrospective 
helical acquisitions, no functional information re-
garding left ventricular motion or valve motion is 
available. The multiple table steps required by 32- 
and 64-detector-row scanners make this technique 
as susceptible to breathing artifacts and heart rate 
variations as the retrospective helical technique.

A low-dose cardiac acquisition can be acquired 
using a shoot-only technique using the recently re-
leased scanner equipped with a 320-row detector ar-
ray and a cone beam reconstruction. The advantage 
of this approach is the elimination of artifacts sec-
ondary to breathing and heart rate variation since 
the entire cardiac volume is acquired in one heart-
beat. A non-helically acquired multiphase cardiac 
acquisition is also possible using this large detector, 
which with tube current modulation should provide 
anatomic views of the coronary arteries and func-
tional information with dose similar to the retro-
spective helical acquisition. Although conceptually 
promising, further experience is required with this 
large detector array scanner to establish its clinical 
utility.

In the past, the tube current of CT scanners was 
uniform at all angles around the patient and for the 
full longitudinal (cranial caudal) extent of the scan. 
However, the chest is an elliptical object that has 
higher attenuation from left to right than from ante-
rior to posterior. Attenuation also varies as the chest 
is scanned longitudinally from cranial to caudal. 
CT image quality is disproportionately degraded by 
views with few photons (photon starvation) com-
pared to the image quality improvement associated 
with views with high photon counts. To address this 
issue, manufacturers have introduced programs 
that adjust the tube current depending on the at-
tenuation of the object in both the transverse (x, y) 
and longitudinal (z) directions to minimize either 
photon-starved or photon-rich projections, maxi-
mizing image quality while minimizing radiation 
dose. This tube current modulation technique has 
been shown to produce a substantial reduction in ra-
diation dose (Kalender et al. 1999a,b; Greess et al. 
2000) with minimal degradation of image quality. 
Routine use of dose modulation systems is recom-
mended as they compensate for asymmetry in the 
size and density of the body section being scanned, 
resulting in a signal-to-noise ratio that is adequate 
for diagnosis but is not excessive (Tack et al. 2003). 
However, these dose modulation systems may inter-
act with the patient positioning and intrinsic beam 

fi ltering, producing increased radiation dose in pa-
tients who are incorrectly centered with the bore of 
the CT scanner. Algorithms to automatically center 
patients in the CT scanner bore are being developed 
(Li et al. 2007). In the interim, technologist’s atten-
tion to patient position is an important component 
of radiation dose reduction. Tube current modula-
tion schemes in association with novel reconstruc-
tion techniques have also been developed to reduce 
radiation dose to superfi cial radiation-sensitive tis-
sues in the chest, most notably the breast and thy-
roid. Further experience with these new radiation 
dose modulation systems is required before they can 
be widely employed.

Repeated scanning of the same region (e.g., unen-
hanced and contrast-material enhanced) increases 
the radiation dose in a linear fashion. Therefore, if 
unenhanced CT is routinely performed prior to the 
contrast-enhanced CT with both using the same 
technical parameters, the radiation dose is doubled. 
This dose build-up effect can be reduced if the unen-
hanced CT is a reduced tube current low-dose acqui-
sition or a gapped high-resolution study (e.g., 1-mm 
collimation at 10-mm spacing), for which the radia-
tion dose is 10% of that of contiguous conventional 
CT or helical CT with a pitch of 1.

Finally, in addition to optimal patient center-
ing, technologists can act as major contributors to 
patient radiation dose reduction by limiting the 
scanned volume to the region of interest and adjust-
ment of the tube current based on the patient’s size 
(Aldrich et al. 2006). Optimal dose reduction strat-
egies require close communication and cooperation 
between the radiologist, technologist and medical 
physicist. 

 5.6 
Dose Reduction in Chest CT

The concept of reduced tube current for conven-
tional 10-mm collimation chest CT was introduced 
in 1990 by Naidich et al., who demonstrated ac-
ceptable image quality for assessment of lung pa-
renchyma with low tube current settings (20 mAs). 
While these images were adequate for assessing lung 
parenchyma, they had a considerable increase in 
noise, which resulted in marked degradation of im-
age quality with mediastinal windows. For this rea-
son the authors noted that such low-dose techniques 
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were most suited for assessment of children and pos-
sibly for screening the lung parenchyma of patients 
at high risk for lung cancer. These recommendations 
have been implemented and further studied in lung 
cancer screening programs (Henschke et al. 1999; 
Itoh et al. 2000; Swensen et al. 2002) (Fig. 5.3).

Similar dose reduction strategies have been ap-
plied to thin-section CT (also known as high-reso-
lution CT) of the chest performed on single-section 
CT scanners. In these images, no signifi cant differ-
ence in lung parenchymal structures was seen be-
tween low-dose (40 mAs) and high-dose (400 mAs) 
thin-section CT images (Zwirewich et al. 1991). Al-
though differences were not statistically signifi cant, 
changes in ground-glass opacity were diffi cult to 
assess on low-dose images because of the increased 
image noise. Therefore, it was recommended that 
200 mAs should be used for initial thin-section CT 
and lower doses (i.e., 40–100 mAs) should be used for 
follow-up CT examinations. These fi ndings, made 
on single-slice CT scanners, would be expected to 
translate to thin-section images obtained on multi-
detector CT scanners.

The relationship between radiation exposure and 
image quality with both mediastinal and lung win-
dows has been evaluated on conventional 10-mm 
collimation chest CT images (Mayo et al. 1995) on 
a single-slice CT scanner. Although fi ndings of this 
study showed a consistent increase in mean image 
quality with higher radiation exposure, they did not 
show a signifi cant difference in the detection of me-
diastinal or lung parenchymal abnormalities from 
20 to 400 mAs. The authors concluded that with the 

CT scanner model they used, adequate image qual-
ity could be consistently obtained in average-sized 
patients by using tube currents of 100–200 mAs. 
This study was limited by the small number of pa-
tients (n=30), the specifi c CT scanner factors (geom-
etry, fi ltration, tube voltage) and the experimental 
design, which limited low-dose sections to two lev-
els that often were not those with clinically relevant 
fi ndings. The authors noted that to evaluate further 
the effect of reduced radiation dose on diagnos-
tic accuracy in chest CT, comparison of complete 
chest CT studies at a variety of radiation exposures 
in a large number of patients would be required. 
However, they noted that such a study could not be 
performed in patients because of the unacceptable 
radiation dose that would result from multiple CT 
examinations at differing radiation exposures. Ad-
ditionally, the variable effect of motion artifacts in 
repeated chest CT scans would make comparison of 
diagnostic fi ndings diffi cult.

A practical method for evaluating the effect of re-
duced radiation dose on image quality is computer 
simulation (Mayo et al. 1997). The technique con-
sists of obtaining a diagnostic scan with standard 
dose and then modifying the raw scan data by add-
ing Gaussian-distributed random noise to simulate 
the increased noise associated with reduced radia-
tion exposure. The raw scan data are then recon-
structed using the same fi eld of view and reconstruc-
tion algorithm as the high-dose reference scan. In a 
validation trial, experienced chest radiologists were 
unable to distinguish simulated reduced-dose CT 
images from real reduced-dose CT images (Mayo et 

Fig. 5.3a,b. Transverse 1-mm collimation non-contrast-enhanced chest CT scan viewed at lung parenchymal settings (win-
dow 1,500 HU, level –700 HU) in a 63-year-old female with a 30-pack/year smoking history. The 7 ��5-mm stage-1A patho-
logically proven adenocarcinoma (arrow) in the apical segment of the right upper lobe is seen equivalently on the low-dose 
screening exam (40 mAs, DLP 116 mGy·cm, 2 mSv effective dose) (a) compared to the high-dose CT exam for fuzzy wire 
placement (130 mAs, DLP 377 mGy·cm, 6.5 mSv) (b)

a b
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al. 1997). Computer simulation allows investigators 
to determine the effect of dose reduction on diagnos-
tic accuracy without exposing patients to radiation 
unnecessarily. In addition, the simulated images are 
in exact registration with the original images, elim-
inating artifacts that would be seen with repeated 
scanning. This technique has been used to evaluate 
the diagnostic effect of radiation dose reduction in 
pediatric abdominal CT (Frush et al. 2002), undif-
ferentiated chest CT (Mayo et al. 2004) and CT pul-
monary angiography (Tack et al. 2005; MacKenzie 
et al. 2007).

The largest chest CT simulated reduced-dose 
study (Mayo et al. 2004) involved use of a validated 
computer simulation technique to generate simu-
lated 100- and 40-mA reduced tube current scans 
from 150 clinically indicated conventional tube cur-
rent chest CT examinations. The only difference be-
tween the conventional and the reduced tube cur-
rent images generated with this technique was the 
level of random noise in the images, which increased 
as the simulated tube current was reduced. The au-
thors used a novel experimental design to compen-
sate for the lack of a gold standard in the experiment. 
They measured the effect of reduced tube current on 
reader evaluation of 14 mediastinal structures and 
lung fi ndings using the fi rst evaluation of the high-
dose CT scan as the gold standard. They found that 
as the simulated tube current was reduced, overall 
agreement between interpretations of the reduced 
tube current scans compared to the gold standard 
was reduced compared to repeated interpretation of 
the high-dose gold standard examination (P< 0.05). 
This study indicated that reduced tube current CT 
examinations can result in inferior interpretation of 
diagnostically signifi cant fi ndings. These data sup-
port the widely observed resistance of radiologists 
to substantial radiation exposure reduction due to 
the negative impact on image quality and their re-
duced diagnostic confi dence. 

However, this study has several limitations that 
all arise from the absence of an external gold stan-
dard. In the absence of an external gold standard 
for the presence of abnormalities, the authors used 
the fi rst interpretation of the high-dose examina-
tion as the reference standard and then compared 
the reproducibility of repeated interpretation of the 
high-dose scan and the interpretation of the reduced 
dose scans. They postulated that if the reduced tube 
current scans provide the same information as the 
high-dose scan, and if observers were consistent in 
identifying and recording abnormal fi ndings, there 

should be no signifi cant difference in terms of the 
level of agreement between the initial and repeated 
high-dose scan interpretation and the level of agree-
ment between the high-dose scan interpretation and 
the reduced-dose scan interpretation. For the pur-
pose of the study, intraobserver agreement required 
consistent classifi cation of a total of 14 mediastinal 
and lung abnormalities (including subgroup classi-
fi cations) rather than agreement as to the fi nal di-
agnosis. The order in which the conventional tube 
current, 100-mA, and 40-mA scans were read was 
not recorded, making it impossible to assess the ef-
fect of reading order on the data. The authors sim-
ply relied on the sheer volume of interpretations to 
minimize the effect of observer memory on the re-
sults. This may have created a learning bias in which 
the observers became familiar with abnormalities as 
the scans were repeatedly interpreted. In addition, 
images in this study were acquired by using single-
section helical CT scanners and interpreted on fi lm 
at a fi xed window and level setting. Therefore, this 
study cannot directly address the current practice 
of interpreting images acquired with multi-detector 
row CT scanners on workstations using operator-
controlled window width and level settings. Finally, 
the observers were used to working in a high-dose 
environment, which may have led to inferior read-
ing skills on reduced dose examinations. 

In summary, the results of this study suggest that 
there may be a lower limit to dose reduction in chest 
CT when interpreting both mediastinal and lung 
images. These data suggest that this limit appears 
to lie between 100 and 200 mA using the currently 
available reconstruction algorithms. It is also noted 
that although the impact on imaging fi ndings was 
assessed, the impact on clinically relevant diagnos-
tic accuracy was not assessed.

Two studies of simulated radiation dose reduc-
tion have been performed in subjects receiving CT 
pulmonary angiography (CTPA) examinations. 
Dose reduction in CTPA examinations is important 
as it is estimated that 20% are performed in young 
female patients (Musset et al. 2002), a particularly 
susceptible cohort to the effects of radiation dose. 
One study measured detection of intraluminal fi ll-
ing defects consistent with pulmonary embolism in 
21 subjects (Tack et al. 2005). This study found no 
difference in frequencies of positive and inconclu-
sive results (P=0.21 and 0.08, respectively), positive 
and negative consistent values (P=0.19 and 0.34, re-
spectively) and the branching order of the most dis-
tal artery with a fi lling defect (P=0.41) depending on 
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the radiation dose. However, all subjects harbored 
at least one pulmonary embolism. The absence of 
a control population of negative studies imposes a 
substantial difference from the clinical setting for 
the evaluation of pulmonary embolism where the 
majority of studies are negative. The second study 
assessed 18 patients with PE and 20 control subjects 
without PE (MacKenzie et al. 2007). This study 
found signifi cant reductions in diagnostic certainty 
(P< 0.02) and image quality (P< 0.02) and an in-
crease in perceived technical limitations (P< 0.01) 
as the simulated radiation dose was decreased. 
Clearly, further research with larger study cohorts is 
required to defi nitively determine the effect of dose 
reduction on PE studies. 

In the absence of further data, the sum of all these 
radiation dose reduction trials suggests that strate-
gies for further chest CT radiation dose reduction 
should be directed toward techniques that reduce 
radiation exposure without substantially increas-
ing image noise. Adaptive reconstruction algorithm 
techniques are an example of such an approach 
(Kachelrieß et al. 2001). Finally, it is noted that 
radiation exposure can be eliminated completely 
if the chest CT examination is not performed. It is 
incumbent on radiologists to educate referring cli-
nicians on the radiation dose administered in chest 
CT, to suggest alternative non-X-ray based imag-
ing for more radiation sensitive subjects (children, 
young adults, pregnancy) and screen requests on the 
basis of clinical indication. 

 5.7 
Conclusion

The introduction of helical and multi-detector row 
CT scanners has resulted in an increase in the num-
ber of indications for and the diagnostic accuracy of 
chest CT examinations. However, despite increasing 
education and awareness, the current level of radia-
tion exposure from CT remains high. The 15-coun-
try study has added further information to support 
the linear, no threshold approach to the detrimental 
effects of radiation dose in the range below 20 mSv, 
similar to that received in chest CT scans (3–6 mSv). 
Current radiation dose surveys continue to indicate 
that there is large variation in the technical factors 
employed by radiologists (Aldrich et al. 2006), and 
there is a resultant large variation in the radiation 

dose to patients between institutions. Reference dose 
values for chest CT have been developed and pub-
lished. Radiologists need to monitor the radiation 
dose delivered in examinations within their institu-
tions, adopt and adhere to national radiation-dose 
guidelines and investigate further dose-reduction 
strategies within their own practices. Further re-
search into the complex relationship between radia-
tion exposure, image noise and diagnostic accuracy 
should be encouraged to scientifi cally establish the 
minimum radiation doses that provide adequate 
diagnostic information for standard clinical ques-
tions. Once these minimum levels of image quality 
are determined and validated, automatic exposure 
controls for CT scanners should be programmed to 
ensure that all patients undergo CT with techniques 
that conform to the ALARA (As Low As Reason-
ably Achievable) principle. Finally, new approaches 
to image reconstruction should be addressed to 
maximize the relationship between dose and image 
quality. 

As dispensers of this known carcinogen, radiolo-
gists must take the lead in promoting all of these mea-
sures for patient protection. Since children, young 
adults, women and pregnancy have been shown to 
increase radiation sensitivity, the most strident dose 
reduction efforts should be focused on these groups. 
Finally, it is noted that the complexity of CT requires 
a close collaboration between radiologists and med-
ical physicists to successfully reduce radiation dose 
while maintaining diagnostic accuracy.
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 6.1 
Introduction

Cardiac CT imaging is a rapidly evolving technique. 
It benefi ts from the latest technical improvements 
in computed tomography, particularly concerning 
the rotation times, the detector coverage and the re-
construction speed. The major challenge in cardiac 
CT coronarography is to overcome some specifi c 
problems such as cardiac movements and rhythm, 
the small size of the coronaries and the coverage 

of the whole heart in one breath-hold. Moreover, 
this exam must be conducted with the lowest pos-
sible radiation dose. These particularities lead to 
the development of new machines and new concepts 
every year. 

 6.2 
Patient and ECG Leads Positioning

Patients must be properly informed of the proce-
dure, and particularly about what they may feel as 
the contrast is injected. The breath-hold necessary 
to conduct the exam must be explained and tested 
several times just before image acquisition. Patients 
are positioned on the CT examination table head 
fi rst in the supine position, arms above the head. 
They should be as comfortable as possible. An ad-
equate ECG tracing is important for prospective or 
retrospective ECG gating. Three ECG leads are at-
tached to obtain an adequate, noise-free, ECG trac-
ing showing a recognizable QRS complex. Conduc-
tive gel and shaving hairy attachment sites can help 
get a better signal.

 6.3 
Heart Rate Control

6.3.1 

Goal

For several reasons, slow heart rates favor good im-
age quality. Most of the cardiac contraction and mo-
tion occurs during systole, and the heart remains 
nearly motionless during diastole. Systole duration 
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does not vary signifi cantly depending on the heart 
rate. With higher heart rates, diastole shortens, and 
the interval desirable for image acquisition is re-
duced. For this reason, heart rates below 65 bpm 
are desirable for examinations performed with CT 
scanners with 64 or fewer sections

With low heart rates, it becomes possible to work 
with single segment reconstruction that allows im-
age reconstruction in a single heart beat without 
the need to average the data from two to fi ve heart 
beats. This improves image quality and reduces ra-
diation dose by the use of higher pitches. However, 
new dual-source CT (Siemens Defi nition) achieves a 
signifi cantly better temporal resolution (83 ms) and 
therefore allows the scanning of patients with heart 
rates up to 120–140 bpm.

6.3.2 

Means

A proper explanation of the examination and reas-
surance of the patient reduces stress and associated 
higher heart rates. Inspiration during breath-hold 
decreases heart rate by four to six beats per min-
ute. To further reduce cardiac heart rate, 	-blockers 
such as metoprolol can be used. IV administration 
is preferred by most teams, as it can be injected 
immediately before the exam. Metoprolol tartrate 
(Lopressor, Novartis) is a 	1-adrenoreceptor antago-
nist, and the most commonly used IV 	-blocker. 
Other 	-blockers are likely to have similar effects 
on heart rate.

Main contraindications to 	-blockers are a heart 
rhythm of less than 60 bpm (but 	-blockers are not 
needed in these cases), systolic blood pressure of 
less than 100 mmHg, second or third degree atrio-
ventricular block, sick sinus syndrome, chronic ob-
structive pulmonary disease, severe cardiac insuf-
fi ciency, asthma, or allergy to the medication or its 
constituents.

In the absence of contraindication, an initial bo-
lus of 5 mg IV metoprolol tartrate (or alternatively 
2.5 mg over 1 min followed by a second injection of 
2.5 mg over 1 min given 5 min later) is injected over 
1 min to the patient lying on the scanner table. If the 
heart rate is insuffi ciently reduced (over 70 bpm), a 
second injection of 5 mg (over 1 min) can be admin-
istered. A third injection can be given up to the max-
imum total dose of 15 mg of metoprolol tartrate.

Some teams use Esmolol (Brevibloc, Baxter) 
in place of metoprolol tartrate. It is also a cardio-

 selective 	-blocker, but with a plasma half-life of 4 
to 9 min instead of 3 to 7 h for metoprolol tartrate. It 
has the theoretical advantage to minimize the sec-
ondary effects to a few minutes only.

Oral administration of metoprolol is an alter-
native to the IV form, but should ideally be com-
menced the night before the examination, with an 
initial dose of 50–100 mg of metoprolol tartrate. 
One hour before scanning, another oral dose is 
given (a third dose can be given in the absence of 
suffi cient heart rate control, but delays the CT exam 
of 1 h). If there are contraindications to the use of 
	-blockers, calcium channel blockers are an alterna-
tive. Nevertheless, some contraindications of these 
medications are common, notably second or third 
degree atrioventricular block. Diltiazem (Cardizem, 
Hoechst Marion Roussel) can be administered in-
travenously at the dose of 0.25 mg/kg of body weight 
(up to 25 mg total) or in an oral regimen of 30 mg of 
regular-release diltiazem.

6.3.3 

A Note on Nitroglycerin

The use of sublingual nitroglycerin (Nitro-Quick, 
Ethex) has increased in CT coronarography in the 
last few years. It is not a heart rhythm control drug, 
but allows for a better visualization of the coronary 
tree by increasing the lumen area (mostly in nor-
mal arteries, less in the diseased coronary artery 
segments). It has the drawback of overestimating 
the degree of stenosis. Tablets or sprays adminis-
tered sublingually (0.4 mg) are the most commonly 
used forms. Contraindications to nitroglycerin are 
mainly hypotension and right myocardial infarc-
tion. The most frequently encountered secondary 
effects are headaches and hypotension.

 6.4 
Acquisition Parameters

6.4.1 

Rotation Speed and Collimation

Coronaries are very small, with a diameter of 4 mm 
proximally to 1 mm and less in the distality, with a 
complex course along the heart. Clinically, it is im-
portant to be able to assess the lumen of the coronary 
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tree down to 1.5 mm. The spatial resolution must be 
as good as possible, using the thinnest possible colli-
mation. The collimation varies from 0.625 to 0.5 mm 
in actual CTs. The z-fl ying focal spot concept allows 
a practical collimation of 0.3 mm with detectors of 
0.6 mm. The coronary tree is constantly moving 
rapidly. To minimize movement’s artifacts, the best 
monosegment temporal resolution is mandatory. 
The fastest gantry rotation time should be chosen 

to achieve the best possible image quality. Depend-
ing on the constructor, the rotation time varies from 
0.3 s/rotation to 0.4 s/rotation. The dual-source CT 
cuts rotation time by two thanks to its two tubes 
(0.165 ms for a gantry rotation time of 0.33 s/ro-
tation). The corresponding temporal resolution is 
the rotation time divided by 2, because 180� data 
acquisition is suffi cient to reconstruct one image. 
(Figs. 6.1, 6.2; Tables 6.1, 6.2)

Fig. 6.2. Curved MPR recon-
struction of right coronary artery 
(same patient with similar heart 
rate) explored with single source 
CT (left panel) and dual-source 
CT (right panel). DSCT allows 
for signifi cant reduction of car-
diac motion artifacts

Mono tube 72 Bpm Dual source 71 Bpm

Fig. 6.1. In DSCT, the two X-ray 
sources and detectors are posi-
tioned at 90-degree angles and 
the temporal resolution reaches 
82.5 ms (rotation time divided 
by four)

Temporal Resolution

(1 Segment)

= Rot. Time (330 ms)

4

= 82.5 ms
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Table 6.1. Cardiac CTA acquisition parameters recommended by constructers for currently available scanners

Scanner Philips 
Brilliance 64

GE 64 VCT Toshiba 
Aquilion 64

Siemens 
Sensation 64

Siemens 
Defi nition (DSCT)

Colimation 64×0.625 64×0.625 64×0.5 32×0.625 32×0.6 (X2)

z focal fl ying spot No No No Yes Yes (X2)

Number of 
slices/rotation

64 64 64 64 64 (X2)

Recon thickness 0.6–0.9 0,6 0.5 0.6 or 0.75 0.6 or 0.75

Recon increment 50% 0.6 0.3 0.4 or 0.5 0.4 or 0.5

Pitch factor 0.2 0.2–0.26 0.138–0.623 0.2 Auto (0.2 to 0.5)

Rotation time 0.4 s 0.35 s 0.35–0.6 s 
HR dependent

0.33 s 0.33 s

KV 120–140 100–120 100–120–135 100–120 120

mAs/rotation 290–378 260 105–157 256 320

mAs 700–900 400–750 466–700 770 750–800

Matrix 512 512 512 512 512

FOV Max 500 160–170 320 (scan)
200 (recon)

Max 700 Max 300

Length 120–150 120–140 120–160 120–150 120–150

Scan time 8–10 s 5 s 6–8 s 12 s Depending 
on pitch: 6–12 s

Bypass grafts 15 s
(25 cm)

6.5 s 15.5 s
(25 cm)

17 s Depending 
on pitch: 12–17 s

True temporal 
resolution

210 ms 175 ms 175 ms 165 ms 83 ms

Multisegment recon Yes Yes Yes 
(down to 35 ms)

Yes Yes

Filter (stent) CD detail FC05 B46f B46f

         (Stand.) XCC std FC43 B25f B25f

         (Obese) XCB std B36f B36f

ECG auto current 
variation

Yes:
down to 20%

Yes: 
down to 20%

Yes: 
from 100% to 10%

Yes: 
down to 20%

Yes: 
down to 20% or 4%

Anatomic dose 
modulation

Yes: dose right, 
except in 
 ECG-gated scans

Yes
(auto mA)

Yes: sure exposure 
(for cardiac ECG 
modulation)

Yes
(care dose)

Yes
(care dose)

Prospective gating Yes “Snapshot pulse” Yes 
(with spiral CT)

Yes “Adaptative 
cardio seq”

6.4.2 

Tube Current and Voltage

Usual tube voltage setting is 120 kV, but can be re-
duced depending from the morphotype of the pa-
tient. Substantial dose saving can be obtained by 
lowering the tube voltage to 100 kV in slim adults and 
adolescents. Eighty kV can be used in the pediatric 
population without use of ECG gating technology. 
Increasing the tube voltage to 140 kV is generally 

not recommended because of the lesser iodine ab-
sorption of X-rays at higher kV. Tube current varies 
around 800 mAs. Two systems must be activated in 
order to reduce the patient’s exposure to radiation: 
the ECG auto current variation (ECG pulsing) and 
anatomic dose modulation.

With ECG auto current dose variation the tube 
current in systole is divided by 5 (20%) to 25 (4%) 
in comparison with the current in diastole. This 
system is only useful with patients with slow and 
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Table 6.2. Cardiac CTA acquisition parameters for future CTs presented at RSNA 2007

Scanner Philips
iCT *

Toshiba 
Aquilion ONE*

Siemens 
Defi nition AS+*

GE (HD CT ?)**

Collimation 128×0.625 12–16 cm
0.5 mm

64×0.6

z focal fl ying spot Yes No Yes

Number of slices/rotation 256 320 128

Recon thickness 0.6–0.9 0.5 0.6

Recon increment 50% 0.25 0.3

Pitch factor 0.14 NA: sequential 0.15

Rotation time 0.27 s 0.35–0.45
HR dependent

0.3

KV 120–140 100–120–135 120–140

mAs/rotation 189–243 123–203 160

mAs 700–900 123–203 800

Matrix 512 512 512

FOV Max 500 320 (scan)
200 (recon)

Max 500

Length 120–150 120–160 120–150

Scan time 5 s–6.5 s 0.35–1.4 s 4–5

Bypass grafts 11 s
(25 cm)

3 s 6–8 s

True temporal resolution 135 ms
1-cycle recon

175 ms
1-cycle recon

150 ms
1-cycle recon

Multisegment recon Yes Yes
(down to 41 ms)

Yes

Filter (stent) CD FC05 B46f

         (Stand) XCC FC43 B25f

         (Obese) XCB B36f

ECG auto current variation Yes: 
down to 20%

Yes: 
100% to 0%

Yes: 
20%–4%

Anatomic dose modulation Yes: dose right, 
 except in ECG-gated 
scans

Yes: sure exposure 
(for cardiac ECG 
modulation)

Yes 
(care dose)

*Scanner specs from constructors January 2008
**Not available in January 2008

6.4.3 

Prospective ECG Gating

All of these previous concepts concern retrospective 
ECG gating helical coronary CTA. An old technique 
used in the beginning of CTA with prospective ECG 
gated reconstruction comes to new life with the new 
multi-dector CT with large or very large coverage 
(64, 128, 256 or 320 images per rotation). This pro-
spective ECG gating acquisition is an axial, step-

steady heart rates in whom the optimal window for 
image reconstruction predictably occurs during 
diastole. At higher heart rates, the optimal recon-
struction window is more diffi cult to predict and 
can correspond to the end systolic phase. The ECG 
pulsing can become a disadvantage at high heart 
rates by lowering tube current during the useful 
phase. The anatomic dose modulation adapts the 
tube current to the morphotype and region that is 
explored.
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and-shoot technique that benefi ts from the large 
or very large detector coverage to image the entire 
heart in only a few X-ray exposures [in 1 (320 rows) 
to 3 or 4 rotations (64 to 128 rows)]. Therefore, the 
dose is signifi cantly reduced compared to the heli-
cal mode.

 6.5 
Reconstruction Parameters

6.5.1 

Field of View and Spiral Length

A small fi eld of view (16–20 cm) that encompasses 
only the heart is commonly used for coronary CTA 
evaluation in order to maximize the spatial resolu-
tion. For the assessment of extra cardiac fi ndings, 
the fi eld of view must be enlarged to 35–40 cm with 
3-mm-thick slices. The length of the spiral is usu-
ally limited to the heart, with an acquisition begin-
ning at the level of the carina and extending to the 
diaphragm. Exceptions are coronary artery bypass 
graft and triple rule out (simultaneous evaluation 
of the coronary tree, aorta and pulmonary arteries) 
examination that needs whole thorax coverage.

If the length of the acquisition encompasses only 
the heart, the upper third of the thorax is not in-
cluded, and extra cardiac fi ndings can be missed. 
Therefore, some teams add a second low-dose short 
acquisition on the missing part of the thorax. Other 

teams prefer to perform a whole thorax low-dose 
ECG gated acquisition fi rst and to use it to evaluate 
the calcium scoring and the extra cardiac fi ndings.

6.5.2 

Reconstruction Thickness

Images are usually reconstructed with a slice thick-
ness of 0.5 to 0.75 mm, with a reconstruction incre-
ment ranging from 0.3 to 0.5 mm (30% overlapping). 
Some advise to use a reconstruction slice thickness 
that is slightly wider than the collimated slice thick-
ness. The pixel matrix is the classical 512 ��512 pixels 
for all constructors.

6.5.3 

Reconstruction Kernel

All constructors offer a specifi c reconstruction fi lter 
(or kernel) for cardiac CTA reconstructions. These 
kernels typically are of a medium smooth type, be-
ing a compromise between edge enhancement to 
provide a good spatial resolution and a smoothen-
ing to reduce image noise as much as possible. For 
the evaluation of coronary artery stents, a kernel 
with stronger edge enhancement is recommended 
to better delineate the edge of the stent and to op-
timize the differentiation between beam-hardening 
artifacts and intimal hyperplasia. Additionally, such 
a kernel can also be used in case of heavy calcifi ca-
tions in coronary arteries (Fig. 6.3).

Fig. 6.3a–c. Curved MPR reconstruction of the LAD in the left anterior descending artery: a shows the stent with the routine 
CT angiography kernel and b,c show the stent with the sharp cardiac dedicated kernel

a cb
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 7.1 
Anatomical Basis

In imagery based on slices, whether CT or MRI, 
the analysis of cardiac structures, and particularly 
the coronary arteries, differs from that applied 
in classical techniques such as coronary angiog-
raphy. A review of cardiac anatomy will provide 
necessary landmarks for this new imaging technol-
ogy. The heart volume to be explored is a cube of 
15 � 15 � 15 cm. The heart can be considered as a 
regular ovoid lodged in the thorax (Fig. 7.1). This 
ovoid is divided into four chambers: the two atria 
and the two ventricles. The aorta has its origin in 
the left ventricle, the pulmonary artery in the right 
ventricle. These chambers have their own walls, and 
the whole structure is surrounded by the pericardial 
sac.

Fig. 7.1. The heart can be considered as a regular ovoid 
lodged in the thorax
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Due to the oblique position of the heart in the tho-
rax, the chambers are positioned as follows (Fig. 7.2).

the left atrium is the most posterior of the cham- �
bers;
the right atrium and the left ventricle in a median  �
position;
the right ventricle is the most anterior; �
the pulmonary artery is therefore situated ante- �
rior to the aorta, which is slightly further to the 
left.

7.1.1 

Heart Chamber Anatomy

The heart chambers, the origin of the aorta and the 
pulmonary artery are covered by the pericardium.

7.1.1.1 

The Pericardium

The pericardium is divided into the serous and the 
fi brous pericardium:

the innermost serous pericardium is separated  �
from the subepicardial myocardium by the epi-
cardial adipose through which the coronary 
arteries pass. This is a virtual cavity delimited 
by two layers, the visceral and the parietal.
the fi brous pericardium is a thickening of medi- �
astinal conjunctive tissue lining the parietal layer 
of the serious pericardium.

Areas of refl ection between the visceral layer and 
the parietal layer located at the base of the heart and at 
the root of the aorta and the trunk of the pulmonary 
artery are formed of recesses, the largest of which is 

the transverse sinus located behind the ascending 
aorta and the pulmonary artery and above the right 
atrium and the left atrium. In fact, either the circum-
fl ex artery in case of abnormal attachment or a right 
internal mammary bypass may be found here. It is in 
tight contact with the valvular aortic plane.

Presently, imaging techniques do not enable to 
separate the various structures of the pericardium. 
This results in a fi ne, regular line of tissue density 
underscored by the hyopodense epicardial and me-
diastinal adipose. Its usual thickness is less than 
2 mm (Fig. 7.3).

7.1.1.2 

Interauricular and Interventricular Walls

The heart chambers are distinguished by right 
chambers and left chambers (Fig. 7.4).

The right chambers, i.e., the right atrium and 
ventricle, are separated from the left chambers, the 
left atrium and ventricle by interauricular and inter-
ventricular walls. The interventricular wall, or sep-
tum, presents a muscular component in most cases. 
Its average thickness is approximately 10 mm. The 
membranous component or membranous septum is 
more and smaller in size. It is located in the vicinity 
of the interauricular wall with respect to the aortic 
orifi ce. Its thickness does not exceed 2 mm. The in-
ter auricular wall or septum is a thin membrane that 
separates the atriums (Fig. 7.4).

7.1.1.3 

The Right Atrium

The right atrium is a chamber with a large verti-
cal axis receiving the superior vena cava and the 
inferior vena cava. The triangle-shaped left auricle 
is located on the front of the orifi ce of the superior 
vena cava (Fig. 7.5).

The inferior vena cava terminates in the lower 
side of the atrial chamber. Its origin is bordered in 
front by the valvula of the inferior vena cava (the 
Eustachian valve). The orifi ce of the coronary sinus 
that allows drainage of the venous myocardial blood 
is located between the interatricular septum and the 
orifi ce of the inferior vena cava.

7.1.1.4 

The Right Ventricle

The right ventricle is triangle-shaped. Its wall is 
rather thin, approximately 0.5 mm. It presents nu-

Fig. 7.2. Heart chamber positions in the thorax
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merous trabeculae, in particular the ansiform band 
that extends to the anterior side of the ventricle 
at its inferior extremity to the internal wall of the 
ventricle below and in front of the infandibulum 
(Fig. 7.6).

On the internal wall of the right ventricle, papil-
lary muscles attaching chords holding the cuspids 
of the tricuspid valve are visible. In the ventricular 
chamber, two chambers are distinguished, compos-
ing the postero-inferior infl ow chamber and the 
outfl ow chamber or the pulmonary infandibulum. 
The pulmonary ostium is located at the top of this 
outfl ow chamber.

7.1.1.5 

The Left Atrium

The left atrium is oval-shaped. Its posterior side re-
ceives the pulmonary veins. In front of the superior 
pulmonary vein is the left auricle (Fig. 7.7).

Fig. 7.3. Axial view – 
pericardium (arrows): 
(2) right atrium, (3) right 
ventricle, (4) pulmonary 
artery, (5) left ventricle, 
(6) left atrium, (7) as-
cending aorta

Fig. 7.4. Heart chambers: (2) right atrium, (3) right ventricle, 
(5) left ventricle, (6) left atrium, (*) inter-ventricular septum, 
(arrow) inter-atrium septum
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7.1.1.6 

The Left Ventricle

The left ventricle is an oval-shaped chamber with 
thick walls approximately 10 mm in diameter during 
diastole. The papillary muscles or pillars attach to 
the walls by intermediary of the chordae tendineae 
and maintain the valves of the mitral apparatus. 

Anterior papillary muscles are discernable at ap-
proximately the middle third of the anterior side, 
and the posterior papillary muscle is located more 
apically. The chamber is divided into two chambers 
separated by the anterior cusp of the mitral valve 
and the chordae: the infl ow chamber and the out-
fl ow chamber are in contact with the aortic valvular 
orifi ce (Fig. 7.8).

Fig. 7.5. 3D and 2D 
coronal view. Right 
heart chambers: (1) 
Superior vena cava, 
(2) right atrium, (2a) 
right auricle, (3) right 
ventricle (RV): (3a) RV 
infl ow portion, (3b) RV 
infandibulum

Fig. 7.6. 3D and 2D 
view. Right ventricle: 
(3) infl ow portion, (3a) 
infandibulum, (5) left 
ventricle, (9) coronary 
sinus, papillary muscle 
(arrow), interventricular 
septum (*), 5- LV

Fig. 7.7. 3D view. 5 LV, 
(6) left atrium, (6a) left 
auricle, (8a) left superior 
pulmonary veins (PV), 
8b left inferior PV, 8c 
right superior PV, 8d 
right inferior PV
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Fig. 7.8a–c. 2D three 
chambers (a) and 
short axis views (b), 
navigator to apex (c), 
(3) Right ventricle, left 
ventricle: (5a) infl ow 
portion, (5b) outfl ow 
portion, anterior (5c) 
and posterior (5d) 
papillary muscles, (6) 
left atrium (LA), (7) 
ascending aorta (Ao), 
chordae (arrow), ante-
rior (AMV) and pos-
terior (PMV) valves, 
aortic valves (AoV)

7.1.2 

Heart Valve Anatomy

7.1.2.1 

Aortic Valves and Aorta

The fi brous skeleton of the heart includes the aortic 
ring and the mitral ring. The aortic valve inserts 
in the aortic ring and is comprised of two anterior 
cusps and a posterior cusp. Its diameter is from 23 to 
29 mm in men and from 20 to 26 mm in women. The 
illuminated surface of valves open during systole is 
greater than 200 mm2 (Figs. 7.9, 7.10).

The initial segment of the aorta (segment 0) ex-
tends from the aortic valve to the sino-tubular junc-
tion and is dilated in three sinuses:

the right anterior sinus of Vasalva (RASV) or  �
right coronary sinus turns into the the right coro-
nary artery;
the left anterior sinus of Vasalva (LASV) or left  �
coronary sinus turns into the common trunk;
the posterior sinus of Vasalva (PSV) or non-cor- �
onary sinus.

The diameter of segment 0 is from 31 to 37 mm in 
men and from 27 to 33 mm in women. The ascend-
ing aorta (segment 1) extends from the sino-tubular 
to the brachio-cephalic arterial trunk. Its diameter 
is from 23 to 29 mm in men and from 20 to 26 mm 
in women.

7.1.2.2 

Mitral Valves

The mitral valve is located between the left atrium 
and the left ventricle. It inserts in the mitral ring that 
is part of the fi brous skeleton of the heart, continu-
ous with the aortic ring. It comprises the anterior 
large cusp (LC) and the posterior small cusp (SC). 
During ventricular systole, occlusion of the mitral 
orifi ce occurs in front of the mitral ring. Its diameter 
is from 30 to 35 mm (Figs. 7.11, 7.12).

7.1.2.3 

Pulmonary Valves and the Pulmonary Artery

The pulmonary valve is comprised of three cusps 
(Fig. 7.13):

two posterior cusps �
one anterior cusp �

The pulmonary ring has a diameter of 20 to 
22 mm. The trunk of the pulmonary artery is almost 
entirely intra pericardial. Its diameter is 35 mm.

7.1.2.4 

Tricuspid Valves

The tricuspid valve inserts in the tricuspid ring. It 
is composed of three cusps: anterior, posterior and 
septal. Its diameter is from 35 to 38 mm (Fig. 7.14).

a

b

c
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Fig. 7.10. 2D and navigator of the 
aortic valves in systole (20% of the 
cardiac cycle)

Fig. 7.9. 2D and navigator of the 
aortic valves in diastole (80% of 
the cardiac cycle)

Fig. 7.11. 2D large (1) and short 
(2) axis: mitral valves open during 
diastole (80% of cardiac cycle)
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Fig. 7.12. 2D large (1) 
and short (2) axis: mitral 
valves closed during 
systole (20% of cardiac 
cycle)

Fig. 7.13. 2D and naviga-
tor – pulmonary valves 
(arrow), 1 posterior 
cusps, 2 anterior cusp, 3 
PA trunk

Fig. 7.14. 2D – tricuspid 
valves, cordae and papil-
lary muscles of the right 
ventricle (arrow)
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7.1.3 

Coronary Artery Anatomy

7.1.3.1 

The Coronary Ostia

The coronary arteries arise from the aorta and run 
around this ovoid structure in a deep position. The 
right coronary artery arises from the right anterior 
part of the aortic sinus and runs forward to join 
the right coronary sulcus. The left coronary artery 
arises from the left anterior aortic sinus and runs 
backwards and then forwards again around the pul-
monary artery (Fig. 7.15). 

7.1.3.2 

Division of Coronary Arteries

At this level it divides into two main branches. The 
coronary arteries, as their name suggests, form a 
crown around the heart.

It is in fact possible to distinguish (Fig. 7.16):
a posterior crown, �
an anterior loop. �

The posterior crown is composed of the coronary 
arteries, which follow the coronary sulcus right 
around the heart.

It comprises:
the right coronary artery and its left postero- �
lateral artery
the left coronary: the main trunk of the artery  �
before division, then the left circumfl ex artery 
and its terminal part.

In 80% of cases the posterior circle is formed by 
the right coronary artery and its retro-ventricular 
terminal branch. In this case, the right coronary ar-
tery is dominant.

The anterior loop that passes over the apex is 
formed by branches of the right and left coronary 
arteries. This loop arises on the upper surface of the 
heart from the left coronary artery of which it forms 
the anterior interventricular branch or left anterior de-
scending artery (LAD). This joins the interventricular 
sulcus, crosses the apex and rises beyond, tending to 
join up on the diaphragmatic surface of the heart with 
the diaphragmatic branch of the loop, i.e., the rear in-
terventricular branch of the right coronary artery.

The ring and the loop have many connections by 
anastomosis between the terminal and collateral 
branches.

The posterior crown comprises: 
The right coronary artery (RCA) and �
its left postero lateral artery (PLA); �
the left coronary artery system (LCA), �
with its main trunk (MT), then the left �
circumfl ex artery and its terminal �
branch (LCx) �

The anterior loop comprises:
The left anterior descending artery �
(LAD) �
The right posterior descending artery �
(PDA) �

Collaterals: three types can be distinguished:
1. Anterior branches:

anterior ventricular arteries �
right marginal branches (RMG) �
diagonal branches (Diag.) �
left marginal branches (LMB) �

2. Septal branches:
interventricular septal branches of LAD �
interventricular septal branches of RCA �
AV node branches �

3. Posterior branches:
the atrial branches �

The posterior crown, the anterior loop, the ante-
rior collaterals and the septal branches create a net-

Fig. 7.15. 3D spider view (superior view), coronary ostia
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Fig. 7.16. Division of the 
coronary arteries

work that completely enmeshes the heart (Fig. 7.17). 
All parts of the mesh can communicate as required 
by the opening up of shunts.

There are some variations:
The LCx will usually rise to one or several mar- �
ginal branches.
In case of left dominance, the LCx can supply a  �
PDA.
On rare occasions, a diagonal branch can be  �
larger than the LAD.
If a third branch arises from the LMT, between  �
the LAD and LCx, that branch is called the inter-
mediate branch, ramus intermedius or ramus.

7.1.3.3 

Identifi cation of Coronary Arteries in 3D Imaging 

(MIP or Angiographic View) and 2D Imaging

See Figures 7.18 to 7.20.

7.1.3.4 

Segmentation of Coronary Arteries in 3D Imaging 

(MIP or Angiographic View and Volume Rendering)

In the classifi cation system for coronary artery seg-
ments according to the American College of Car-
diology/American Heart Association Guidelines for 
Coronary Angiography, the number of segments 
is 27 coronary segments. In our routine, we use a 
simplifi ed artery segment model of 18 coronary 
segments to compare coronary CTA and coronary 
angiography.

Segmentation of the Right Coranary Artery

Segment 1 corresponds to the right coronary  �
from the right coronary ostium to the fi rst angle 
or elbow of the right coronary, beginning at the 
vertical portion.
Segment 2 is the vertical portion, from the end of  �
the fi rst angle to the second angle.

Fig. 7.17. Diagram of coronary arteries
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Fig. 7.18. Identifi cation 
of coronaries in axial 
view

Fig. 7.20.  Identifi cation 
of coronaries in 2D 
curved view

Fig. 7.19. Identifi cation 
of coronaries in short 
axis view
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Segment 3 is the vertical portion from the end of  �
the second angle up to the cross of the heart, i.e., 
the PDA/PLA bifurcation.
Segment 4 is the PDA, and segment 5 is the PLA  �
(Fig. 7.21).

Segmentation of the Left Coranary Artery

Segment 11 is the left main trunk, from the  �
ostium to the LAD/LCx bifurcation.
Segment 12 is the LAD, from the proximal part  �
of the LAD to the fi rst septal (but some prefer to 
say to the fi rst large branch that may be the fi rst 
diagonal).
Segment 13 of the LAD corresponds to the middle  �
part of the IVA included between the fi rst septal 
and the origin of the second diagonal.

Segment 14 of the LAD is the second diagonal at  �
the tip of the heart.
The diagonal and septal branches (segments 15,  �
16, 29) are numbered in ascending order accord-
ing to their anatomical locations with respect to 
the proximal LAD. 
Segment 18 of the LCx is the LMT/LAD bifurca- �
tion at the fi rst marginal.
Segment 19 is from the fi rst marginal to the  �
second marginal if it exists. On the other hand, 
some speak of the medial LCx just after the origin 
of the fi rst marginal and of a distal LCx as we 
get farther from it. The marginal branches are 
numbered in ascending order according to their 
anatomical locations with respect to the proxi-
mal LCx (Fig. 7.22).

Fig. 7.21. 3D MIP, RCA 
segmentation

Fig. 7.22. 3D VR views, 
LCA segmentation
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7.1.3.5 

Myocardium Segmentation

Each coronary artery irrigates different segments of 
the myocardium: 

The walls of the left ventricle are divided into 16 
segments:

There are three main segments: basal, medial and 
apical.

the apical segment is divided into four segments:  �
anterior, lateral, posterior, septal. 
the medial segment into six segments: anterior,  �
antero-lateral, postero-lateral, posterior, postero-
septal, antero-septal.
the basal segment is divided in the same way as  �
the medial segment
The LAD irrigates the apex and the antero-septal  �
wall of the myocardium.
The left circumfl ex irrigates the lateral wall of the  �
myocardium.
The RCA irrigates the inferior wall of the myo- �
cardium.
The apico-lateral segment is vascularized either  �
by the LAD or by the left circumfl ex.
Distribution varies according to which network  �
is dominant (Figs. 7.23, 7.24).

Fig. 7.23. Each coronary 
artery irrigates different 
segments of the myocar-
dium

Fig. 7.24. CA and segmentation, bull’s eye
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7.1.4 

Coronary Vein Anatomy

The veins of the heart are even more variable than 
the arteries. Approximately 80% of venous blood 
return is achieved via coronary veins. The great car-
diac vein parallel to the left anterior artery) begins at 
the tip of the heart, follows the anterior interventric-
ular sulcus, then in the auriculo ventricular sulcus 
or coronary sulcus (parallel to the left circonfl ex ar-
tery). In its course it receives affl uents, in particular 
the left marginal vein and posterior vein of the left 
ventricle. It then turns into the coronary sinus. 

The coronary sinus is a terminal collector mea-
suring 3 cm in length located in the porterior por-
tion of the coronary sulcus. It empties in the right 
atrium. Immediately before this ostium, the middle 
cardiac vein (which has a course alongside the pos-
terior descending artery) and the small cardiac vein 
(parallel to the right coronary artery) also drain 
into the right atrium. One third of venous blood is 
drained by the small veins of the heart, primarily 
the anterior veins of the right ventricle that empty 
into the right atrium. Some parietal veins empty di-
rectly into the cardiac chambers (Fig. 7.25).

 7.2 
Physiological Basis: 
Reminder of Heart Physiology and 
Physiopathology Aspects

7.2.1 

Cardiac Cycle Chronology

For a given heart rate (HR), the duration of one 
cycle in milliseconds is 60,000/HR (R-R interval, 
in reference to the ECG R-wave), e.g., HR = 75/min, 
R-R = 800 ms. In the case of a cardiac scanner, the 
starting point for the cardiac cycle is defi ned as the 
bottom of the QRS (R-R Phase 0%), and the R-R 
interval is usually divided into ten phases of 10% 
of the cycle. The cycles of the right and left heart 
are not totally synchronous, in particular in patho-
logical situations of conduction disorders or severe 
cardiopathy, but this asynchronism represents only 
some tens of milliseconds, which, at the resolution 
of the cardiac scanner and for current applications, 
has no practical consequences.

Two successive phases can be identifi ed:

Ventricular systole, including isovolumic con- �
traction and ventricular ejection.
Ventricular diastole, including isovolumic relax- �
ation and ventricular fi lling.

I – Ventricular Systole

The electrical stimulation originates from the si-
nusal node/auriculoventricular node/bundle of the 
His/Purkinje network circuit. It results in the depo-
larization of ventricular cells, the sudden increase 
in the cellular Ca2+ concentration, the creation of 
actin-myosin bridges and the contraction of myo-
cardial ventricular cells.

This simultaneous contraction of ventricular 
cells produces a tensioning of the ventricular walls, 
responsible for a rapid pressure increase in the ven-
tricle with closure of the auriculoventricular valve 
(auricular pressure being low, the associated lead 
time is negligible). Neuro-hormonal factors infl u-
ence the speed of contraction of the fi bers and the 
pressure generated in the ventricle.

Phase 1: Isovolumic contraction (R-R about 0 to 
10%). Pressure rises rapidly, but the arterial and au-
riculoventricular valves being closed, the ventricu-
lar volume remains constant.

Phase 2: Ventricular ejection (R-R about 10 to 
40%). When the ventricular pressure becomes 

Fig. 7.25. Coronary veins. Diaphragmatic view: (1) coronary 
sinus, (2) great cardiac vein, (3) LV posterior vein, (4) middle 
cardiac vein, (5) small cardiac vein
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greater than the arterial pressure, the arterial valve 
opens, allowing systolic ventricular ejection. At the 
end of ejection, given that the shortening of the mus-
cular fi bers is at its maximum and the volume is de-
creasing, the pressure generated in the ventricular 
cavity falls, resulting in the re-closure of the arterial 
valve.

II – Ventricular Diastole

Phase 1: Isovolumic relaxation (R-R about 40 to 50%). 
The active recapture of calcium in the sarcoplasmic 
reticulum during ventricular repolarization stops 
the formation of actin-myosin bridges. Ventricular 
pressure drops rapidly, whereas the ventricular vol-
ume remains constant, the valves being closed.

Phase 2: Diastolic fi lling (R-R about 50 to 0%). 
When the ventricular pressure drops below the 
auricular pressure, the auriculoventricular valve 
opens, and the ventricle starts to fi ll with the blood 
accumulated in the atrium during valve closure.

During a Doppler heart exam, during diastolic 
fi lling, two fl ows can be distinguished, called E 
(early) and A (atrial).

E: The fi rst part of the fi lling (R-R about 50 to 
70%) is passive, given that the blood fl ow between 
the atrium and ventricle is simply the result of the 
pressure difference between these two cavities. At 
the end of passive fi lling, this fl ow can run out. 

A: Auricular contraction occurs after the ECG P-
wave (R-R about 80 to 0%), responsible for a re-in-
crease in auricular pressure (auricular systole) with 
a continuation of A-V fl ow (active fi lling).

Diastolic fi lling of the ventricle is equal to the sum 
of these two passive and active components (E+A).

The E/A ratio between these two components is 
linked to two principal determinants:

(1) The intrinsic qualities of the ventricular mus-
cle: relaxation (active mechanism of calcium recap-
ture in the sarcoplasmic reticulum, the opposite of 
myocardial cell contraction, occurring at the begin-
ning of diastole, at the same time as the E-wave) and 
compliance (elastic properties of the ventricular 
wall, allowing it to passively distend at low pressure, 
occurring after relaxation at the end of diastole, at 
the same time as the A-wave).

(2) Left auricular pressure, which itself changes 
over the diastole, but is closely correlated to the pul-
monary capillary pressure.

The E/A ratio therefore physiologically changes 
with age, heart rate, volume, and then as a result of 
the onset of a cardiopathy (deterioration of intrin-

sic heart muscle properties) and its decompensation 
(increase in pulmonary capillary pressure).

For healthy and young subjects, the E/A ratio is 
greater than 1.

7.2.2 

Pressure/Volume Curves

The contraction force of the myocardial cell is gener-
ated by the interaction between the proteins of the 
sarcomer: actin, myosin, troponin and tropomyo-
sin. For the heart muscle, as for the skeletal muscle, 
the force generated varies as a function of the ini-
tial length of the sarcomer when contraction starts. 
There is a range of optimum values in which tension 
is maximum given that the interaction between the 
actin and myosin fi laments is optimal. Below and 
above this range, tension drops (due to the fact that 
confrontation between fi laments drops or becomes 
redundant).

The elastic elements of the muscular wall add to 
these contractile elements, positioned in series and 
in parallel with respect to the sarcomers. The tension 
generated by the elastic elements increases with rest 
length. In physiology, the functioning of the myo-
cardial cell is below the maximum contraction ten-
sion zone, such that the increase of ventricular end-
diastolic blood volume (EDV – end-diastolic volume, 
also called preload) results in an increase in the force 
generated by the heart muscle (on the rising part of 
the curve). This additional force allows a larger ejec-
tion of end systolic blood (ESV – end-systolic volume) 
and allows a partial compensation of the increase in 
the preload (tending to correct ESV).

Similarly, an increase in the ejection resistance 
(increase in “afterload”) is responsible for an initial 
decrease in the systolic ejection volume (SEV) and 
therefore an increase in end-systolic volume (ESV). 
Diastolic fi lling adds to ESV, and the end-diastolic 
volume is also increased, triggering the same regu-
lation mechanism by an increase in actin-myosin 
interactions.

This adaptation of the heart to preload and af-
terload changes by modulating contraction force is 
called the Frank-Starling law. Secondarily, the in-
crease in systolic tensioning of sarcomers results in 
hypertrophy through the increase in the synthesis 
of contractile proteins, which allow an increase in 
contractile force with normalization of stress per 
sarcomer, at the cost of a thickening and therefore 
rigidifi cation of the wall (reduction of compliance).
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The pressure-volume curves are the graphical 
translation of the Frank-Starling law and allow us to 
understand the cycle-to-cycle adaptation of cardiop-
athies and predict their evolutive profi le depending 
on their mechanisms (modifi cation of preload, af-
terload and change in sarcomer contractile proper-
ties – contraction and relaxation, elastic properties 
of the wall, etc.). This graphic (Fig. 7.26) shows the 
four stages of the cardiac cycle: isovolumic contrac-
tion (1), ejection (2), isovolumic relaxation (3) and 
fi lling (4).

7.2.3 

Systolic and Diastolic Functions

The heart is a double pump placed in series between 
the pulmonary and systemic circulations. In the ab-
sence of a shunt between the right and left cavities, 
the pulmonary fl ow rate is equal to the systemic fl ow 
rate and the right cardiac fl ow rate is equal to the 
left cardiac fl ow rate.

Cardiac fl ow rate (CF) is equal to the product of 
the blood volume ejected with each cardiac cycle 

Fig. 7.26. Four stages of the cardiac cycle. RAPD = rapid

Electrocardiogram

Heart Status

Left Ventricular 
Pressure
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(systolic ejection volume–SEV) and the cardiac fre-
quency (CF). The normal value is close to 5 l/min 
(about 3 l/min/m2). CF = SEV � CF.

The pulmonary circulation represents a resis-
tance (Rp) that is signifi cantly lower than that of 
systemic circulation (Rs): the pressure required to 
ensure pulmonary fl ow, which is ensured by the 
right ventricle, is therefore much less than the pres-
sure generated by the left ventricle (dP = R ��CF). In 
a physiological situation, the maximum pressures 
generated at rest are not greater than 40 mmHg in 
the right ventricle (RV) and 140 mmHg in the left 
ventricle (LV) in systole.

The term “systolic function” designates, in gen-
eral, the capacity of the muscle of a cardiac cavity 
to eject its content during its contraction (systole). It 
may be applied to each of the four cavities, but usu-
ally designates the contractile function of the left 
ventricle, the main determining factor for cardiac 
fl ow rate. 

Left ventricular systolic function is usually ex-
pressed in the form of an ejection fraction (left ven-
tricular ejection fraction – LVEF), which is the ra-
tio of the systolic ejection volume (SEV) to the end 
diastolic volume (EDV). But it can be expressed as 
a derivative of intra-ventricular pressure, work or 
power.

In the case of a cardiac scanner, the determina-
tion of the end-systolic (40% R-R) and end-diastolic 
(0% R-R) left ventricular cavity volume is easy and 
allows the calculation of LVEF. The same principle 
can be applied to the right ventricular ejection frac-
tion (RVEF).

The term “diastolic function” designates, in gen-
eral, the capacity of a cardiac cavity to fi ll at low 
pressure during diastole. It may also be applied to 
the four cavities, but is mainly applied to the left 
ventricle for which the walls are the thickest of the 
heart and for which the risk of diastolic dysfunction 
is the highest.

There is no one simple tool for quantifying the 
left ventricular diastolic function, given that di-
astole is a complex sequence involving numerous 
mechanisms. As discussed above, and in schematic 
terms, the fi rst half of the left ventricular diastole is 
essentially dependent upon:

The left ventricle’s relaxation capacity (calcium  �
recapture in the reticulum).
The left intra-auricular static pressure. �
The second half is dependent upon: �
The elastic compliance of the left ventricular  �
walls (passive phenomenon).

The pressure generated by the auricular contrac- �
tion.

The only cardiac scanning tool that is currently 
available for studying diastolic function and the 
respective contribution of these two fi lling compo-
nents is the analysis of ventricular volume variation 
during diastole (between 40% and 100% of R-R).

The correlation between this fi ll profi le and data 
obtained by cardiac catheterization or sonogram is 
being studied. By analogy with the E/A ratio for car-
diac Doppler exams, this characteristic profi le could 
contribute to restrictive cardiopathy diagnosis (am-
ylosis, hemochromatosis), decompensated heart 
failure, tamponade, pericardial constriction, etc.

7.2.4 

Rhythmology Aspects

This chapter addresses some of the basic notions 
of rhythmology that are useful for cardiac scanner 
applications and, in particular, for the resolution of 
diffi culties that arise as a result of gating. Cardiac 
rhythm recognition for synchronization is based on 
the signal acquired by a limited number of elec-
trodes, giving a limited number of electrocardio-
gram derivations. Given that fi ltering differs for a 
system designed for rhythmology analysis, the goal 
here is not to perform a medical diagnosis, but to 
optimize the use of the signal through gating.

For a sinus rhythm, cardiac depolarization com-
prises three principal defl ections on the surface 
ECG, separated by isoelectrical intervals:

The P-wave, corresponding to the electrical acti- �
vation of the atrium, and which slightly precedes 
their effective contraction.
The QRS complex, which corresponds to the  �
depolarization of the ventricular myocardium, 
contraction of the muscle with a certain shift 
(electro-mechanical delay) and atrium re-polar-
ization, is not very high or synchronous with the 
QRS and is therefore not visible.
The T-wave, which corresponds to the ventricular  �
re-polarization that precedes ventricular relax-
ation (Fig. 7.27).

Diffi  culty of QRS Detection

Gating is based on QRS detection, which is nor-
mally the largest defl ection. Certain pathological 
situations in which the T-wave is particularly large 
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(subendocardial ischemia, hyperkalemia, etc.) can 
confuse the algorithm, resulting in a double detec-
tion: the reconstruction produces an incoherent fu-
sion of data making the acquisition unusable. In rare 
instances, the same phenomenon can be observed 
with a very large P-wave (auricular hypertrophy). 
Inversely, a QRS axis that is perpendicular to the 
coronal plane can result in small amplitudes that 
are diffi cult for the software to recognize. This prob-
lem can usually be avoided by adjusting the voltage, 
changing the ECG derivation or repositioning the 
electrodes.

The Presence of a Non-Sinus Supraventricular Rhythm 

Can Compromise Exam Quality in Two Ways

The high heart rate (supraventricular tachycar- �
dia): depending on manufacturer, the upper limit 
of acceptable heart rate for acquisition varies 
between 65 and 100 cycles/min, but because of 
the segmentation algorithms used, the quality of 
the result is not reliable in this range for a given 
system. In most cases, a medical treatment to 
reduce atrial tachycardia or auricular fi brillation, 
prescribed in advance by the treating cardiolo-
gist, allows this problem to be managed.
Rhythm irregularity: This is the principal limita- �
tion for gating; the exact chronology of a short 
cycle is not simply the transposition of a long cycle 
at another timescale, and the fusion of data from 
short and long cycles results in ‘stacked’ artifacts 
and an image that is diffi cult to exploit.

Currently, we do not recommend cardiac scans 
for patients with auricular fi brillation. Relative si-
nus tachycardia, regular fl utter and regular atrial 
tachycardia can be envisaged if the ventricular rate 
is below 100 cycles/min.

With regard to preparation by oral or intravenous 
beta-blocker, it is necessary to take particular care 
that there are no contraindications:

Bronchospasm (asthmatic, spastic COPD; brady- �
cardic calcium inhibitors can then be used).
Conduction disorders or associated antiarrhyth- �
mic therapy.
But above all patent or latent heart failure. �

The administration protocols vary depending 
on the team. In the absence of oral beta-blockers, 
we recommend an injectable short-duration beta-
blocker: esmolol (BreviblocR), with scope moni-
toring before and after scan (elimination occurs 
within a few minutes by intraplasmatic metaboliza-
tion). Auricular and ventricular extrasystoles (AES 
and VES) result in the same problem as for cardiac 
arrhythmia. If these are limited in number, certain 
systems allow the exclusion of the correspond-
ing acquisition data, but with an associated loss of 
quality (noise).

The Presence of a Pacemaker Is Responsible for Two 

Types of Problems

Artifacts due to the metallic probes placed in the  �
right cavities (atrium, ventricle) and sometimes 

Fig. 7.27. The T-wave, which corresponds to the ventricular re-polarization that precedes ventricular relaxation
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in the coronary sinus branches (multi-site stimu-
lation).
Spikes on the ECG, vertical lines corresponding  �
to the delivery of the electrical impulse preced-
ing the depolarization of heart cells. These spikes 
may result in gating detection errors. Again in 
this case, the adjustment of the voltage, a change 
in derivation or re-positioning of electrodes can 
resolve certain problems. Occasionally, tempo-
rary re-programming of the pacemaker by the 
cardiologist can resolve the problem.

7.2.5 

Opacifi cation of Coronary Arteries

The heart is mobile around its axis, with rotation 
during systole. Its volume varies between systole and 
diastole. The heart’s volume is affected by displace-
ment of the diaphragm. Coronary fi lling is easier 
during diastole. In systole, the opening of the aortic 
valves and the ventricular ejection creates a “vac-
uum pump” effect at the aortic coronary sinuses, 
which makes movement of blood through the ostia 
of the coronary arteries more diffi cult.

Cardiac diastole represents the moment of mus-
cular and valvular silence: the heart is immobile, 
positions are fi xed (apart from movements of the 
diaphragm controlled by the breath-hold), and there 
is better fi lling of the coronary arteries. On the ECG, 
the period of cardiac immobility or diastole begins 
slightly later than the R-wave and lasts until the 
 Q-wave (on the ECG, the center of diastole is situ-
ated at about 70% of an R-R complex).

The time of coronary circulation, from the os-
tium to the myocardial capillaries, must be taken 
into account. Coronary venous return is continu-
ous. The transit time of a bolus of blood through the 

coronary network must be accurately assessed. In 
coronography, it may take one, two, three or more 
“systole-diastole” complexes. During these “systole-
diastole” cycles, one must take advantage of the mo-
ments when the coronary arteries are opacifi ed and 
the heart is fi xed and with maximum aspiration, i.e., 
during diastole. The number of “systole-diastole” 
cycles necessary to fi ll the whole coronary network 
will require 5–10 s. The faster the heart rate, the 
slower coronary fi lling will be (this is one of the fac-
tors leading to ischemia in fast-beating hearts) and 
the longer the required acquisition time. Slowing of 
the heart rate favors coronary fi lling. It also length-
ens the period of diastolic immobility that can be 
used for acquisition. The regulation and slowing of 
heart rate are factors that favor good quality imag-
ing: oxygen therapy, hypotensive agents and beta 
blockers. The heart rate should be slowed as much 
as is possible without discomfort for the patient.
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 8.1 
Introduction

Improvement in both temporal and spatial resolu-
tion of MDCT has brought the ability to explore both 
the heart and lung within a single examination and 
opened the fi eld of functional evaluation. However, 
interactions between heart and lung have long been 
identifi ed as important physiological phenomena 
in pathology (Pinsky 2005). For the radiologist, 
they are involved in diffi culties of interpretation 
in a MDCT thorax examination and in the under-
standing of observations in physiological normal 
or near-normal clinical situations. In this chapter, 
after a brief overview of physiological heart-lung 
interactions, we will overview the consequences in 
imaging the heart and lung with the effects of the 
beating heart on thoracic organs, those of respira-
tory maneuvers, and of cardiac functional param-
eters on vascular enhancement. Then, interactions 
among the pulmonary, systemic circulation, and 
lymphatic circulations in normal subjects will be 
considered. Finally, near-normal conditions, such as 
clinically silent right-left shunts by patent foramen 
ovale, deformities, or postoperative conditions, will 
be described in this physiologic perspective.

 8.2 
Physiological Basis of 
Heart-Lung Interactions

The basic physiological heart-lung interactions can 
be understood as the effects of lung volume varia-
tions on both the cardiac rhythm and function and 
are mainly explained by variations of pressure. Lung 
volume varies in a tidal fashion during spontane-
ous respiration. During inspiration, intrathoracic 
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pressure decreases owing to the contraction of the 
respiratory muscles. Infl ation induces immediate 
changes in autonomic output, causing cardiac accel-
eration (Glick et al. 1969). This is otherwise known 
as respiratory sinus arythmia, a normal responsive-
ness that is lost in diabetic peripheral neuropathy. 
Lung infl ation to larger tidal volume (> 15 ml/g) in-
creases heart rate by sympathetic withdrawal and 
refl ex arterial vasodilatation (Pinsky 2005). Thus, 
the heart has the intrinsic ability to vary its rate in 
synchrony with ventilation. Changes, or the rate of 
changes, in myocardial wall stretch might alter in-
trinsic heart rate independently of autonomic tone 
(Bernardi et al. 1989).

Interactions between respiration and cardiac 
function can be understood based on the effects of 
changes in intrathoracic pressure and lung volume 
on both venous return and left ejection fraction. 
During spontaneous ventilation, venous return in-
creases when intrathoracic pressure decreases, that 
is, during inspiration (Pinsky 1984a). When fi lling 
increases on the right side, less fi lling occurs on the 
left side. In addition, the pooling of blood in the 
pulmonary circulation decreases fi lling pressure 
on the left side of the heart (Pinsky 1984b). The re-
verse occurs during expiration, and an increase in 
intrathoracic pressure augments the left ventricular 
afterload (Pinsky 1984a). This phenomenon, called 
interventricular dependence, is anatomically in rela-
tion to the presence of the constraining pericardium 
and the fact that ventricles share the interventricular 
and interatrial septum. Interventricular dependence 
works both ways even if the right side of the heart 
is more vulnerable to compressive forces. Interven-
tricular dependence is increased when ventricular 
volumes are increased, i.e., in dilated cardiomyopa-
thies or when the pericardium is relatively resistant 
to stretch, such as the stiffer pericardium of con-
strictive pericarditis or increased intrapericardial 
pressure of tamponade. In this setting, increasing 
right ventricular volume shifts the intraventricular 
septum into the left ventricle and simultaneously 
decreases left ventricular diastolic compliance and 
end-diastolic left volume.

Sustained increase in intrathoracic pressure, as 
seen with the Valsalva maneuver, will eventually 
decreases aortic blood pressure and arterial pres-
sure because venous return decreases. Hyperinfl a-
tion compresses the heart between the expanding 
lungs (Butler 1983) and increases juxtacardiac in-
trathoracic pressure more than the lateral chest wall 
intrathoracic pressure.

Ventilation alters pulmonary vascular resistance 
by a process known as hypoxemic pulmonary va-
soconstriction. If regional alveolar PO2 decreases 
below 60 mmHg, local pulmonary vasomotor tone 
increases, then reducing blood fl ow. Decrease in 
end-expiratory volume promotes alveolar collapse, 
stimulating hypoxemic pulmonary vasoconstric-
tion. However, changes in intrathoracic pressure 
that occur without changes in lung volume, as may 
occur with obstructive inspiratory effort or Valsalva 
maneuver, will not alter pulmonary vascular resis-
tance (Pinsky 2005, 1984b).

 8.3 
Infl uence of the Moving Heart on 
Thoracic Organs

The transmitted motion of the beating heart is the ori-
gin of many pitfalls in imaging the aorta, the coronary 
arteries, and the pulmonary vessels. This knowledge 
is essential for the radiologist since for obvious rea-
sons of radiation dose, non-ECG-gated scans will con-
tinue to be performed. In addition, their occurrence is 
not entirely suppressed by using ECG gating.

8.3.1 

Aorta

Pendular and circular aortic motion that can lead to 
false-negative or false–positive diagnoses of aortic 
dissection has long been identifi ed (Batra et al. 
2000). These artifacts are viewed as more or less 
prominent double contours of the vessels (Fig. 8.1) 
or as a hypodense curvilinear interface or a cres-
cent-like thin fl ap along the wall of the aortic root 
or sometimes along the pulmonary artery trunk 
(Fig. 8.2). They mainly affect the aortic root and 
ascending aorta and the left anterior and right pos-
terior quadrants and are of variable prominence 
(Batra et al. 2000; Ko et al. 2005). Intricate inter-
ferences among heart rate, aortic motion, and si-
multaneous rapid helical data volume acquisition 
by multiple-detector rows are involved in its origin. 
The occurrence of aortic motion artifacts is dimin-
ished in elderly patients by the age-related reduced 
distensibility of the aorta, after a previous surgery, 
and in pathologic situations, such as mediastinal 
masses and aortic aneurysms (Set et al. 1993).
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On conventional CT with 1-s scanning time, aor-
tic root artifacts were reported in 37% to 57% of sec-
tions, but were usually limited to two or three im-
ages, with a mean maximum amplitude of 3–4 mm 
(Burns et al. 1991; Duvernoy et al. 1995; Qanadli 
et al. 1999). With the development of MDCT tech-
nology, they remained a potential pitfall present in 
91.9% of images despite the decrease in scanning 
time to 0.5 s and simultaneous use of multiple chan-
nels (Roos et al. 2002). Ko et al. (2005) have evaluated 
the infl uence of the cardiac cycle for different heart 
rates in generating motion artifacts using non-ECG-
assisted MDCT. They found greater amplitude and 

more sections affected in patients with heart rates 
ranging from 56 to 65 bpm (beat per minutes). With 
a 0.5-s scanning time and a heart rate of approxi-
mately 60–65 bpm, reconstructed CT images may 
encompass full diastole and systole for each heart 
beat, resulting in more obvious motion artifacts 
during image reconstruction. Transmitted cardiac 
beats are also responsible for an artifact simulating 
an aberrant origin of the right coronary artery from 
the left sinus (Fig. 8.3). This abnormality is consid-
ered a malignant variant potentially responsible for 
sudden cardiac death because of the interarterial 
course between the aorta and pulmonary trunk. 

Fig. 8.1.a,b. Aortic motion artifacts of variable prominence in two different patients with non-ECG-gated thoracic MDCT. 
a A pulsation artifact visible in all four quadrants in ascending aorta and in pulmonary artery trunk. b Slight crescent-
shaped hypodense artifact along the anterior aspect of ascending aorta

a b

Fig. 8.2a,b. Non-ECG-gated thoracic MDCT. Aortic motion artifact visible as a pseudo-dissection image (arrows) in the 
ascending aorta (a) and in another patient in the pulmonary trunk (b)

a b
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The lack of depiction of the normal origin of the 
right coronary artery reinforces the suspicion, but 
the right coronary artery is frequently unidentifi ed 
on a non-gated examination. This false abnormal 
origin has been reported in 5.9% in a population of 
subjects who underwent non-ECG-gated thoracic 
MDCT (Katoh et al. 2005).

The use of ECG-gating reduces aortic motion 
artifacts (Roos et al. 2002), but the patient heart 
rate has to be slow to maximize its effect (Fig. 8.4) 
( Morgan-Hughes et al. 2003a). Although no study 
has been dedicated to the assessment of the aortic 
motion artifacts within the complete cardiac cycle, 
all have shown a negative correlation between the 
heart rate and image quality (Flohr et al. 2002; 
Morgan-Hughes et al. 2003b).

8.3.2 

Lung

Transmitted cardiac pulsations and respiratory mo-
tion are the most common causes of motion artifacts 
in the lung. Whereas shortening of acquisition time 
has suppressed the latter from most of examinations, 
the effective suppression of cardiac motion would 
need an acquisition time of less than 19.1 ms, a tem-
poral resolution not yet achieved even by the newest 

machines (Ritchie et al. 1992). On non-ECG-gated 
examinations, cardiac motion results in the appear-
ance of a doubling fi ssure and in focal areas of low at-
tenuation adjacent to pulmonary vessels (Fig. 8.5). On 
lung windows, they have been described as the twin-
kling star artifact and can mimic the appearance of 
bronchiectasis or thickened bronchial walls (Kuhns 
and Borlaza 1980; Mayo et al. 1987; Tarver et al. 
1988). They are more prominent at the base of the 
lung in the paracardiac regions close to the heart, 
where there is direct transmission of the left ven-
tricular movement. Pulmonary arteries experience a 
decay of the amplitude of displacement that increases 
with their distance from the heart. ECG-gated scan-
ning, which allows acquisition windows to be set to 
the quietest period of the cardiac cycle, usually mid-
diastole, has been reported as a potential method of 
reducing cardiac motion artifacts (Fig. 8.6), but at 
the expense of the radiation dose (Montaudon et 
al. 2001; Schoepf et al. 1999). The benefi t is, how-
ever, partially lost when the heart rate is faster than 
75–80 bpm (Schoepf et al. 1999), and the advan-
tage using ECG-gating for evaluation the lung pa-
renchyma remains minimal regarding the increased 
radiation dose (Boehm et al. 2003). A major factor 
in reduction of motion artifacts is the shorter gantry 
rotation time (Fig. 8.6) as assessed by some studies 
(Montaudon et al. 2001; Yanagawa et al. 2007).

Fig. 8.3. a Artifact in front of aortic root simulating the abnormal interarterial course of the right coronary artery (arrows) 
on a non-ECG-gated MDCT. The origin of the right coronary artery was not identifi ed. b Abnormal interarterial course of the 
right coronary artery (arrows) on ECG-gated acquisition and MIP oblique reconstruction in another asymptomatic patient

a b
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Fig. 8.4a–c. ECG-gated MDCT of the thoracic aorta. Heart 
rate: 58 bpm. Phase reconstruction at 70% of RR. No artifact 
is visible, and excellent evaluation of the aortic valve on two 
in the oblique coronal planes (a,b), and within the valvular 
plane (c)

a

b

c

Fig. 8.5a,b. Lung artifacts on non-ECG gated MDCT. Dou-
bling of the left main fi ssure (a) and “twinkling star” arti-
facts (arrows) due to transmitted cardiac pulsations to the 
pulmonary arteries running close to the hearta

b
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The effect of transmitted cardiac pulsation on 
pulmonary arteries has been recognized as a major 
cause of pitfalls in angio-computed tomography in 
the clinical setting of pulmonary embolism, gener-
ating pseudo-fi lling defects on angio-CT of pulmo-
nary arteries (Fig. 8.7). Whereas in-plane displace-
ment results in an overestimation of the size of a 
structure and loss of edge detail, out-displacement 
is responsible for size underestimation and reduced 
contrast resolution (Reinhardt and Hoffman 
1998). Therefore, horizontal and obliquely running 
pulmonary arteries are the most susceptible for 
reduced contrast resolution and impaired contrast 
enhancement. Despite its frequent mention in the 
literature, few studies have reported a systematic 
observation of this cardiac effect. Bruzzi et al. 
(2005) have shown that, using a 16-slice scanner, 
81% of patients having at least one pulmonary ar-
tery affected showed the main pulmonary trunk 
and right main pulmonary artery being concerned 
in 41 and 33% in this series, respectively. However, 
neither blurring nor doubling the arterial wall of 
these major vessels closely resembled intravascular 
fi lling defect. In the same study, most of the arti-
facts of various severities were, however, found at 
the segmental or subsegmental level, the lingula 
and the left lower lobe being affected in 74% and 
88% of cases, respectively. In addition, the reduc-
tion of rotation gantry rotation time from 0.5 to 

0.375 s reduced cardiogenic motion artifacts at all 
arterial levels and the frequency of pseudofi lling 
defects from 54% to 25%, especially when patients 
had a heart rate lower than 75 bpm. A virtually 
complete suppression of cardiac pulsation arti-
facts can be achieved with ECG-gated 64-section 
CT (Remy-Jardin et al. 2005). 

8.3.3 

Coronary Arteries

Coronary arteries undergo heterogeneous move-
ment and deformation throughout the cardiac cycle, 
which cause motion artifacts on CT images when 
the velocity exceeds the temporal resolution of the 
scanner. The major responsibility of heart rate has 
recently been identifi ed in the generation of motion 
artifacts in coronary angio-CT (Hong et al. 2001; 
Schroeder et al. 2002) (Fig. 8.8). Actually, two car-
diac factors should be considered, heart rate and 
heart rate variability. In a study thought to examine 
heart rate and heart rate variability during CT cor-
onary angiography, breath-holding during cardiac 
CT scan acquisition was shown to signifi cantly lower 
the mean heart rate by approximately 4 bpm, but 
the heart rate variability was observed to be similar 
or even diminished to that detected during normal 
breathing (Zhang et al. 2008). 

Fig. 8.6a–c. A 35-year-old man with suspicion of pulmonary infection after a bone marrow graft. Thin section of the left 
lung. a ECG-gated 0.5-s scan; b 0.5-s scan; c 1-s scan. No abnormalities are seen in the lung parenchyma. Note the clear 
delineation of the cardiac border compared with the blurred images in b and c. Several artifacts due to distorted vessels 
are visible in b and more prominent (arrows) in c. Bronchi are better visualized and defi ned than in c. From Montaudon 
et al. (2001) with permission

a cb
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Motion of the coronary arteries in three dimen-
sions during the cardiac cycle is complex and fol-
lows that of the whole beating heart. However, there 
are differences in velocities and course between ar-
teries and segments. Our knowledge about coronary 
artery motion comes from studies evaluating the lo-
cations of coronary artery bifurcation points on bi-
plane coronary cine angiograms and from data that 
have been obtained using electron beam CT (Mao 
et al. 2000; Lu et al. 2001) and MRI (Hofman et al. 
1998). The latter, however, were restricted to the 
transverse plane. The recent study of Husman et al. 
(2007), performed using MDCT, has fully improved 
our understanding of the motion of coronary arter-
ies during the cardiac cycle. The authors have shown 

that motion artifacts are minimized when the course 
of the coronary arteries is minimal. By determin-
ing the beginnings of diastole and systole, coronary 
motion could be related to the physiologic changes 
caused by different heart rates (Fig. 8.9). The study 
has shown that the duration of systole lengthens 
from 30% at low heart rates (45 bpm) to 60% at high 
heart rates (100 bpm), accompanied by shifts of the 
mid-diastolic and mid-systolic velocity troughs and 
shift of the early diastolic peak of velocity. The early 
systolic peak remained at a constant interval, prob-
ably because the preceding isovolumic contraction 
phase is relatively heart rate independent. The mid-
diastolic velocity trough was found to shorten and 
even disappear at heart rates greater than 80 bpm, 

Fig. 8.7a,b. Pseudo fi lling defect (arrow) in a lingular artery on mediastinal window (a). Motion artifact transmitted from 
heart beat is responsible for the blurring of the vessel (arrow) on lung window (b)

a b

Fig. 8.8. Effects of increasing heart rate on image quality at 64-section CT angiography and duration of systole and diastole 
regarding reconstruction intervals. Transverse images in three patients with heart rates of 45 bpm (top row), 63 bpm (middle 
row), and 85 bpm (bottom row). With increasing heart rate, best image quality (large white squares) shifts to later percentage 
phases of the R-R intervals (indicated by number in left corner of the image). This is accompanied by an increased length in 
systole and decreased length in diastole. Boxes in lower right corners show opening and closing of aortic valve throughout 
R-R interval; small white squares show percentage of aortic valve closure. From Husman et al. (2007) with permission
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close to the 82 bpm already known from physiologic 
studies (Chung et al. 2004).

Velocity troughs were found at end systole 
(20–30%) in the phase of reduced ejection and in the 
mid-diastole (60–70%), which represents the diasta-
sis of the diastole. Therefore, the 50% phase of the 
cardiac cycle can either be a part of systole or a part 
of diastole, depending on individual patient’s heart 
rate.

A cutoff of 83 bpm has been found for the heart 
rate at which the minimal velocity in systole be-
comes smaller than minimal velocities in diastole 
(Husman et al. 2007). Therefore, coronary CT an-
giography should be reconstructed at 50–60% of the 
RR interval in patients with heart rates less than 60 
bpm, at 70–80% in patients with heart rates from 
71 to 83 bpm, and at 30–40% in patients with heart 
rates greater than 83 bpm of the RR interval. Also the 
placement of the center for full-tube output should be 
done accordingly when ECG pulsing is used for dose 
saving (Jakobs et al. 2002). Other studies have found 
that, at 165-ms temporal resolution, systole offers the 
best overall image quality in patients with heart rates 
higher than 75 bpm (Wintersperger et al. 2006). 

8.3.3.1 

Optimal Reconstruction Window for 

Coronary Angio-Computed Tomography

The coronary artery motion has consequences in 
the choice of best reconstruction phase, but is also 

related to the type of scanner used and to the pres-
ence of stent or bypass graft. With the limited rota-
tion speed of 370–500 ms/360°, used in 16-slice CT, 
the heart rate needs to be markedly reduced to less 
than 60–65 bpm, or multisegment reconstruction 
methods allowing the merging of data of adjacent 
cardiac cycles have to be employed (Hong et al. 
2001; Dewey et al. 2004; Flohr and Ohnesorge 
2001; Hoffmann et al. 2005). Different optimal 
reconstruction time points in four-section CT 
have been reported for the RCA, LCX, and LAD, 
at 40–50, 50–60, and 60–80% of the cardiac cycle, 
respectively (Hong et al. 2001; Dewey et al. 2004; 
Flohr and Ohnesorge 2001; Hoffmann et al. 
2005). In a study designed to examine the infl u-
ence of heart rate and a multisector reconstruc-
tion algorithm on the image quality of coronary 
arteries using an anthropomorphic adjustable 
moving heart phantom on an ECG-gated MDCT 
unit, image quality of the coronary arteries was 
not only related to the heart rate, and the infl u-
ence of the multisector reconstruction technique 
becomes signifi cant above 70 bpm (Greuter et al. 
2005). Wintersperger et al. (2006) found that at 
165-ms temporal resolution, there is no signifi cant 
gain in overall image quality using separate re-
construction time points for each coronary artery 
and no signifi cant difference in the relative timing 
of optimized reconstruction for individual coro-
nary artery. The new generation of scanners enable 
coronary artery imaging with a spatial resolution 

Fig. 8.9a–c. Curved MPR of the right coronary artery performed with a 16-section CT acquisition in three patients with 
heart rates of 52 bpm (a), 64 bpm (b), and 75 bpm (c). The right coronary artery is visualized along its whole course without 
artifact at low heart rate (a). Slight stair-step artifacts (arrows) and minimal vessel blurring are visible at moderate heart 
rate (b). Large stair-step artifacts (arrows) at higher heart rate do not permit proper interpretation (c)

a cb
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of 0.4 � 0.4 � 0.4 mm3 with a temporal resolution 
of 83–165 ms and high diagnostic image quality 
over a wide range of heart rates up to 92 bpm with 
only 3–4% of no diagnostic segments, but motion 
artifacts of coronary arteries still occur (Flohr et 
al. 2005; Leber et al. 2005; Leschka et al. 2005; 
Raff et al. 2005).

Temporal windows providing the best image 
quality of different segments and types of coronary 
artery bypass grafts with 64-slice computed tomog-
raphy (CT) were evaluated in an experimental setup. 
Image quality of proximal segments did not signifi -
cantly vary with the temporal window, whereas for 
all other segments image quality was signifi cantly 
better at 60%, compared with other temporal win-
dows (Fig. 8.10) (Desbiolles et al. 2007).

Coronary artery stent lumen visibility was as-
sessed as a function of cardiac movement and tem-
poral resolution with an automated objective method 
using an anthropomorphic moving heart phantom. 
According to this study, the cardiac movement dur-
ing data acquisition is responsible for approximately 
twice as much blurring compared with the infl uence 
of temporal resolution on image quality (Groen et 
al. 2007). 

 8.4 
Infl uence the Bolus of Contrast Media by 
Heart-Lung Interactions

Several physiological heart and lung parameters can 
infl uence the bolus fl ow of contrast media, i.e., ef-
fects of respiration on venous systemic return, car-
diac output, circulatory blood fl ow, and pulmonary 
arterial resistance.

8.4.1 

Eff ect of the Systemic Venous Return

Variations of the systemic venous return have ma-
jor impacts on the pulmonary circulation. The 
superior vena cava and inferior vena cava contri-
butions to systemic venous return to the thorax 
vary with different respiratory maneuvers. When 
intrathoracic pressure remains constant, as dur-
ing breath-holds at end inspiration and expiration, 
the superior vena cava/inferior vena cava fl ow ratio 
is about 2:1, very similar to that observed during 
free breathing. When intrathoracic pressure be-

Fig. 8.10a–c. A 67-year-old patient after coronary artery bypass graft surgery with left internal mammary artery grafted 
to the middle segment of the left anterior descending artery with diffuse infi ltration by atheroma and mural calcifi cations 
(short arrows). MIP projection shows the distal part of the graft (long arrows) at 40% (a), 60% (b), and 70% (c) of the R-R 
interval. Visualization of the distal anastomosis is impaired at 40% and 70 % because of blurring artifacts, but acceptable 
at 60% of the R-R interval. Note the clip artifacts, which minimally hinder the distal anastomosis

a cb
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comes negative during continuous inspiration, the 
venous return to the right atrium increases nearly 
50% as shown by measurements performed using 
fl ow-encoded cine MR (Kuzo et al. 2007). Since the 
contribution to this increase is signifi cantly greater 
from the inferior vena cava, the relative increase of 
unopacifi ed blood dilutes contrast media generally 
injected through an arm vein. After a deep inspira-
tion, the blood volume with a lesser concentration 
of contrast media traveling to the pulmonary ar-
teries by the time scans are acquired at the level of 
pulmonary arteries. The consequence is a transient 
interruption of contrast material in a portion of 
the pulmonary artery compared to the proximal 
and distal portions of the same vessel. This artifact 
has been reported with frequency varying from 3% 
(Wittram 2003) to 37% (Gosselin et al. 2004), 
the large range being likely related to the type of 
instruction given to the patient to hold his breath. 
Both hyperventilation before scanning and deep in-
spiration are the exacerbating factors of this artifact 
and should be avoided before scanning (Wittram 
and Yoo 2007). Otherwise, patient age, body weight, 
and the amount of contrast medium are the most 
important factors associated with vessel enhance-
ment in CT pulmonary angiography (Arakawa et 
al. 2007).

8.4.2 

Eff ect of the Pulmonary Resistance

Pulmonary artery pressure has been reported to 
increase with patient age (Ghali et al. 1992). The 
pulmonary blood is consequently more stagnant, 
and the transit time of a small amount of contrast 
media through the pulmonary circulation be-
comes signifi cantly longer with patient age after 
adjustment for differences in blood pressure, body 
surface area, and cardiac function (Hartmann 
et al. 2002). A frequent observation is that opaci-
fi cation of pulmonary arteries is greater in older 
subjects compared to that observed in the young 
(Fig. 8.11). Resistance can be increased unilater-
ally and induces a swirl of contrast media in one 
arterial branch (Fig. 8.12). Retrograde enhancement 
of the inferior vena cava or hepatic veins during 
IV contrast-enhanced studies is a common fi nd-
ing, and elevated pulmonary resistances explain its 
association with right-sided heart disease, such as 
tricuspid regurgitation, pulmonary hypertension, 
and right ventricular systolic dysfunction in small 

series (Collins et al. 1995). However, this feature 
has also been observed in normal subjects, and the 
volume of contrast and rate of injection have both 
been shown to be involved in this fi nding (Yeh et al. 
2004). With an intravenous contrast injection rate 
less than 3 ml/s, the contrast refl ux into the inferior 
vena cava or hepatic veins on CT is highly specifi c, 
but not sensitive for right-sided heart disease, and 
unmasks decreased cardiac output reserve (Yeh et 
al. 2004).

8.4.3 

Eff ect of Cardiac Output

The systemic vascular enhancement response to IV-
injected contrast media is characteristic for a given 
territory and for a given patient. It depends on the 
anatomic distance between the injection site and the 
vascular territory of interest and on the encountered 
physiologic fl ow rates between these landmarks. Ar-
terial enhancement is lower in patients with high 
cardiac output and stronger in patients with low car-
diac output despite increased contrast media transit 
time (interval needed for the contrast media to ar-
rive in the arterial territory of interest). In subjects 
with a high cardiac output, more blood is ejected per 
unit of time, and consequently the contrast media 
per unit of time is more diluted.

Clinically, it has been observed that reduced 
cardiac output results in delayed and increased 
vascular enhancement (Sivit et al. 1992), but the 
body of evidence on the role of cardiac output has 
been shown by experimental investigation. Using a 
porcine model, Bae et al. (1998a) investigated how 
reduced cardiac output affects the timing of aortic 
and hepatic contrast medium enhancement. With 
reduction in cardiac output, the time from the in-
jection start to the arrival of contrast medium bolus 
in the aorta and the time from injection completion 
to peak aortic and the peak hepatic enhancement in-
creased signifi cantly. The time delay to the arrival of 
the contrast media bolus in the abdominal aorta was 
highly correlated with and linearly proportional to 
the reduction in cardiac output. This fi nding refl ects 
an increase in the circulation time with a decrease in 
cardiac output.

The time from the start of injection to peak aortic 
enhancement was related directly to the injection 
duration (Bae et al. 1998b). The peak hepatic en-
hancement increased only slightly, but the time de-
lay to peak hepatic enhancement correlated highly 
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with a reduction in cardiac output (Bae et al. 1998a). 
This refl ects the longer circulatory distance and 
greater dispersion of contrast media between the in-
jection and sampling site for the liver as compared 
with those in the aorta. The magnitude of both 
aortic and hepatic enhancement increased with re-
duced cardiac output, but magnitudes were different 

in the aorta and liver. The latter was not signifi cant, 
and the former was proportional to the decrease in 
cardiac output. Reduction of cardiac output results 
in decreased peripheral perfusion. The overall tis-
sue enhancement represents the amount of contrast 
media in the capillary and interstitial compartment 
divided by the total organ volume. With a slower 

Fig. 8.11a,b. Pulmonary artery angio-CT in a patient with a previous right middle lobe pulmonary resection with thoraco-
plasty for thoracic wall and pleural tuberculosis. a Low attenuation area is visible in the right main pulmonary artery and 
in the anterior segmental pulmonary artery (arrows) and is attributed to the slowed down circulation in the right arterial 
tree. At a lower level, the right inferior pulmonary vein remains unopacifi ed, conversely to the left one (b)

ba

Fig. 8.12a,b. CT angiography performed on a 16-row multidetector CT in two different patients of 75 (a) and 23 (b) years 
old. Both examinations were negative for pulmonary embolism. None had a detectable cardiac or pulmonary disease. Tech-
nical parameters were similar. The difference in the degree of enhancement was attributed to the increase of pulmonary 
resistance occurring with age

a b
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cardiac output, the contrast media stays longer in 
the capillary space, resulting in increased contrast 
media in that compartment. However, the capillary 
space volume is small relative to the organ volume, 
and contrast media delivery to the interstitial space 
is slower with decreased cardiac output. Therefore, 
the overall contrast media concentration in tissue is 
not substantially increased with decreased cardiac 
output.

8.4.4 

Eff ect of Circulatory Blood Volume

In parenchymal organs, the peak enhancement oc-
curs when the maximum amount of contrast me-
dia in the central blood volume is delivered to the 
capillary and interstitial compartments of the or-
gan. Contrast media fl ows from the central blood 
volume compartment to the parenchymal intersti-
tial compartment until the contrast media concen-
tration gradient between the two compartments 
equilibrates, that is, at the distribution equilibrium. 
Central blood volume is inversely related to arterial 
enhancement, but affects recirculation rather than 
the fi rst-pass effect (Dawson and Blomley 1996). 
Central blood volume correlates with body weight, 
and studies have shown that body weight is the most 
important for the magnitude of contrast medium 
enhancement, with an inverse relationship between 
contrast enhancement and patient weight (Heiken 
et al. 1995). The clinical effect of reduced circulation 
on contrast media enhancement can be observed 
in hypovolemic shock and systemic hypertension, 
where typical CT fi ndings include dense opacifi ca-
tion of arteries, bowel wall, and kidneys (Sivit et 
al. 1992).

8.4.5 

Consequences in Designing Protocols

These results are useful for designing strategies to 
optimize contrast medium enhancement of aorta 
and coronary arteries as well as myocardium en-
hancement in patients with reduced cardiac func-
tion. Achieving optimal contrast enhancement is 
necessary in coronary angiography to insure suf-
fi cient contrast between the coronary lumen and 
plaques or arterial wall and to assess stent potency 
based on intraluminal enhancement measurements 
(Hong et al. 2004).

High injection rates increase the attenuation val-
ues of the aorta and coronary arteries. However, 
the attenuation value reaches a plateau at rates over 
5 ml/s in the aorta and over 4 ml/s in the coronary 
arteries (Kim et al. 2008).

The time delay between the start of injection and 
scanning can be calculated with a bolus test or us-
ing semi-automated bolus-tracking software. Semi-
automated software typically requires a predeter-
mined enhancement threshold for a given organ 
of interest, and scanning is initiated when contrast 
media enhancement reaches this threshold. In case 
of severely compromised cardiac output, contrast 
media cannot sometimes reach the threshold be-
cause of overestimation, and scanning may be per-
formed too early when peak enhancement has not 
been reached. 

Several methods of designing the injection rate 
have been proposed. The constant rate, uniphasic 
method results in a steadily rising vascular con-
trast enhancement profi le with a single peak of 
enhancement occurring shortly after completion 
of the injection. However, vascular enhancement is 
not uniform throughout the entire image acquisi-
tion, and uniform enhancement is useful for image 
processing and display because some 3D post-pro-
cessing techniques are based on a threshold CT at-
tenuation value (Rubin et al. 1998). Other injection 
methods have been proposed to generate uniform 
vascular enhancement. The exponentially deceler-
ated technique was developed mathematically and 
is based on cardiovascular properties and phar-
macokinetics. The basic premise is that uniform 
vascular enhancement occurs when the constant 
medium outfl ow rate is balanced by the contrast 
media infusion rate. This steady-state contrast 
media accumulation in vessels is achieved by ad-
ministering contrast media into the central blood 
compartment at an exponentially decelerated rate 
to compensate for the dissipation of contrast me-
dia from the central blood compartment to the 
interstitial compartment (Bae et al. 2000, 2004). 
The optimal decay coeffi cient is proportional to 
the cardiac output per body weight and has been 
estimated to be 0.01% for humans with normal 
cardiac output. The biphasic or triphasic injection 
techniques can be considered as a simplifi ed form 
of the described multiphasic exponential method. 
Durations and rate of injections of each phase can 
be tailored by calculating the transfer function of 
the system from the Fourier transform of a test bo-
lus ( Fleischmann et al. 2000).
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However, streak artifacts arising from densely 
opacifi ed brachiocephalic veins or superior vena cava 
during contrast media administration may obscure 
neighboring structures and pathology. Similarly, ar-
tifacts arising from the right atrium and ventricle 
of the heart may obscure the right coronary artery. 
They can be removed when acquisition is performed 
after contrast media is already removed from the 
large veins by fl ushing the venous system with sa-
line immediately after the contrast media injection, 
a method also known as the bolus chaser (Haage et 
al. 2000). The use of a bolus chaser is also expected 
to allow volume reduction of contrast media at coro-
nary angiography (Han et al. 2000; Yamashita et 
al. 2000).

8.4.6 

Eff ect of Physiological Parameters on 

Pulmonary Perfusion

MDCT has the ability and has the resolution to ex-
plore the relationships between lung ventilation, 
regional lung fl ow, and lung structure at a regional 
level with a unique spatial resolution. While the 
physiologist has access to a number of techniques 
to evaluate lung function, such as multiple inert 
gas elimination technique or the injection of micro-
spheres, these techniques have signifi cant disadvan-
tages, including lack of spatial information or low 
spatial resolution and, in the case of microspheres, 
an inability to make measurements in humans. The 
functional imaging techniques based on magnetic 
resonance (MR), computed tomography (CT), or 
positron emission tomography (PET) hold substan-
tial promise. Early studies were conducted thanks 
to Ultrafast or Cine CT (Imatron Corporation, San 
Francisco, CA). Today, MDCT 64 section scanners 
can acquire volumetric images in a single rotation 
completed in as little as 0.3 s within a breath hold of 
5 s or less and with a z-axis coverage of four centi-
metres (cm). With the two tubes mounted orthogo-
nally in dual-source CT, both spiral acquisitions can 
run simultaneously, which largely excludes changes 
in contrast enhancement or patient movement be-
tween the acquisitions. With dual-energy CT, the 
separate 80 and 140 KVp images are analyzed using 
specifi c software to determine the iodine content 
of every voxel based on the decomposition for soft 
tissue, air, and iodine (Johnson et al. 2007). Im-
ages are displayed on a workstation with the virtual 
enhancement as greyscale background and iodine 

content superimposed and color-coded (Chon et al. 
2006).

The concept of measurement of pulmonary 
blood fl ow has been established using a single-
compartment model of indicator transport in 
which fl ow is proportional to maximal enhance-
ment, in which the assumption is that tissue ac-
cumulation of the indicator is nearly completed 
before the onset of the wash-out (Wolfkiel and 
Rich 1992). The signal within a single voxel related 
to microvascular blood fl ow can be extracted from 
CT images. Time-attenuation curves in the feed-
ing artery and in the peripheral region are used 
to extract the transfer function, which expresses 
the mathematical function serving to convert the 
arterial curve into the parenchymal curve. The 
transfer function is of bimodal type, and this re-
fl ects the partial volume microvascular bed. Once 
eliminated, the fi rst portion of the transfer func-
tion, the arterial curve, can be reconvolved using 
the second portion, and a time-attenuation curve 
refl ecting microvascular perfusion can be derived 
(Hoffman and Chon 2005).

Although clinical use of the assessment of pul-
monary perfusion by MDCT has been so far lim-
ited to pulmonary embolism and to the evaluation 
of tumor vascularity, there are many potential 
applications in the fi eld of physiology and phys-
iopathology. The main physiological characteris-
tic of pulmonary perfusion is matching between 
ventilation (V) and perfusion (Q), which is criti-
cal for adequate gas exchange. However, regional 
heterogeneity of V/Q exists, and posture, breath 
holding, and exercise have substantial effects on 
regional blood fl ow (Hopkins 2004). The distri-
bution of blood fl ow is posture dependent in the 
right lung, but not in the left one, and the heart 
weight may play a role in this difference (Chon et 
al. 2006). Gravity-related gradients in the lung can 
be demonstrated (Wolfkiel and Rich 1992), but 
the effects of gravity are modifi ed in the supine 
and lower decubitus position because perfusion 
is more uniformly distributed (Amis et al. 1984). 
Although important, gravity is, however, not the 
predominant determinant of pulmonary perfusion 
heterogeneity (Glenny et al. 1999). The relative ef-
fect of vascular branching morphometry has been 
shown to be a dominant factor in fl ow distribution, 
whereas that of gravity is only minor (Burrowes 
et al. 2005). Many of these physiological results 
have been obtained by using experimental data ob-
tained from MDCT.
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 8.5 
Interaction among Pulmonary, Systemic, 
and Lymphatic Circulations

The basis of understanding the pathophysiology of 
pulmonary edema relies on the knowledge of the 
three circulations of the lung, pulmonary, bronchial, 
or systemic and lymphatic. Actually, the lymphatic 
system provides an important drainage mechanism 
for fl uid being fi ltered from pulmonary blood vessels 
and from bronchial blood vessels.

The structural architecture of the lung infl uences 
the amount and direction of water within the lung. 
In the normal lung, the surface area of gas exchange 
is about 70 m2, and capillaries form a network of 
about 10 μ in diameter ramifying over the surface of 
the alveoli and containing a volume per lung of only 
90 to 120 ml of blood. The basement membrane of 
the endothelial wall of a capillary facing the alveolus 
is fused with the basement membrane of the alveo-
lar epithelium (thin side of the alveolocapillary in-
terface). By contrast, the capillary wall facing away 
from the alveolar wall is separated from the neigh-
boring alveolus by the interstitial space (the thick 
side of the alveolocapillary interface) (Fig. 8.13). To 
support the stress of various physiological respira-
tory maneuvers, alveolar septa have remarkable 
strength due to the extracellular matrix, particu-
larly the presence of type IV collagen (Milne and 
Pistolesi 1993).

The alveolar septa do not contain lymphatics, but 
the nearby peribronchiolar sheaths do, the end of 
the lymphatics capillaries having a fenestrated en-
dothelial layer and discontinuous basement mem-
brane. These anatomic features combine to provide 
in normal circumstances the fi ltering of effi cient 
drainage liquid from the capillaries and at the same 
time permits gas exchange between capillaries and 
alveoli.

Four potential pathways by which this fl uid can 
leave the lung exist: (1) via resorbtion directly back 
into the vasculature, (2) by moving through the 
interstitium directly into the peribronchial cuffs, 
(3) through lymphatics directly adjacent to large 
pulmonary vessels, or (4) by bulk transport into the 
airway lumen and subsequent clearance via muco-
ciliary removal.

The physiologic factors determining the rate of 
liquid and solute exchange across a capillary wall are 
(1) intravascular hydrostatic pressure (HPiv), (2) ex-
travascular hydrostatic pressure (HPev), (3) intra-

vascular oncotic pressure (OPiv), and (4) extravas-
cular oncotic pressure (OPev). Oncotic pressure acts 
in an opposite direction to hydrostatic pressure. The 
theoretical amount of fl uid Qf fi ltered per unit area 
and per unit of time is given by the Starling equation 
Qf = Kf (HPiv – Hpev) – t(OPiv – Opev). Kf represents 
the conductance of the capillary wall and t the on-
cotic refl exion coeffi cient, expressing the permeabil-
ity of the capillary membranes to macromolecules. 
The greater the refl ection coeffi cient is, the more the 
passage of macromolecules will be restricted, thus 
decreasing overall fl uid fi ltration. The net fl ow Fnet 
is defi ned as Qf-Ql, in which Ql represents lymphatic 
absorption and Qf fl uid transudation or fl uid fi ltra-
tion. Although in normal conditions the endothelial 
cells are relatively impermeable to protein but re-
main permeable to water and solutes, the tight inter-
cellular junctions of the alveolar epithelium remain 
impermeable to water and solutes, thus constituting 
an effective barrier that is a major factor in prevent-
ing the development of pulmonary edema (Milne 
and Pistolesi 1993) (Fig. 8.14).

There are two ways in which fl ow of water out of the 
capillaries can be increased: (1) increased transmural 
pressure (hydrostatic and/or oncotic), the most com-
mon causes being left heart failure and mitral valve 

Fig. 8.13. Ultrastructure of a subnormal lung septum between 
two alveoli. On one side, the alveolus is separated from the 
capillary (C) by only the fused basement membranes (small 
arrows) of the alveolar epithelium and of the capillary en-
dothelium. On the other side, the alveolus is separated from 
the capillary (C) by the alveolar epithelium (E), the intersti-
tial space fi lled with fi broblasts (F) containing a few collagen 
fi bers (C) and small pools of free liquid (S). Small  arrow in-
dicates a pneumocyte type I cytoplasmic expansion. Bar is 2 
microns length (Courtesy of H. Begueret, Bordeaux)
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disease and (2) reversible or irreversible damage of 
the endothelial cell junctions. Elevated pressure 
edema is characterized by two pathophysiologic and 
radiological phases: interstitial edema and alveolar 
fl ooding. The intensity and duration of each phase 
are clearly related to the degree of increased pres-
sure, determined by the hydrostatic-oncotic pres-
sure ratio. Pulmonary edema is traditionally divided 
into hydrostatic or cardiogenic caused by an increase 
capillary pressure and high-permeability edema due 
to an increased permeability of the capillary wall. 
There is, however, substantial overlap between these 
two groups (West and Mathieu- Costello 1995). 
Experimental conditions have shown that there is a 
spectrum of types of pulmonary edema as the capil-
lary pressure is raised from low to high values. Fluid 
moves from the capillary lumen into the alveolar wall 
interstitium and possibly into the alveolar space. The 
result is the so-called hydrostatic edema. Finally, at 
even higher pressures, stress failure occurs with dis-
ruption of the capillary endothelial and/or alveolar 
epithelial layers and results in a high-permeability 
edema type. Thus, as the capillary pressure gradu-
ally rises from normal to high levels, the fi rst stage 
is a hydrostatic edema, but this is followed by a high-
permeability edema type. Clinical conditions involv-
ing stress failure of pulmonary capillaries include 
those in which an increased capillary pressure is 
suffi ciently high to cause permeability edema, neu-
rogenic edema, high-altitude pulmonary edema, and 
ARDS following trauma. Occasionally, it can also be 
encountered in human athletes after extreme exercise 
(West and Mathieu-Costello 1995) (Fig. 8.15).

The extent of lymphatic clearance regarding the 
bronchial circulation is less known. Recent work, 
however, has reported that a substantial fraction of 
lymph fl ow originates from leakage of bronchial blood 
vessels, that is, from the airway wall, but is unlikely 
to cause airway obstruction (Wagner et al. 1998).

Fig. 8.14. Schematic drawing of the 
interstitial space between two alveoli. 
Unfused basement membrane (thick) 
side of the alveolus. Alveolar epithe-
lial junctions are tight (A) and en-
dothelial cell loose (B). Starling forces 
operating on the capillaries result in 
fl uid transudate out of the arterial 
end of the capillary (approximate 
transmural pressure +7 mmHg) and 
is partially reabsorbed (transmural 
pressure –3 mmHg) at the venous 
end of the capillary. The continual 
excess water formed fl ows toward the 
lymphatics where it is picked up and 
removed (modifi ed from Milne and 
Pistolesi 1993)

Fig. 8.15. Exercise-induced pulmonary hemorrhage. A 42-
year-old marathon runner repeatedly developed a small 
amount of hemoptysis after extreme physical exertion. Ex-
tensive investigations revealed no abnormalities, but ground-
glass opacities consistent with alveolar bleeding 24 h after a 
new hemoptysis. Abnormalities are bilateral, but less visible 
on the left lung due to motion artifacts. A high-permeabili-
ty-type edema induced by elevated pulmonary pressure due 
to the very high cardiac output needed for oxygen consump-
tion was suggested based on these fi ndings
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 8.6 
Heart-Lung Interactions in 
Near-Normal Anatomical Conditions

In the previous paragraphs, we have described 
physiological interactions between heart and lung. 
There are, however, some particular situations in 
which heart-lung interactions play a signifi cant role 
in revealing symptoms that would not occur without 
the conjoined effect of an anatomical change and 
physiological interactions. Such a condition is the 
patent foramen ovale (PFO), which may cause an 
intermittent right-left shunt when right atrial pres-
sure exceeds the left atrial pressure.

PFO is the most frequent asymptomatic right-left 
shunt, found to have an autopsy incidence of 27–29% 
in the general population, and has no hemodynamic 
signifi cance at rest (Hagen et al. 1984). It has been 
shown to be associated with several clinical condi-
tions, including cryptogenic stroke, unexplained 
decompression sickness in divers, and recently mi-
graine headache (Hara et al. 2005). PFOs are often 
associated with atrial septum aneurysms, defi ned as 
a total septal excursion of 15 mm or more. PFO is an 
oblique slit-like valve, a remnant of the fetal circula-
tion incompletely fused after birth. Before birth, the 

oxygenated placental blood enters the right atrium 
via the inferior vena cava and then crosses the valve 
of the foramen ovale to enter the systemic system. 
Anatomically, inferior vena cava fl ow is directed to 
the interatrial septum and foramen ovale, whereas 
superior vena cava and coronary sinus fl ows are 
directed away. The amount of shunting is below 
the threshold level for oximetry detection. Today, 
echocardiography is the principle method of assess-
ment, particularly TTE and TEE. Both are used with 
saline contrast, and saline contrast appearing in the 
left heart within three cardiac cycles of its appear-
ance within the right heart during normal breathing 
is consistent with shunting and a resting PFO. The 
method can be sensitized by Valsalva maneuver or 
repeated cough because of an increase in heart pres-
sure (Dubourg et al. 1984). Measurement of ana-
tomical size by direct measurement of slit width or 
color Doppler is also possible. Both the largest sized 
PFO and resting PFO are more frequently noted in 
pathological conditions. Direct detection of large 
PFOs has been performed thanks to the high spa-
tial and temporal resolution of MDCT (Manghat 
et al. 2007) (Fig. 8.16). Dynamic study of the fossa 
ovalis during the relapse of Valsalva maneuver and 
comparison with MDCT in a population with cryp-
togenic stroke has shown that MDCT was able to 

Fig. 8.16a,b. Patent foramen ovale incidentally discovered in a patient prior to atrial radio-frequency ablation procedure and 
subsequently confi rmed by contrast echocardiography. ECG-gated CT with contrast medium enhancement and saline bolus 
chaser. A subtle fl ush of contrast in the right atrium and a defect of the interatrial septum (arrow) are visible on transverse 
section (a) and sagittal oblique multplanar reformation (b)

a

b
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depict high-grade PFOs thanks to the enhancement 
of left atrium before pulmonary veins (Revel et al. 
2007).

The presence of an anatomical and physiologi-
cal PFO has been proposed as the main explanation 
for poor enhancement of pulmonary arteries at CT 
angiography when seen in combination associated 
with early and strong enhancement of the thoracic 
aorta and suffi cient contrast media within the su-
perior vena cava (Fig. 8.17). The physiological right-
to-left shunt happens during deep inspiration, after 
the Valsalva maneuver, or coughing when the right 
atrial pressure exceeds the left atrial pressure. In a 
result of a study of 244 patients suspected for PE, 
16% of the patients were found with this abnormal 
contrast dynamic on their scans and an intracar-
diac right-to-left shunt (Henk et al. 2003). These 
results support the fact that, in patients with a prior 
detected PFO, subsequent CT examination should 
be performed during slow respiration or near-end 
expiration. Most recent scanners allow decreasing 
imaging times and therefore enabling dyspneic pa-
tients to hold their breath in expiration throughout 
the whole study.

Fig. 8.17. Poor enhancement of pulmonary trunk and main 
arteries, whereas aorta and superior vena cava are well opac-
ifi ed in a pulmonary artery CT angiography performed for 
suspected pulmonary embolism. A patent PFO was found at 
transesophageal echocardiography

PFOs can play an important role in hemodynamic 
changes after lung surgery and are a potential cause 
of the clinical deterioration that may be observed af-
ter pulmonary resection. Increased gradient across 
the PFO could be induced by restriction of the pul-
monary vascular bed and by compression of the right 
atrium by the weight of the postoperative hydrotho-
rax, and a symptomatic right-to-left shunt can occur 
after pulmonary resection. This rare clinical con-
dition is called platypnea-orthodeoxia syndrome, 
which is almost exclusively observed after right a 
pneumonectomy (Marini et al. 2006). It typically 
evolves after an interval of a few months without rel-
evant symptoms after the operation and is posture-
dependant with worsening of dyspnea and arterial 
oxygen desaturation in the upright position and relief 
by recumbency. Various hemodynamic explanations 
have been proposed, but the precise mechanism re-
mains unclear today. Proposals are that the vertical 
position causes a decrease in the venous oxygen satu-
ration and generates a cycle of elevated right atrial 
pressure, increased pulmonary vascular resistance 
caused by the reduced vascular bed, which causes el-
evation of the right ventricular end-diastolic pressure 
and increases right atrial pressure, and the weight of 
the heart in the shifted position pulling downward 
on the interatrial septum and causing the foramen 
ovale to open or widen. However, anatomic relation-
ships among the right atrium, superior and inferior 
vena cava after pneumonectomy cause preferential 
fl ow through a PFO or ASD, even in the absence of a 
pressure gradient (Bakris et al. 1997; Mercho et al. 
1994). The detection of PFO has been proposed before 
performing a pneumonectomy in order to prevent 
hemodynamic impairment (Aigner et al. 2008).

Other causes of hemodynamic impairment can 
occur after pneumonectomy. The massive relax-
ation and consecutive elevation of the diaphragm 
and the compression of the right atrium or inferior 
vena cava (Fig. 8.18) can be observed after diaphrag-
matic resection as well as with intact diaphragm 
and may be responsible for changes with sometimes 
clinical signifi cance (Huwer et al. 2006; Patane et 
al. 2007). 

Other thoracic deformities can be susceptible to 
inducing hemodynamic changes involving respira-
tory consequences. The study of cardiac function 
in subjects with pectus has shown an impairment 
in right ventricular diastolic fi lling, which may be 
especially evident at exercise and is related to the 
severity of the chest wall deformity (Sigalet et al. 
2003, 2007). This has been demonstrated using a 
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Fig. 8.18a,b. CT scan 6 months after right pneumonectomy for bronchial squamous cell carcinoma cancer in a 
64-year-old male patient explored for progressively increasing dyspnea. Massive elevation of the right diaphragm 
and consecutive obstruction of inferior vena cava were thought to be responsible for the dyspnea. Neither pulmo-
nary nor recurrence causes were found, nor was a patent foramen ovale discovered at contrast echocardiography

a b

Fig. 8.19a,b. Severe pectus excavatum in an 18-year-old male patient. The patient complained of exercise-induced 
dyspnea. CT angiography shows the deformed and compressed right atrium

a b

variety of functional and imaging techniques, such 
as echocardiography, nuclear medicine, and an-
giography, and improvement after open and closed 
repair has been shown (Sigalet et al. 2003, 2007; 
 Shamberger 2000; Shamberger and Welch 1988; 
Xiao-Ping et al. 1999). Since MDCT is nowadays re-
quired for evaluating the severity and therefore se-
lecting patients for surgery, it has the ability to iden-

tify and even quantify the degree of compression of 
the right ventricle, the shift of the heart on the left 
side, and the effects on left lower lobe ventilation 
and perfusion (Fig. 8.19). Congenital absence of the 
left pericardium can be responsible for deformity of 
the right ventricle (Fig. 8.20) and may be symptom-
atic for similar reasons, and in addition conveys the 
risk of heart herniation (Montaudon et al. 2007).
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 9.1 
Introduction

By defi nition, adverse reactions to drugs develop un-
predictably in patients exposed to therapeutic doses 
of ‘drugs,’ which include such respiratory gases as 
dioxygen (O2) and nitric oxide (NO). Accordingly, 
misuse, disuse, drug interactions, deliberate or acci-
dental overdoses, illicit drugs, and radiation therapy 
are outside the province of this chapter. Notwith-
standing that, it is diffi cult to cover this topic with-
out mentioning the features of respiratory reactions 
occasioned by abused substances, herbals, radiation 
therapy, overdoses of drugs, and procedures when 
these overlap with the features or are in the dif-
ferentials list for drug-induced respiratory disease 
(Hagan and Burney 2007).

Drug-induced respiratory injury has become 
an important area of pulmonary medicine, with 
406 drugs overall capable of causing a constella-
tion of distinct patterns of respiratory involvement, 
among which interstitial lung disease, pulmonary 
edema, alveolar hemorrhage, and pleural involve-
ment are the most common (Pneumotox

� 1997). 
The level of evidence for drugs as the cause of respi-
ratory disease is wide ranging and depends on the 
incidence rate and distinctiveness of the adverse re-
action, and on the possibility that other causes may 
cause it, or that it may occur idiopathically. Several 
methodologies exist (Rothman 2000; Etminan et 
al. 2006), even for isolated case reports (Srihari and 
Lee 2008). The full list of causal drugs along with an 
estimate of incidence is available at www.pneumo-
tox.com (Pneumotox

�) (Pneumotox
� 1997). The 

list of cardiac drugs is shown in Table 9.1.
Drug-induced respiratory disease in cardiac pa-

tients has changed with time. Reports in the 1950s 
and 1960s focused on organizing pneumonia as a 
complication of treatments with the early gangli-
onic blockers (hexamethonium, mecamylamine), 
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Table 9.1. Cardiac drugs and the corresponding patterns of respiratory involvement 

Adenosine Bronchospasm
Cardiac arrest
ECG changes

Amiodarone Interstitial pneumonia with 
   dyslipidosis
Organizing pneumonia/
BOOP
Pulmonary fi brosis
ARDS
Lone pleural effusion
SLE

Analgesics Pulmonary edema
Propofol infusion syndrome 
   or PRIS

Anesthetic agents 
(systemic)

Anaphylaxis
Violent coughing

Anesthetic agents 
(topical)

Anaphylaxis
Methemoglobinemia

Angiotensin-converting 
enzyme inhibitors

Angioedema � upper airway 
   obstruction
Cough
Eosinophilic pneumonia
SLE

Anorectic agents Pulmonary hypertension

Antibiotics Anaphylaxis
Eosinophilic pneumonia

Anticoagulants (oral) Alveolar hemorrhage
Hematoma compressing the 
   major airway

Aprotinin Anaphylaxis

Aspirin/NSAIDs Anaphylaxis
Bronchospasm, sudden 
   asthma attack
Eosinophilic pneumonia
Pulmonary edema

Beta-blocking agents Bronchospasm, sudden 
   asthma attack
Interstitial pneumonia
Pleural effusion
SLE

Blood, blood products Pulmonary edema
TRALI/ARDS

Dextran Anaphylaxis

Doxorubucin Acute myocardial failure, 
pulmonary edema

Epinephrine (adrenaline) Pulmonary edema

Ergolines Pleural effusion/thickening

Factor VIIa Thromboembolism

Fibrinolytic agents 
(systemic, intracoronary)

Alveolar hemorrhage
Hematoma compressing the 
   major airway

Flecainide Interstitial pneumonia

Glitazones Pulmonary congestion/edema
Pleural effusion

Glycoprotein IIB/IIIA 
receptor inhibitors

Alveolar hemorrhage

Heparin Alveolar hemorrhage
Anaphylaxis

Hydrochlorothiazide Pulmonary edema 
   (relapsing with rechallenge)

Latex* Asthma*
Bronchospasm*
Anaphylaxis 

Lupus-inducing drugs 
(Rubin 2005)

Pleural, pericardial effusion
Interstitial pneumonia

Nafazoline (topical) Pulmonary edema

Neuromuscular blocking 
drugs

Anaphylaxis
Respiratory failure
Upper airway obstruction

Opiates Pulmonary edema
Respiratory failure

Radiation therapy Mediastinal fi brosis
Pulmonary vein stenosis
Pericardial/pleural effusion
Pulmonary fi brosis

Radiographic contrast 
agents

Anaphylaxis
Bronchospasm
Pulmonary edema

Statins Interstitial pneumonia
BOOP
SLE

Vasopressin Pulmonary edema

* Can affect health-care workers as well. ARDS: adult respira-
tory distress syndrome; BOOP, bronchiolitis obliterans 
organizing pneumonia; SLE: systemic lupus erythematosus; 
TRALI, transfusion-related acute lung injury
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drug-induced lupus, hydrochlorothiazide-induced 
pulmonary edema, and anticoagulant-induced 
complications (Foucher et al. 1997). In the 1980s, 
amiodarone emerged as a signifi cant cause for pul-
monary toxicity, and the disease is still prevalent to-
day (Ernawati et al. 2008). Recent additions include 
angiotensin-converting enzyme inhibitor (ACEI)-
induced cough (Dicpinigaitis 2006) and upper air-
way obstruction (Sondhi et al. 2004), statin-induced 
interstitial lung disease (Fernandez et al. 2008), 
glycoprotein IIB/IIIA receptor inhibitor-induced al-
veolar hemorrhage (Iskandar et al. 2006), transfu-
sion-related lung injury (TRALI) (Popovsky 2008), 
and sirolimus-, temsirolimus-, and everolimus-in-
duced pneumonitis (Pneumotox

� 1997).
The clinical expression of drug-induced respira-

tory disease and the way it impacts lung functions 
depend upon its suddenness, nature, and location, 
with laryngeal edema, acute pulmonary edema, al-
veolar hemorrhage, and progressive parenchymal 
fi brosis ranking highest in terms of severity. The 
untoward consequences of adverse respiratory reac-
tions can be further compounded by drug-induced 
hemorrhage, hemodynamic instability, or shock, 
and also depend upon the underlying disease for 
which the drug was exactly prescribed.

Notable features of drug-induced respiratory dis-
ease in cardiac patients include the following:

The diagnosis of drug-induced lung disease is  �
against the pulmonary manifestations of left ven-
tricular failure, which at times are diffi cult to dif-
ferentiate from the drug-induced disease on imag-
ing (Gluecker et al. 1999). Cardiac ultrasound 
examination, judicious use of drug therapy with-
drawal, corticosteroid therapy, and diuresis help 
segregate these conditions.
Subclinical left ventricular failure and the con- �
founding infl uence of smoking may impact lung 
volumes, diffusing capacity for carbon monox-
ide, and inspiratory muscle force (Johnson et 
al. 2001; Stelfox et al. 2004), causing deviations 
in baseline lung function from predicted values 
that are diffi cult to predict. Therefore, measure-
ment of pulmonary physiology is a useful step 
before commencing treatments with drugs that 
commonly cause pulmonary toxicity (e.g., amio-
darone) (Stelfox et al. 2004), as any data during 
treatment can then be compared to pre-therapy 
evaluation to separate adverse drug effects from 
previous abnormalities.
Drug-induced effects in lung can be nonspecifi c.  �
Thus, histopathology may not be an adequate 

means to prove or disprove drug-induced disease 
(Flieder and Travis 2004). Accordingly, due to 
the risks inherent to the procedure, a lung biopsy 
is rarely justifi ed, and in the majority of pulmo-
nary drug reactions, the diagnosis is suggested 
using clinical, laboratory, and radiologic features, 
and confi rmed by the dechallenge test.
A number of adverse respiratory reactions to  �
drugs develop acutely and unexpectedly shortly 
after drug administration, causing life-threatening 
respiratory emergencies (Bonniaud et al. 2006). 
Instant recognition is an essential guide to proper 
management and avoidance of re-exposure. Thus, 
physicians and nurses in cardiology, anesthesia, 
intensive care, and surgery should be cognizant of 
the multiple possibilities of drug-induced respira-
tory involvement.
Several drug classes as a whole (e.g., angiotensin  �
convertase inhibitors, beta-blocking drugs, sta-
tins, anticoagulants, and glycoprotein IIB/IIIA 
receptor inhibitors) occasion similar adverse 
respiratory reactions. Thus, patients who present 
with adverse reactions to one drug should prob-
ably not be challenged with drugs of the same 
family, since chances are that they may adversely 
cross-react.
The risk associated with drug therapy withdrawal  �
(an essential diagnostic tool in drug-induced dis-
ease) should be balanced against its benefi ts. For 
instance, amiodarone withdrawal may require 
coverage with another antiarrhythmic drug to 
prevent recurrence of ventricular arrhythmia.
A number of drugs and physical agents cause  �
cardiac injury (Hagan and Burney 2007; Pros-

nitz et al. 2005; Yahalom and Portlock 2008), 
which may manifest with the classic features of 
left ventricular failure, valvular involvement, peri-
cardial effusion, or tamponade. Although the pres-
ent chapter does not address this area specifi cally, 
cardiac and pulmonary toxicity of drugs share 
several features.
Due to their age range, patients with cardiac con- �
ditions may suffer from or develop other medical 
conditions requiring treatment with other drugs. 
Typical examples include drugs used to treat high 
blood pressure, type II diabetes mellitus, rheuma-
toid arthritis, or depression. It is incumbent upon 
clinicians to review all drugs capable of causing 
respiratory injury using appropriate sources of 
information (Pneumotox� 1997).
Medical, imaging, or surgical procedures (e.g.,  �
placement of venous catheter, Swan-Ganz line, 
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pacemaker, coronary stents, coronary angiography, 
cardiac catheterization, coronary artery bypass 
graft, and gastric banding) may cause pleural, 
cardiac, or vascular injury (Plataki and Bouros 
2004), which may manifest with pneumothorax, 
serous or sanguineous pleural effusion, hemo-
pericardium, air embolism, or pulmonary artery 
aneurysm, not to mention acupuncture, injections 
of street drugs, and self-infl icted damage (Hagan 
and Burney 2007; Plataki and Bouros 2004; 
Newcomb and Clarke 2005).

 9.2 
Causal Drugs

Table 9.1 lists the main cardiac drugs that may 
cause adverse respiratory reactions, along with cor-
responding patterns of involvement (Pneumotox

� 
1997). Not mentioned in this list are herbals, illicit, 
laced, or abused substances, solvents, chemicals, 
and radiation therapy to the breast or chest, which 
may also cause lung or heart injury. History taking 
should include exposure to the latter agents, the list 
of which is expanding (Hu et al. 2005; Nanda and 
Konnur 2006; Alapat and Zimmerman 2008).

 9.3 
Diagnostic Criteria

Causality assessment is the crux of the diagnosis of 
alleged adverse reaction to drugs.

9.3.1 

Hill Criteria

In 1965, Hill delineated the following criteria to 
separate causation from association between en-
vironment (to which drugs are related) and signal 
(disease) that still stand today:

Strength of signal, which is refl ected by the num-
ber of published reports or, if available, by incidence 
rates in patients exposed to the drug as opposed to 
unexposed controls.

Consistency, i.e., the signal is repeatedly observed 
by different persons, in different places, settings, 
ethnic groups, circumstances, and times.

Specifi city, refl ected by the distinctive clinical, 
biological, imaging, or histopathological features of 
the signal, or alternatively, refl ected by the magni-
tude of the association of the signal with exposure 
to the specifi c drug or agent.

Temporality, when a defi nite timing of therapy 
(latency period, time to onset of pulmonary symp-
toms, effect of therapy withdrawal, and recurrence 
with rechallenge).

Drug-induced diseases having a gradual and in-
sidious onset, those that develop following a free in-
terval after termination of treatment, or those that 
occasion an irreversible and progressive pattern 
of involvement that is uninfl uenced by drug with-
drawal may fail to meet this criterion.

Biological gradient, when a dose-versus-signal 
relationship can be evidenced.

Plausibility, which depends on knowledge of the day.
Coherence, when the adverse reaction results 

from a foreseeable pharmacologic effect of the drug 
(e.g., anticoagulation and alveolar hemorrhage).

Supportive experimental evidence when the dis-
ease can be reproduced in animal models.

Analogy, if chemically or pharmacologically re-
lated drugs produce analogous adverse effects.

Tests of signifi cance when controlled studies are 
available.

9.3.2 

Naranjo Criteria

The Naranjo scale (Naranjo et al. 1981) articulates 
approximately ten questions:

Are there previous conclusive reports on this reac-1. 
tion?
Did the adverse event appear after the suspected 2. 
drug was administered?
Did the adverse reaction improve when the drug 3. 
was discontinued or a specifi c antagonist was 
administered?
Did the adverse reaction reappear when the drug 4. 
was re-administered?
Are there alternative causes (other than the drug) 5. 
that could on their own have caused the reaction?
Did the reaction reappear when a placebo was 6. 
given?
Was the drug detected in the blood or other fl uids 7. 
in concentrations known to be toxic?
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Was the reaction more severe when the dose 8. 
was increased or less severe when the dose was 
decreased?
Did the patient have a similar reaction to the same 9. 
or similar drugs in any previous exposure?
Was the adverse event confi rmed by any objective 10. 
evidence?

Scoring (–1 to +2) is assigned to each question de-
pending on whether the answer is ‘yes,’ ‘no,’ or ‘do 
not know.’ The reaction is judged defi nite, probable, 
possible, or doubtful if the total score is >9, 5–8, 
1–4, and �0, respectively. Numbers are less subject 
to variability and are generally preferred to words 
to gauge plausibility.

9.3.3 

Irey Scoring

The scoring system by Irey (1976) consists of the 
following:
1. Correct identifi cation of the drug, with evidence 

for exposure to the agent, and estimates of dose 
and duration of exposure.

2. Exclusion of other primary or secondary lung dis-
eases.

3. Temporal eligibility and appropriate latent period.
4. Remission of symptoms with removal of drug. Re-

currence with rechallenge.
5. Singularity of drug: can other drugs the patient is tak-

ing compete to explain the clinical-imaging picture?
6. Characteristic pattern of reaction to a specifi c 

agent from previous documentation.
7. Quantifi cation of drug levels that confi rms abnor-

mal levels.

The degree of certainty is then deduced: caus-
ative, probable, or possible.

9.3.4 

Proposal

A scoring system specifi c to adverse respiratory re-
actions has yet to be tested. A tentative list could 
include the following:

Correct identifi cation of the drug(s) the patient is  �
exposed to, including batch number and route of 
administration (almost no route renders patients 
immune to the development of drug-induced 
respiratory disease).

Drug singularity. If the patient was concomitantly  �
exposed to several drugs, it is necessary to evalu-
ate the possible contribution of each drug taken in 
isolation or in combination to the reaction under 
scrutiny.
Risk evaluation. Were there any risk factors, such  �
as advanced age, atopy, ethnicity, a history of 
abnormal pulmonary function, or infi ltrative lung 
disease? Was the daily or cumulative dosage of the 
drug within the above-recommended range?
Availability of pretherapy pulmonary evaluation  �
to which imaging or pulmonary function can be 
compared during treatment. This will confi rm 
that the observed changes did occur concomi-
tantly with treatment and do not refl ect previous 
abnormalities independent from treatment with 
the drug under evaluation.
Evidence-based evaluation of the signal in the  �
literature in terms of magnitude and distinctive-
ness. For example, the signal of amiodarone pul-
monary toxicity with several hundred reported 
cases, distinctive histopathology, and signifi cantly 
increased risk of pneumonitis in patients exposed 
to the drug is strong. Although not many cases of 
eosinophilic pneumonia are associated with ACEI, 
the distinctiveness of this pattern of reaction and 
positive dechallenge test make drug causality 
plausible (Etminan et al. 2006; Srihari and Lee 
2008; Rothman et al. 2004).
Symptom-exposure relationship or temporality.  �
A prerequisite for entertaining the diagnosis of 
drug-induced disease is the occurrence of symp-
toms after commencement of treatment with the 
suspected drug. Hence, pretherapy evaluation is 
useful to make sure the changes are not spurious. 
A very short time to onset of a few minutes or 
hours suggests the drug etiology. Drug-induced 
bronchospasm, anaphylaxis, or pulmonary edema 
typically demonstrate a short to very short expo-
sure-symptom relationship, while it takes a few 
days, weeks, or months for alveolar hemorrhage, 
interstitial lung disease, or pleural involvement to 
develop, and up to several years for amiodarone 
pulmonary toxicity to do so. Ideally, abatement 
of all signs and symptoms [including abnormal 
blood tests such as antinuclear antibodies (ANA)] 
should follow drug discontinuation. Drug condi-
tions that are rapidly progressive (e.g., acute pul-
monary edema, alveolar hemorrhage, interstitial 
lung disease) or irreversible (e.g., fatal reactions, 
pulmonary fi brosis) may fail to meet this crite-
rion. Likewise, amiodarone withdrawal may not 
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translate into improvement, owing to the persis-
tence of the drug in lung tissue. Corticosteroids 
interfere with assessment of the effect of drug 
discontinuance and for that reason are reserved 
for patients with symptomatic or extensive dis-
ease. Relapse upon rechallenge with the suspected 
drug is considered irrefutable evidence for a drug 
condition. However, deliberate rechallenge rarely 
is performed for diagnostic purposes because 
the risks of the procedure are unknown. How-
ever, history-taking should inquire about previ-
ous relapse(s) following iterative exposure to the 
drug, as has been described with ACEI-induced 
angioedema and hydrochlorothiazide-induced 
pulmonary edema. When present, this fi nding 
has a diagnostic contribution nearly identical to 
a positive rechallenge.
Quantifi cation of the drug [and metabolite(s) if  �
applicable] levels in blood, other fl uids, or tissues. 
Although this step is easily missed at the time of 
admission, it is useful to the diagnosis of aspirin-
induced pulmonary edema, where blood levels are 
classically above the therapeutic range, and in the 
evaluation of patients suspected of drug abuse.
Appropriate differentiation and labeling the respi- �
ratory reaction (Tables 9.1, 9.2, and 9.3). Since a 
pathological specimen rarely is available for 
review, attempts at characterizing adverse reac-
tions are made using the combination of mini-
mally invasive tests [imaging, bronchoalveolar 
lavage (BAL)]. Drug-induced reactions express 
themselves with many patterns. However, pre-
dicting the histopathological pattern (Tables 9.2, 
9.3) from imaging and BAL is not entirely reliable 
(Cleverley et al. 2002).
Consistency of the clinical, biological, imaging,  �
and pathological pattern of involvement with the 
specifi c drug. Pneumotox� is an attempt at sum-
marizing the literature, and the repository includes 
>11,500 references at this time (Pneumotox

� 
1997).
Exclusion of causes other than drug(s) that may  �
explain the clinical scenario. Main competing 
diagnoses in cardiac patients include cardiac pul-
monary edema, a coincidental infection, an oppor-
tunistic infection in heart transplant recipients on 
immunosuppressives or in patients on even small 
doses of corticosteroids, reactions to other drugs, 
and, less often, a neoplastic condition.
Make room for a follow-up period of a few weeks  �
for acute reactions (e.g., bronchospasm) to a few 
months for interstitial lung disease to confront the 

diagnosis of drug-induced lung disease to the test 
of time.
In vitro tests. These rarely can support the diag- �
nosis of the drug-induced condition.
The predominance of lymphocytes, neutrophils,  –
or eosinophils may help relate a pattern of inter-
stitial lung disease with a specifi c drug. The fi nd-
ing of lipid-laden foam cells in the BAL is sug-
gestive of amiodarone pulmonary toxicity (APT) 
(Costabel et al. 2004).
Circulating ANAs characterize those patients with  –
drug-induced lupus, especially if ANA levels dimin-
ish following drug withdrawal (Rubin 2005).
Lymphocyte stimulation with the drug is now con- –
sidered unreliable, if not misleading ( Matsuno et 
al. 2007).
Acetylator phenotyping, measurement of circulat- –
ing KL-6 or TGF-ß1 have not demonstrated suf-
fi cient diagnostic utility yet.
Criteria more specifi c to certain situations or  �
drugs are described in the appropriate sections 
below.

Any scoring system tacitly capitalizes on the ac-
curacy of each criterion, particularly the differential. 
At any rate, review of data by an external observer 
is worthwhile. In many western countries, reporting 
the adverse effect to drug agencies is mandatory.

 9.4 
Patterns of Drug-Induced Injury

Any classifi cation has limitations. We rely on a 
mixed classifi cation resting on severity, pattern of 
reaction, and drugs. The severity of adverse drug 
reactions ranges from mild (e.g., ACEI cough) to 
moderate (e.g., amiodarone-induced pulmonary 
toxicity), life threatening (acute amiodarone pul-
monary toxicity, severe alveolar hemorrhage), 
or fatal (e.g., anaphylaxis, acute upper airway 
obstruction, and catastrophic bronchospasm). 
Outcomes depend on the type of adverse reac-
tion, its association with adverse systemic effects 
(bleeding, shock), the effect of drug withdrawal, 
response to treatment, and setting where the reac-
tion occurs, for instance when a cataclysmic reac-
tion occurs intraoperatively or at a distance from 
point of care.
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Table 9.2. Main patterns of drug-induced respiratory involvement in cardiac patients

Site of 
involvement

Clinical-pathological 
pattern

Incidence TTO ARF Clinical 
presentation

Endoscopy - BAL C.A. Imaging

Lung

Classic interstitial 
pneumonia

Uncommon V + Dyspnea Increase in BAL 
lymphocytes

Easy Diffuse pulmonary 
infi ltrates

APT Common V ++ Dyspnea, 
constitutional 
symptoms

Foam cells ± 
lymphocytes or 
neutrophils in BAL

Easy Asymmetrical 
infi ltrates, scattered 
opacities, masses

Eosinophilic 
pneumonia

Uncommon V + Dyspnea Eosinophils in BAL Easy Peripheral or diffuse 
pulmonary 
infi ltrates

Pulmonary edema Uncommon VS/S ++ Dyspnea BAL mainly used to 
rule out an infection

Easy Transient pulmonary 
infi ltrates <-> 
whiteout, ARDS

Alveolar hemorrhage Not 
uncommon

S/V ++ Dyspnea, pallor Hemorrhage 
confi rmed  by BAL

Diffi cult pulmonary infi ltrates 
and hemoglobin loss

Diffuse alveolar 
damage

Not 
uncommon

V +++ Acute 
respiratory 
failure

BAL mainly used to 
rule out an infection

Dissuse whiteout

Upper airway

Angioedema Common V/L +++ Stridor Loss of patency Easy ND

Anaphylaxis Not 
uncommon

VS +++ Stridor, shock, 
bronchospasm

NUD Easy ND

Hematoma Rare V ++ Stridor Bulging, narrowing, 
discoloration

Easy Airway narrowing 
on CT

Lower airway

Acute asthma attack Common VS/S +++ Wheezing NR Easy Hyperinfl ation

Lone cough Very 
common

V – Cough Normal Easy Normal

Pleura

Pleural effusion Uncommon L + Dyspnea, 
chest pain

NR Easy Pleural effusion

Pleural thickening Uncommon L – Dyspnea, 
chest pain, 
friction rubs

NR Easy Pleural thickening

Pulmonary circulation

Pulmonary 
thrombo-embolism 

Not 
uncommon

V ++ Dyspnea, RVF NR Diffi cult Abnormal V/Q scan 
and contrast CT

Chronic obliterative 
vasculopathy

Rare L ++ Signs of PHTn NR Diffi cult Normal V/Q scan

Hemoglobin

Methemoglobinemia£ Not 
uncommon

VS ++ Cyanosis, low 
SaO2, normal 
PaO2

NR Easy NR

APT: amiodarone pulmonary toxicity; ARF: propensity to produce acute respiratory failure; BAL (– to ++ scale): bronchoalveolar lavage; 
C.A.: causality assessment; ND: no data; NR not relevant; NUD: not usually done because symptoms tend to predominate elsewhere; RVF: 
right ventricular failure; PHTn: pulmonary arterial hypertension; TTO: time to onset; VS: very short; S: short; V variable; L: long; V/Q scan: 
ventilation-perfusion scan; CT : computer tomography; £: arterial blood has a brownish discoloration instead of the normal bright red 
color
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Table 9.3. Imaging-oriented table of drug-induced parenchymal lung disease in cardiac patients with the corresponding drugs and 
histopathological patterns of involvement

Pattern on imaging Histopathological correlates Prototypical drugs
(see Pneumotox� for cardiac and noncardiac 
drugs)

1-Chest radiograph

Bilateral haze/ground glass Alveolitis (alveolar/interstitial 
infl ammatory cell infi ltrate)
Pulmonary edema (early stage)
DAD (early stage)

E.g., beta-blocking agents, amiodarone

Micronodular/miliary pattern Granuloma Sirolimus

Bilateral alveolar opacities with or 
without the batwing pattern and 
air bronchograms

Pulmonary edema
Alveolar hemorrhage with or without 
capillaritis
Diffuse alveolar damage

Adrenaline/epinephrine
Anticoagulants, abciximab, and related drugs
Amiodarone

Peripheral subpleural opacities Eosinophilic pneumonia
Organizing pneumonia

ACEI
Amiodarone

Alveolar opacities with a 
recognizable lobar or segmental 
distribution with or without 
volume loss

Amiodarone pulmonary BOOP toxicity Amiodarone

Lone consolidation or mass Organizing or eosinophilic pneumonia
Amiodarone pulmonary toxicity
Amiodaronoma

ACEI, amiodarone
Amiodarone
Amiodarone

Migratory opacities Organizing or eosinophilic pneumonia ACEI, amiodarone

Multiple nodules Amiodarone pulmonary toxicity Amiodarone

2-HRCT

Diffuse ground glass Cellular interstitial pneumonia, alveolitis
Pulmonary edema, DAD early stage

Hydrochlorothiazide, amiodarone

Smooth mosaic lung attenuation Cellular nonspecifi c interstial pneumonia
Pulmonary edema
Alveolar hemorrhage

Beta-blockers
Hydrochlorothiazide
Anticoagulants, fi brinolytic agents, abciximab, 
and related drugs

Patchy or diffuse pulmonary 
shadows showing increased 
attenuation

Amiodarone pulmonary toxicity, foamy 
macrophages

Amiodarone

Prominent intralobular thickening ? Amiodarone

Prominent interlobular thickening Drugs that produce pulmonary edema 
(e.g., adrenaline)
Amiodarone

Lone consolidation or mass Organizing- or eosinophilic pneumonia
Amiodarone pulmonary toxicity
« Amiodaronoma »

ACEI, amiodarone
Amiodarone
Amiodarone

Migratory opacities Organizing or eosinophilic pneumonia ACEI, amiodarone

Multiple (shaggy) nodules Amiodarone pulmonary toxicity Amiodarone

Honeycombing and traction 
bronchiectasis

Pulmonary fi brosis (UIP pattern) Amiodarone, late

ACEI: angiotensin-converting enzyme inhibitors; DAD: diffuse alveolar damage; OP: organizing pneumonia; PIE: pulmonary infi ltrates 
and eosinophila; UIP: usual interstitial pneumonitis
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Several drugs cause a stereotypical, hence rec-
ognizable, clinical, imaging, and pathological pat-
tern of involvement. Amiodarone produces pneu-
monitis with an insidious onset, ACEI occasions 
chronic cough or acute upper airway obstruction, 
hydrochlorothiazide produces short-lived “allergic” 
pulmonary infi ltrates or pulmonary edema, and an-
ticoagulants, fi brinolytic agents, and platelet glyco-
protein IIB/IIIA receptor inhibitors cause alveolar 
hemorrhage. Some drugs can cause more than one 
pattern of involvement (Table 9.1).

9.4.1 

Drug-Induced Respiratory Emergencies

Drug-induced respiratory emergencies may result 
from involvement of the upper or lower airways, 
lung parenchyma, pulmonary circulation, pleura, 
pericardium, heart, or neuromuscular system. In-
volvement is in the form of infl ammation, edema, a 
cellular infi ltrate, thromboembolism, effusion, hem-
orrhage, fat embolism, or hematoma. Radiographic 
appearances depend on the location of pathologi-
cal process, and there is little correlation between 
imaging features and severity: parenchymal (e.g., 
infi ltrative lung disease, pulmonary edema, alveolar 
hemorrhage) and pleural involvement is visible on 
imaging, while upper airway involvement or bron-
chospasm, albeit severe, may produce only subtle 
changes on imaging.

9.4.1.1 

Upper Airway Involvement

9.4.1.1.1 

Drug-Induced Angioedema

Typically, angioedema cases with signifi cant upper 
airway obstruction (UAO) are admitted to the Emer-
gency Department for stridor and/or asphyxia (Son-

dhi et al. 2004). The majority of angioedema cases 
occur in patients who are being exposed to ACEI. 
Annunciating symptoms include a sore throat, pro-
gressive lip or tongue edema, and a change in voice. 
These symptoms may progress at an unpredictable 
rate to laborious breathing and asphyxia. Education 
of patients receiving ACEI, discussing with them 
an appropriate action plan, regular monitoring for 
even mild adverse effects during follow-up visits, 
and early recognition are warranted. If left unrec-
ognized, the drug is not discontinued promptly, and 

appropriate therapy is not undertaken, airway com-
promise may progress to a point where endotracheal 
intubation cannot be achieved because airway land-
marks cannot be identifi ed; tracheostomy may be 
required. There is no known association with ACEI-
induced cough. ACEI may account for 30–60% of all 
cases of angioedema. Enalapril appears to be the 
most common ACEI associated with this complica-
tion, but virtually every marketed ACEI has been re-
ported. The incidence has been reported to be from 
0.1% to 0.2% of the treated population. In the United 
States, nine out of ten patients are dark skinned, 
and most are women. Although most series emanate 
from the USA, series of affected patients have been 
reported in Caucasians as well. Otherwise, no clini-
cal profi le reliably identifi es which patients are at 
risk for this adverse effect. Having a recent history 
of upper airway trauma, perhaps a lupus diathesis, 
and being an atopic may be additional risk factors. 
The incidence of ACEI-induced angioedema seems 
higher in recipients of heart and kidney transplants, 
with odds 24 and 5 times those in controls, respec-
tively. Having demonstrated an earlier, even milder, 
reaction with these agents is a strong predictor of 
subsequent episodes, dictating drug discontinu-
ance. No triggering factor is identifi ed in about a 
third of the cases. In about a third of the cases, 
angioedema develops within 12 h following the fi rst 
administration of the drug, and the majority of cases 
develop within 4 weeks of initiation of therapy. An-
gioedema may occur intra- or perioperatively, with 
potentially serious consequences. Less commonly, 
ACEI-induced angioedema develops without much 
notice after months or years of treatment. In patients 
who develop the condition late into treatment, it is 
not unusual to elicit a history of prior episodes of 
spontaneously resolving tongue swelling known as 
‘episodic macroglossia’ or hoarseness, which prob-
ably represents formes frustes of angioedema and 
deserves consideration in the perspective of drug 
discontinuance. For unknown reasons, angioedema 
may resolve despite the patient continuing treatment 
with the ACEI, erroneously prompting an alterna-
tive cause. A commonly made error is to ascribe 
angioedema to other causes. This may be why in 
half the patients, the ACEI is continued despite one 
(and up to seven in one case) previous documented 
episode(s) of UAO.

Clinical presentation: The pathology has a special 
predilection for the tongue. Initially, patients com-
plain of pruritus and/or edema of the lips or mouth 
fl oor, and of dysphagia. In mild cases, the condi-
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tion manifests itself with sore throat, slight facial or 
mouth edema, macroglossia, or drooling of saliva. 
The edema may resolve, wax and wane, or proceed to 
more pronounced or extensive adverse angioedema-
tous reactions and breathing diffi culties in hours, 
days, or months. Edema in distant organs and epi-
sodes of abdominal pain can occur, erroneously fo-
cusing attention on other sites. In severe cases, which 
represent about 10% of all cases of ACEI-induced an-
gioedema, there is rapidly evolving edema of the up-
per air passages. The severity of tongue edema may 
make orotracheal intubation impossible as anatomic 
landmarks are distorted. No study has addressed the 
imaging characteristics of ACEI-induced angioe-
dema. In the suspect patient, it is crucial that a careful 
ear, nose, and throat (ENT) endoscopy be performed 
to quantify the degree of obstruction and determine 
if the patient requires a monitored unit, particularly 
when laryngeal or combined laryngeal and pharyn-
geal swelling is present. On ENT endoscopy, involve-
ment is of the mouth fl oor, tongue, supraglottic area, 
and, less often, laryngeal or tracheal walls. Angioe-
dema can be classifi ed as: type 1, limited to the face; 
type 2, to the fl oor of the mouth, base of tongue, and 
uvula; type 3, oropharayngeal, glottic and supraglot-
tic edema. In one study, these occurred in 57%, 26%, 
and 17% of patients, respectively. Rarely, broncho-
spasm or anaphylaxis develops in association with 
angioedema. Angioedema can be a life-threatening 
adverse reaction, with 40 percent of patients requir-
ing admission to the ICU, and the pathology has a 5 
percent mortality rate. In an autopsy study of seven 
cases of ACEI-induced angioedema in African-
American men and women aged 50–65 years, mas-
sive edema of the tongue was present in all. Only a 
fraction displayed laryngeal or pharyngeal swelling 
(Dean et al. 2001). Improvement of symptoms fol-
lows drug withdrawal and treatment with i.v. cor-
ticosteroids, antihistamines, and, in severe cases, 
adrenaline. However, symptoms sometimes prog-
ress despite optimized medical therapy, necessitat-
ing endotracheal intubation or tracheostomy. It is 
advisable not to discharge patients before 24 or 48 h, 
since in a few a rebound following successful medi-
cal therapy may occur unexpectedly. Rechallenge 
with the drug exposes patients to recurrence with 
increased severity after variable periods of time and 
is contraindicated. Once even minor angioedema is 
attributed to an ACEI, an alternative class of medica-
tion should be chosen. The angioedema that occurs 
in association with ACEI being mechanism based 
(enhanced sensitivity to bradykinin) rather than 

drug based, it is likely to occur upon rechallenge 
with different ACEIs, and treatment with any other 
ACEI is contraindicated. Contrary to expectations 
based on a bradykinin-based mechanism of involve-
ment, treatments with an angiotensin II receptor 
antagonist may sometimes be complicated by severe 
angioedema (Chiu et al. 2001). Thus, therapy with 
an angiotensin II receptor antagonist in the patient 
with a history of ACEI-induced angioedema should 
be started with caution, only if no alternative drugs 
can be used.

Less common inducers of angioedema include 
amiodarone, betalactam antibiotics, corticoster-
oids, NSAIDs, cycloxygenase 2 inhibitors (COX-2 or 
coxibs), omeprazole, and radiographic contrast me-
dia (Pneumotox

� 1997).

9.4.1.1.2 

Anaphylaxis 

Drug-induced anaphylaxis is an unexpected and ex-
plosive reaction, which results from IgE-, IgG-, or 
non-Ig-mediated release of preformed mediators on 
the mast cell surface in response to various stimuli, 
including drugs [analgesics, anesthetic agents, an-
tibiotics (amoxicillin, chlorhexidine, ciprofl oxacin, 
penicillin, sulfamides, sulfamethoxazole-trimethop-
rim, vancomycin), aprotinin, aspirin, blood products, 
calcium and phosphate replacement therapy, colloid 
plasma expanders, cortisone, coxibs, fl uorescein, 
heparin, immunoglobulins, infl iximab, latex, lepiru-
din, neuromuscular blocking drugs, NSAIDs, opiates, 
patent blue, protamine, psyllium, and radiographic 
contrast media] and foreign proteins in addition to 
the above (Pumphrey 2000; Gruchalla and Pirmo-

hamed 2006; Webb and Lieberman 2006; Levy and 
Adkinson 2008). A particularly diffi cult situation is 
intraoperative anaphylaxis (Levy and Adkinson 
2008). In a study of 20 yearly deaths from anaphylaxis, 
half were caused by drugs (Pumphrey 2000). In an-
other series of 25 fatal anaphylaxis cases, 13 were due 
to medications (drugs: 7; radiocontrast material: 6) 
(Greenberger et al. 2007). Most accidents occur fol-
lowing exposure to analgesics, NSAIDs, radiographic 
contrast agents, and antibiotics, with an increased 
risk of occurrence in females and in atopics, and an 
increased vital risk in the elderly with comorbidities. 
Clinical manifestations include the rapid onset of any 
of the following: malaise, dizziness, urticaria, itching 
of the nose or palate, abdominal cramping, vomiting, 
diarrhea, ocular symptoms, bronchospasm, angioe-
dema, pulmonary vasoconstriction, and hypotension. 
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The full-blown reaction is characterized by laryngeal 
and/or tracheal edema compromising airway pat-
ency, pulmonary edema, bronchospasm, frothy spu-
tum, hemoptysis, internal organ edema, circulatory 
collapse, shock, and seizures, followed by cardiac ar-
rest (Levy and Adkinson 2008). Severity may not in-
crease in patients who present with repeated episodes 
of anaphylaxis. Short of being managed properly and 
aggressively, anaphylaxis can lead to death within 
minutes of exposure to the causal agent. Autopsy 
studies of fatal anaphylaxis cases indicate edema of 
the epiglottis, larynx, and trachea, pulmonary hyper-
infl ation, and/or edema and hemorrhage (Pumphrey 
and Roberts 2000; Low and Stables 2006). In a 
study in the UK, time to respiratory or cardiac arrest 
averaged 5 min, and even though about a third of 
the patients were resuscitated, most suffered hypoxic 
brain damage and died within 30 days of the acci-
dent, mostly from hypoxic brain damage (Pumphrey 
2000). In another study, the anaphylactic reaction be-
gan within 30 min of exposure in the vast majority of 
the cases, and death occurred within 60 min in half 
the cases. Adrenaline/epinephrine was self-admin-
istered in only one out of fi ve cases (Greenberger 
et al. 2007). Clinically, anaphylaxis can be mistaken 
for Münchausen syndrome, panic attack, hysteria, or 
vocal cord dysfunction. This may unnecessarily delay 
appropriate treatment (Pumphrey 2000). Manage-
ment of anaphylaxis requires preparedness, immedi-
ate recognition, alertness, volume therapy through a 
central line, and drugs. Parenteral adrenaline is to be 
repeated every 15 min until blood pressure is restored 
and stabilizes. High-dose parenteral corticosteroids 
and correction of cardiac arrhythmias are indicated. 
Ensuring early access to the airway is crucial, as 
when signifi cant laryngeal edema has developed, at-
tempts at orotracheal intubation may fail, as it does 
in angioedema. Adrenaline/epinephrine often is not 
administered in time or properly, being injected sub-
cutaneously, or is outdated. Adrenaline/epinephrine 
can induce adverse effects on its own, including pul-
monary edema, vomiting with consequent aspiration 
of gastric content, and myocardial infarction (Pum-

phrey 2000; Levy and Adkinson 2008).

9.4.1.1.3 

Hematoma

Life-threatening hematoma compromising air-
way patency can involve the tongue, sublingual 
area, mouth fl oor, tonsils, valleculae, arytenoids, 
laryngeal wall, vocal cords, thyroid, or the retro-

pharyngeal and mediastinal space (Di Pasquale 
et al. 1990; al-Fallouji et al. 1993; Kaynar et al. 
1999; Shojania 2000; Ahmed et al. 2005). Antico-
agulant-induced hematomas have the reputation 
for producing misleading symptoms. Although the 
onset of hematomas may be elicited by sneezing, 
violent coughing, or insertion of a central venous 
line, most seem to occur spontaneously. At an early 
stage, patients complain of such vague symptoms as 
sore throat and/or changes in voice, which can be 
mistaken as upper respiratory tract infection. Early 
symptoms are followed in a few days by expansion 
of the hematoma into the sublingual, oral, cervi-
cal, retropharyngeal, or mediastinal space, causing 
further airway compromise. Examination of the oral 
cavity and/or ENT endoscopy may reveal a reddish 
submucosal swelling involving the mouth fl oor and 
the ventral aspect of the tongue, or the whole mus-
cle. Examination of the pharyngeal area or tracheal 
endoscopy may show compression and/or submu-
cosal hematoma of the laryngeal or tracheal walls. 
Subcutaneous bruising may be present on the neck, 
progressively spreading down to the chest. Digi-
tal examination may reveal anterior displacement 
of the posterior pharyngeal wall in patients with 
retropharyngeal hematoma. On the lateral chest 
radiograph, anterior displacement of the posterior 
aspect of the pharynx or tracheal wall is sometimes 
visualized. CT studies may show the hematoma, 
with consequent compression of the airway lumen. 
Coagulation studies may indicate values well above 
the accepted therapeutic range, with INR up to 60 or 
more, but in some cases, coagulation studies are in 
the therapeutic range. Management includes control 
of the airway, reversal of the coagulopathy when it is 
present, needle aspiration, or surgical debridement 
of the hematoma if required.

9.4.1.2 

Lower Airway Involvement

9.4.1.2.1 

Acute Bronchospasm 

Aetylsalicylate (aspirin), NSAIDs, beta-blockers, and 
other cardiovascular drugs account for most cases 
of drug-induced bronchospasm, a potentially life-
threatening adverse effect (Vaszar and  Stevenson 
2001; Babu and Salvi 2000).

Aspirin and NSAIDs �
Patients who are intolerant to these drugs may 
adversely react to the fi rst or subsequent admin-
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istration of these compounds in the form of mod-
erate or catastrophic bronchospasm with con-
sequent respiratory failure. The gravity of this 
condition resides in its unpredictability, explosive 
nature, its possible association with anaphylaxis, 
and the acute respiratory failure with consequent 
irreversible hypoxic brain damage and death. 
Although most accidents occur after oral intake or 
parenteral injection, cases are described following 
dermal applications or intra-articular injections. 
Aspirin-induced asthma (in fact, aspirin/NSAIDs 
exacerbated bronchospasm would better label 
this pathology) usually develops in the 3rd or 4th 
decade of life and is more common in women at 
a ratio of about two to one. Rhinitis usually pre-
cedes the clinical onset of the asthma, with aspirin/
NSAID sensitivity becoming apparent only later. 
The asthma often is diffi cult to control, with about 
50% of those affl icted requiring regular treatment 
with oral corticosteroids. In a few patients, drug-
induced bronchospasms occur de novo with no 
prodromal symptoms, producing sudden cata-
strophic bronchospasm as the response to the 
fi rst intake of a tablet of aspirin or other NSAIDs 
with COX-1 inhibitory properties. Occasionally, 
the response is anaphylactic. Severe bronchocon-
striction may lead to ‘locked lung,’ hypoxia, and 
death within minutes of exposure to the drug.
Estimates based on history and challenge tests 
suggest sensitivity to aspirin and NSAIds in 1–3% 
or 5–10% of asthmatics, respectively. Prevalence 
is higher among subjects who suffer from chronic 
rhino-sinusitis or nasal polyps. Prevalence of aspi-
rin/NSAID sensitivity is also greater in patients 
with a history of severe asthma attacks. It is esti-
mated that 8% of patients admitted to the ICU for 
an acute asthma attack requiring mechanical ven-
tilation have been exposed to asthma-triggering 
drugs immediately prior to admission (Picado et 
al. 1989). The weak COX-1 inhibitors acetamino-
phen and salsalate would require higher concen-
trations to trigger bronchospasm. The preferen-
tial COX-2 inhibitors nimesulide and meloxicam 
cross-react poorly with aspirin or classic NSAIDs. 
In controlled challenge tests, the selective COX-2 
inhibitors [celecoxib, rofecoxib (now recalled), 
etoricoxib] cross-react with aspirin in 1.5 to 2% 
of NSAID-sensitive individuals and are gener-
ally considered safe. Treatment of acute bron-
chospasm induced by the above drugs requires 
antihistamines, H2 blockers, corticosteroids, and 
ß2-receptor agonists, and sometimes adrenaline 

and mechanical ventilation are required. Follow-
ing the bronchospastic episode, the history often is 
straightforward enough for further investigation 
to be unnecessary, since a challenge test may be 
risky. When the association is less clear, or when 
treatment with aspirin or an NSAID is desirable, a 
controlled challenge test is discussed and should 
be conducted close to an ICU. The patient should 
have a venous access placed, and therapy drugs 
for bronchospasm, anaphylaxis, and resuscitation 
equipment should be available. Desensitization to 
aspirin/NSAIDs can be practiced in patients who 
are intolerant and need these drugs for the treat-
ment of their underlying cardiac condition, and 
several protocols are available. Since tolerance 
to aspirin and cross-tolerance to other NSAIDs 
depend on the continued presence of the drug, 
uninterrupted treatment is needed to maintain 
the desensitized state as, otherwise, sensitivity 
may return in a few days (Pleskow et al. 1982). 
Since aspirin-exacerbated airways disease seldom 
resolves spontaneously (Rosado et al. 2003), 
patients with a clear history of intolerance to aspi-
rin/NSAIDs should be formally advised to avoid 
all aspirin-containing products and other COX-1 
inhibitors. They should also be given a compre-
hensive list of prohibited drugs to wear at all 
times. Paracetamol (acetaminophen) and COX-2 
inhibitors pose a substantially lower risk, although 
crossed reactions have been described in a few 
patients. Pretreatment with a leukotriene receptor 
antagonist antagonizes aspirin-induced broncho-
spasm, and some advocate the use of leukotriene 
receptor antagonists to lower the bronchoconstric-
tion elicited by aspirin provocation challenge.
ß-blockers ( � Spitz 2003) 
The early nonselective beta-blockers, particularly 
propranolol, produce greater bronchospasm than 
the drugs available now. In addition, propranolol 
blunts the bronchodilatory response to ß2-ago-
nists to a greater degree than do mordern cardi-
oselective drugs. Oral cardioselective ß1-blockers 
are considered safe (Salpeter 2003), if not ben-
efi cial (Salpeter et al. 2003; Dransfi eld et al. 
2008) in patients with mild to moderate asthma or 
COPD (safety extends to ophtalmic instillations), 
provided these patients can take bronchodila-
tor drugs, and as long as appropriate follow-up 
is possible. However, this view is disputed as far 
as asthmatics are concerned, because the likeli-
hood and magnitude of bronchospasm during 
treatments with ß-blockers are diffi cult to predict 
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in these patients and may vary with time. Even 
though patients may not exhibit a signifi cant drop 
in FEV1 when challenged in the clinic, they may 
suffer a more severe episode later during chronic 
treatment with the beta-blockers due to the unsta-
ble nature of the asthma after an encounter with 
a potent asthma trigger or if they fail to take their 
asthma medications. Treatments with ß-blockers 
also increase the risk of anaphylactoid reactions 
to radiographic contrast material or anesthetic 
agents, and attenuate or blunt the response to 
ß2-receptor agonists should these drugs be needed 
if an asthma attack or anaphylaxis develops. Due to 
these uncertainties, many will err on the safe side 
and consider that ß-blockers are not indicated in 
most asthmatics. A risk-benefi t evaluation is nec-
essary on a case-by-case basis. Rare cases of fatal 
bronchospasm still occur, mainly following acci-
dental exposure of asthmatics to propranolol.
Other drugs ( � Pneumotox

� 1997)
Orally or parenterally administered ACEI, antibi-
otics, narcotics, and radiographic contrast mate-
rial sometimes occasion severe bronchospasm. 
Less often, inhaled corticosteroids or bronchodi-
lators cause an asthma attack (Leuppi et al. 2001; 
Babu and Marshall 2004).

9.4.1.3 

Infi ltrative Lung Disease

Diffuse pulmonary opacities in the context of acute 
respiratory failure is relatively common an illness. 
Many non-cardiac and a few cardiac drugs can 
produce the syndrome. Patients may fall within 
several distinct clinical-pathological categories 
(Pneumotox

� 1997).

9.4.1.3.1 

Severe Interstitial Pneumonitis

Drug-induced severe pneumonitis with a lympho-
cytic BAL pattern and a dense infi ltrate of monunu-
clear cells on histology is an uncommon occurrence 
in cardiac patients, as opposed to rheumatology, 
where it is frequent with the use of methotrexate 
(Pneumotox

� 1997).
Interstitial pneumonitis has occasionally been re-

ported during treatments with beta-blocking agents 
(Pneumotox

� 1997).
The patterns may be more common in heart 

transplant patients who are being treated with si-
rolimus or congeners (Champion et al. 2006). The 

incidence rate of sirolimus-induced pneumonitis 
is as high as 10%, and time to onset ranges from 1 
to 51 months into treatment, with half the cases oc-
curring within the fi rst 6 months of treatment. Risk 
factors for the condition include a daily dose >5 mg, 
trough levels >15 ng/ml, a recent increase in dosage, 
starting treatment with a loading dose of sirolimus, 
renal failure, and in kidney transplant recipients al-
lograft dysfunction, advanced age, and male gender. 
Signs and symptoms include cough in 95% of the pa-
tients, fever in two thirds, dyspnea in a third 33%, 
and hemoptysis in 8%. On imaging, ground-glass 
opacities, a fi ne reticulation, disseminated mottling, 
a nodular appearance, or consolidation may be vi-
sualized. BAL studies indicate lymphocytosis in an 
overwhelming majority of patients [80%; range of 
lymphocyte percentages 0–075%, while an eosino-
philic pattern is seen in 12% (range of eosinophil 
percentages 0–14%)]. Interestingly, features consis-
tent with diffuse alveolar hemorrhage are seen in 
approximately 10% of the patients. On pathology, 
cellular nonspecifi c interstitial pneumonia, a lym-
phocytic interstitial or organizing pneumonia are 
the most frequent pattern, followed by intraalveolar 
granulomas, alveolar hemorrhage, a desquamative 
interstitial pneumonia, or, rarely, a pulmonary alve-
olar proteinosis pattern or vasculitis. Management 
includes drug therapy withdrawal, diminution of 
drug dosage, switching to everolimus and/or corti-
costeroid therapy. Everolimus and temsirolimus can 
also occasion interstitial lung disease, although the 
number of cases is still less.

9.4.1.3.2 

Acute Eosinophilic Pneumonia

The clinical presentation of acute eosinophilic pneu-
monia is similar to the above pattern, except that eo-
sinophils are present either in the peripheral blood 
or in the BAL and/or lung tissue (Pneumotox

� 
1997). No cardiac drug produces the syndrome of 
acute eosinophilic pneumonia, but several drugs 
that may be used incidentally in cardiac patients 
(mostly antibiotics, particularly minocycline) can 
produce this syndrome. Acute eosinophilic pneu-
monia can also occur in smokers, particularly those 
who recently started the habit, or those who resume 
after cessation. Clinical presentation is that of respi-
ratory failure with high fevers, diffuse pulmonary 
opacities, and BAL eosinophilia, while eosinophilia 
in blood is not a constant fi nding. On imaging, 
there is dense bilateral shadowing that sometimes 
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assumes a peripheral subpleural distribution, and 
moderate bilateral pleural effusion is common. The 
BAL may exhibit a percentage of eosinophils as high 
as 80%. The main differential of acute eosinophilic 
pneumonia is parasitic infestation, which needs to 
be ruled out before corticosteroid therapy is con-
templated. An open lung biopsy is rarely needed 
for diagnosing this condition and would show the 
characteristic features of dense interstitial infl am-
mation. Tissue eosinophilia with sometimes over-
lapping features of organizing pneumonia or vas-
culitis. A few drugs, mostly leukotriene receptor 
antagonists, can produce a perfect mimic of natu-
rally occurring Churg-Strauss syndrome, with pul-
monary infi ltrates and internal organ involvement 
(including cardiac involvement in about a third of 
patients) (Pneumotox

� 1997; Hauser et al. 2008). 
Drug discontinuance and corticosteroid therapy are 
indicated.

Severe cases of acute eosinophilic pneumonia 
in conjunction with cutaneous and deep organ in-
volvement raise the question of “Drug Rash and 
Eosinophilia with Systemic Symptoms” or DRESS, a 
generalized, life-threatening drug-induced eosino-
philic condition mainly caused by minocycline and 
anticonvulsants (Pneumotox

� 1997).

9.4.1.3.3 

Acute Amiodarone Pulmonary Toxicity 

There are two distinct patterns of amiodarone pul-
monary toxicity with an acute onset (Pneumotox

� 
1997; Camus et al. 2004):

Early acute APT can occur after a few days or weeks  �
of the intravenous loading dose of amiodarone par-
ticularly, but not exclusively so, if there is a history 
of recent thoracic surgery (Skroubis et al. 2005). 
Investigators showed that the incidence of ARDS 
thought to represent acute APT (fatal in two out of 
three patients and unrelated to amiodarone or des-
ethylamiodarone blood levels) increased six-fold 
in patients who were receiving amiodarone com-
pared to unexposed controls (van Mieghem et al. 
1994). Thus, the use of amiodarone for arrhythmia 
prophylaxis in the postoperative period should be 
considered with caution. Acute APT manifests with 
dyspnea, diffuse alveolar shadowing, and ground-
glass, volume loss, hypoxemia, with or without 
respiratory failure or an ARDS picture. Pulmo-
nary edema, a coincidental infection, postoperative 
atelectasis, and thromboembolic disease must be 
ruled out carefully by means of cardiac ultrasound, 

diuresis, and, if needed, measurement of pulmo-
nary capillary wedge pressure. Interestingly, the 
BAL in acute APT may exhibit lipid-laden mac-
rophages, a hallmark of subacute APT, even though 
patients have been exposed to the drug for only 
a few days. Once the diagnosis is secured, corti-
costeroid therapy is indicated. A few patients will 
not respond to this form of therapy, and for those 
who do, this is a diagnostic test. The clinical and 
imaging features of acute APT will reverse quickly 
in a few days, in some with discernible improve-
ment as early as within a few hours. In selected 
cases, an open lung biopsy is indicated, and histo-
logical fi ndings include resolving diffuse alveolar 
damage, fi brinous organizing pneumonia, intersti-
tial edema, and interstitial fi brosis, superimposed 
on the background of dyslipidotic changes typi-
cal of APT. Mortality in early series of acute APT 
was 40–50 percent, despite amiodarone therapy 
withdrawal and high-dose corticosteroid therapy. 
Careful daily monitoring of imaging in patients on 
amiodarone in the postoperative period and early 
recognition are essential.
Classic APT during chronic treatments with amio- �
darone can present rather acutely, after months or 
years into treatment. Symptoms include dyspnea, 
fever, diffuse fl uffy opacities, and hypoxemia. Ami-
odarone pneumonitis with an acute presentation 
is characterized by lymphocytosis in the BAL and 
a consistent response to corticosteroid therapy.

9.4.1.3.4 

Acute Organizing Pneumonia

Acute organizing pneumonia is a rare pattern of in-
volvement with an ominous prognosis (Pneumotox

� 
1997). The condition is characterized by dyspnea, 
acute respiratory failure, volume loss, dense pul-
monary infi ltrates, and air bronchograms on im-
aging and alveolar-ductal fi brosis on histopathogy. 
Circumstantial evidence relates exposure to amio-
darone and HMG-CoA-reductase inhibitors or sta-
tins to acute organizing pneumonia. Since a con-
fi rmatory lung biopsy is needed, acute organizing 
pneumonia is rarely diagnosed. Causality assess-
ment is diffi cult, since acute organizing pneumonia 
can occur sporadically with or without an identifi -
able cause. Response to drug therapy withdrawal 
and corticosteroid therapy is unpredictable.

Acute fi brinous organizing pneumonia (AFOP) is 
a recently recognized entity that shares several fea-
tures with classic OP, including exposure to drugs, 
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including amiodarone (Beasley et al. 2002). On 
histology in AFOP, there is intra-alveolar fi brin and 
OP associated with varying amounts of type II cell 
hyperplasia, interstitial edema, and acute or chronic 
interstitial infl ammation.

9.4.1.3.5 

Acute Pulmonary Edema

Pulmonary edema with or without the features of 
acute lung injury or ARDS can complicate treat-
ments with adrenaline/epinephrine, ASA or aspirin, 
buprenorphine, dextran, hydrochlorothiazide, iodi-
nated contrast agents, nafazoline, nicardipine, phe-
nyephrine, propofol, propranolol, protamine, vaso-
pressin, and verapamil, or it may follow transfusion 
of blood or blood products (Pneumotox

� 1997). 
Pulmonary edema has also been reported in patients 
with pulmonary hypertension who were receiving 
nifedipine, prostacyclin, or nitric oxide (NO). Tradi-
tionally, drug-induced pulmonary edema closely fol-
lows drug administration (typically given by the i.v. 
route) except with aspirin, which produces a delayed 
form of pulmonary edema that is somehow related to 
high aspirin levels in the blood. Pulmonary edema 
also may follow overenthusiastic administration of 
fl uids (overload edema). Drug-induced pulmonary 
edema manifests with sudden dyspnea, cough, and, 
sometimes, an abundant pink, frothy, blood-tinged, 
or bloody sputum. On imaging, early cases exhibit 
a combination of linear interstitial infi ltrates, Ker-
ley A, B, and/or C lines, diffuse blurring or haze 
with, at times, thickened fi ssures. In more advanced 
cases, there is widespread shadowing or whiteout, 
which sometimes assumes a batwing distribution, 
and, as the disease advances, alveolar fl ooding and 
air bronchograms may occur. When a foamy exu-
date is present at the mouth or in ventilator tubing, 
the fl uid may exhibit a high fl uid:plasma protein 
ratio. Drug-induced pulmonary edema is generally 
of the noncardiogenic type and results from a drug-
induced loss of endothelial integrity, with a conse-
quent increase in pulmonary capillary permeability. 
The noncardiac nature is confi rmed by the normal 
size of the heart and pedicle on imaging, ultrasound 
evaluation, and pulmonary capillary wedge pres-
sure. Histopathological appearances at autopsy or, 
rarely, via the lung biopsy include interstitial edema 
or resolving edema or organizing pneumonia in 
early cases, and bland edema with proteinaceous 
fl uid fi lling the alveolar spaces and inconspicuous 
infl ammation in more advanced cases.

A peculiar form of pulmonary edema follows 
transfusion of whole blood or blood products, in-
cluding packed red blood cells, platelets, fresh fro-
zen plasma, plasma-derived coagulation factors, and 
immunogobulins (Popovsky 2008). Transfusion-
related acute lung injury or TRALI develops within 
a few hours of transfusion, in the form of chills, fe-
ver, low blood pressure, dyspnea, bilateral alveolar 
opacities, hypoxemia, leucopenia, and mild eosino-
philia. Based on the severity of pulmonary involve-
ment, which may culminate in an ARDS picture, 
oxygen therapy and mechanical ventilation are re-
quired. Transfusion-related pulmonary edema can 
be linked to circulatory overload, in which case it 
is coined ‘TACO’ for transfusion-associated circu-
latory overload. The more distinctive transfusion-
related lung injury (TRALI) can be subdivided into 
immune and nonimmune TRALI (Silliman et al. 
2005). In immune TRALI, granulocyte-binding al-
loantibodies (complement-activating HLA class I 
or II granulocyte-specifi c, or lymphocytotoxic anti-
bodies) are transferred from one donor in the pool of 
donors to the recipient, whose leukocytes express the 
cognate antigens. This results in antibody:antigen 
interaction, complement-mediated activation of neu-
trophils, loss of integrity of the endothelial barrier, 
and capillary leak. Nonimmune TRALI results from 
the transfer of biologically active lipids or CD40 li-
gand present in stored blood. These substances also 
have neutrophil-priming activity and also produce 
endothelial cell damage and capillary leakage. Im-
mune TRALI occurs mainly after the transfusion of 
fresh-frozen plasma and platelet concentrates, is less 
common (incidence about 1 per 5,000 transfusions), 
and is more severe (mechanical ventilation required 
in about 70% of cases; fatality rate 6–10%) than non-
immune TRALI. In contrast, nonimmune TRALI oc-
curs mainly after the transfusion of stored platelet 
and erythrocyte concentrates. Management of post-
transfusional pulmonary edema rests on oxygen 
therapy, ventilatory support, and supportive care. In 
TACO, fl uid restriction and diuresis are indicated. In 
TRALI, the exaggerated capillary permeability may 
have caused fl uid loss. Diuretics are not indicated 
without hemodynamic evaluation, as they may cause 
further hemodynamic compromise. Diagnosing im-
mune TRALI has far-reaching consequences. Since 
the condition results from the transfer of antibod-
ies, the specifi c donor should be identifi ed, and blood 
products from that donor should be quarantined un-
til the diagnosis of TACO vs. nonimmune or immune 
TRALI is clarifi ed. When identifi ed, the donor (gen-
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erally a woman with a history of two or more preg-
nancies) is permanently deferred from blood dona-
tion. In surgical patients, a policy that banned blood 
products from female donors was associated with a 
signifi cant decrease in the frequency of postopera-
tive acute lung injury from 36% before to 21% after 
the implementation (Wright et al. 2008).

The antidiabetic rosiglitazone and other members  �
of this family of drugs can cause weight gain, car-
diomegaly, pulmonary congestion, pulmonary 
edema, and pleural effusion. Experimentally, these 
drugs augment pulmonary endothelial permeabil-
ity. The above manifestations resolve upon drug 
withdrawal (Pneumotox

� 1997). The benefi cial 
effect of diuretics is debated.
A few cases of pulmonary edema due to drug- �
induced acute heart failure have been described 
following administration of cyclophosphamide, 
doxorubicin, fl uorouracil, interleukin-2, propra-
nolol, and thyroid hormone abuse (Hayek et al. 
2005).

9.4.1.3.6 

Alveolar Hemorrhage

Diffuse alveolar hemorrhage (DAH) is an elective 
complication of treatments with oral anticoagu-
lants (coumadin, warfarin), fi brinolytic agents in-
cluding rTPA and intracoronary urokinase, hepa-
rin, and the novel inhibitors of glycoprotein IIB/
IIIA surface receptors on platelets (abciximab, a 
human-mouse chimeric biologic, and the ligand-
mimetic drugs clopidogrel, petifi batide, tirofi ban, 
clopidrogrel, and ticlopidine) (Pneumotox

� 1997). 
Accidental or deliberate poisoning with superwar-
farins such as brodifacoum (a pest-eliminating oral 
anticoagulant with duration of action of weeks) also 
causes DAH. The condition consists of synchronous 
bleeding from the pulmonary microcirculation into 
the alveoli. Clinical presentation includes dyspnea, 
cough, moderate-to-severe blood loss, and bilateral 
shadowing, which may assume a batwing pattern 
on imaging. Hemoptysis is not a constant fi nding, 
even though signifi cant alveolar bleeding has oc-
curred. An increase in the diffusing capacity sug-
gesting free hemoglobin in airspaces may be present 
in patients with active alveolar bleeding; however, 
this is not a consistent or reliable fi nding. Alveo-
lar hemorrhage is diagnosed by BAL, which shows 
increased staining in serial aliquots. Microscopi-
cally, the BAL shows red cells with hemosiderin-
laden macrophages characterizing those cases with 

sub-acute bleeding prior to full-blown DAH. A lung 
biopsy is not indicated to diagnose alveolar hemor-
rhage. Diffuse alveolar hemorrhage requires expe-
ditious management, as the disease can be rapidly 
progressive, producing clotting in the airspaces and 
the “stone lung,” or in the major airways, causing a 
diffi cult to remove “foreign body.” Management in-
cludes holding the anticoagulation, supportive care 
including mechanical ventilation, and, depending 
on the causal agent, infusion of vitamin K, plate-
lets, packed red blood cells, fresh frozen plasma, 
cryoprecipitate, activated factor VII, and whole lung 
lavage with ice-cold saline.

The incidence rate with abciximab is 0.3%, with a 
risk ratio of 5.5 to 12 vs. unexposed controls. Diffuse 
alveolar hemorrhage related to glycoprotein IIB/IIIA 
receptor inhibitors generally, but not always, occurs 
independently from the thrombocytopenia that may 
complicate treatments with this class of agents. In-
cidence of alveolar hemorrhage is greater with ab-
ciximab than it is with tirofi ban or eptifi batide. Risk 
factors include concomitant treatment with heparin, 
an activated clotting time >250 s, and a background 
of left ventricular failure, smoking, or COPD. The 
mortality rate is 0 to 28%.

Alveolar hemorrhage occurs in approximately 
10% of patients who develop sirolimus-induced 
pneumonitis. Alveolar hemorrhage as a form of ami-
odarone pulmonary toxicity is seldom reported.

9.4.1.3.7 

Pulmonary Circulation

Aprotinin, clozapine, factor VIIa, and oral contra-
ceptives have been associated with an increased risk 
of thrombo-embolic disease (Pneumotox

� 1997). 
Treatments with mitomycin, protamine, calcium 
replacement therapy, and protamine have been as-
sociated with acute, sometimes fatal episodes of 
pulmonary hypertension, as has the abrupt termi-
nation of NO inhalation, which may cause rebound 
of pulmonary hypertension.

9.4.1.3.8 

Methemoglobinemia

Methemoglobin or ferrihemoglobin is a ferric 
(Fe+++) instead of ferrous (Fe++) form of hemoglo-
bin (Pneumotox

� 1997; Wright et al. 1999; Moore 
et al. 2004; Stalnikowicz et al. 2004). Methemoglo-
bin is a poor oxygen carrier, hence the cyanosis in 
affl icted patients. The purple or dark brown appear-
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ance of methemoglobin and of the blood drawn is 
distinctive, and should raise the suspicion. Several 
oxidizing agents can produce methemoglobinemia, 
including amyl nitrite, NO, nitroglycerin, and several 
local anesthetics. Patients with methemoglobinemia 
develop cyanosis shortly after drug administration. 
The condition can be fatal if >40–50% methemoglo-
bin is present. Paradoxically but logically, partial 
pressure of oxygen in blood (PaO2) remains near 
normal. Transcutaneous oxygen saturation may re-
main in the normal range, and only actual measure-
ment of methemoglobin will diagnose the condition. 
Mild cases respond to drug withdrawal and oxygen. 
More advanced cases may require infusion of meth-
ylene blue, mechanical ventilation, hyperbaric oxy-
gen, or blood replacement. Patients should be tested 
for glucose-6-phosphate dehydrogenase defi ciency, 
a predisposing factor for methemoglobinemia in 
which methylene blue is contraindicated. 

9.4.1.3.9 

Acute Chest Pain

Of interest to the cardiologist, treatments with 
5-fl uorouracile, sumatriptan, or statins can occasion 
acute isolated chest pain with or without ST-segment 
elevation or myocardial infarction (Pneumotox

� 
1997).

9.4.2 

Subacute Drug-Induced Respiratory Involvement

All of the above patterns of drug-induced involve-
ment of the airways or lung can occur in a diminu-
tive form. Early recognition is warranted to avoid 
progression toward more severe involvement.

9.4.2.1 

Cellular Interstitial Pneumonia

Clinical presentation also is with cough, dyspnea, 
fever, disseminated or diffuse pulmonary infi ltrates, 
and hypoxemia (Pneumotox

� 1997). Cardiac drugs 
causing this condition include ß-blockers, fl ecain-
ide, procainamide, statins as a group, sirolimus, 
everolimus, and temsirolimus. It generally takes 
weeks or months for drug-induced pneumonitis 
to be revealed. Imaging studies indicate bilateral, 
roughly symmetrical linear or, less often, micronod-
ular interstitial opacities or alveolar infi ltrates. On 
CT, radiographic attenuation can be discrete haze or 

ground-glass or dense patchy areas of consolidation. 
The opacities may localize in the caudal, mid- or 
upper zones of the lung, or they can be diffuse. 
Depending on the patient, HRCT studies may also 
indicate intra- or interlobular septal thickening, a 
crazy-paving appearance, or zonal increases in at-
tenuation with a ground-glass or mosaic pattern. 
Restricted lung volumes, low carbon monoxide dif-
fusion, and hypoxemia generally parallel changes on 
imaging. The BAL is indicated to exclude an infec-
tion and supports the drug etiology when it shows 
lymphocyte predominance and an increase in either 
CD4+ or CD8+ lymphocyte subsets, although an in-
crease in neutrophils, or an increase in lymphocytes, 
neutrophils, and/or eosinophils can sometimes be 
found. Cases of drug-induced pneumonia with a 
benign course do not require tissue confi rmation of 
the diagnosis and respond well to drug withdrawal 
and, when needed, adjunctive corticosteroid ther-
apy. Outcomes are good, provided the causal drug 
is discontinued early. Corticosteroid therapy is dis-
cussed if extensive opacities or hypoxemia is pres-
ent, and for patients for whom drug discontinuance 
does not translate into betterment in a few days. It 
is reasonable to contraindicate rechallenge with the 
drug, which would lead to relapse of unpredictable 
severity.

Recently, attention has been directed to the ad-
verse pulmonary effects of sirolimus, mainly in re-
cipients of heart and kidney transplant. Details on 
sirolimus-, everolimus-, and temsirolimus-induced 
pneumonitis are given above in Sect. 4.1.3.1.

9.4.2.2 

Pulmonary Infi ltrates and Eosinophilia

Benign pulmonary infi ltrates and eosinophilia (PIE) 
or eosinophilic pneumonia can be caused by ACEI, 
aspirin, NSAIDs, iodinated radiographic contrast 
material, and minocycline in addition to several 
dozen other drugs (Pneumotox

� 1997). Evidence 
is now unfolding that leukotriene receptor antago-
nists produce a Churg-Strauss-like vasculitis with 
pulmonary infi ltrates, eosinophilia, and deep organ 
involvement. Patients who develop drug-induced 
PIE generally do so after weeks to months into treat-
ment. Clinical presentation is with malaise, dysp-
nea, dry cough, low-grade fever, chest discomfort, 
pulmonary infi ltrates, and sometimes a skin rash 
is present. Involvement of organs other than the 
lung (e.g., heart or nervous system) can be present, 
particularly in patients with marked blood eosino-
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philia or in those with Churg-Strauss vasculitis or 
the DRES syndrome. Opacities may localize in the 
apices, mid-lung zones, bases, or they can be diffuse 
or wander from one area of the lung to another, or 
appear as discreet shadowing with a ground-glass 
appearance or as bibasilar Kerley ‘B’ lines. The clas-
sic pattern of biapical subpleural opacities known 
as the photographic negative of pulmonary edema 
is a distinctive (Souza et al. 2006), but inconstant 
feature of PIE. On HRCT, the opacities in PIE have 
a predilection for the external subpleural zones of 
the lung and range from a discreet haze to patchy 
subpleural crescentic shadowing, or multifocal ar-
eas of consolidation with air bronchograms. The 
imaging features of PIE may be at times diffi cult to 
separate from those of organizing pneumonia, cellu-
lar interstitial pneumonia, or interstitial pulmonary 
edema (Cleverley et al. 2002). PIE is diagnosed 
by peripheral and BAL eosinophilia, and/or eosino-
philia in lung tissue. Relating PIE to drug exposure 
is straightforward in patients exposed to one eligible 
drug and/or if drug therapy withdrawal is demon-
strably followed by improvement of symptoms, im-
aging, and eosinophilia. Corticosteroids accelerate 
the resolution of PIE, albeit at the expense of drug 
causality assessment, since PIE of other causes may 
also respond to corticosteroid therapy. Rechallenge 
with the drug leads to malaise, fever, and blood 
eosinophilia, and relapse of pulmonary infi ltrates 
follows within hours or a few days. Although rechal-
lenge in PIE has the reputation for being benign, the 
diagnostic merit of the test is unclear, particularly if 
an alternate drug is available to treat the underlying 
condition.

9.4.2.3 

Amiodarone Pneumonitis – 

Amiodarone Pulmonary Toxicity (APT) 

Amiodarone pulmonary toxicity was fi rst reported 
in 1980 and is the most common form of drug-in-
duced pulmonary toxicity (Pneumotox

� 1997; Ca-

mus et al. 2004). Amiodarone toxicity is thought to 
result from sequestration of the parent compound, 
and its main metabolite desthylamiodarone in sev-
eral tissues, with the lung and liver ranking ahead 
of other organs. The two iodines on each molecule of 
both amiodarone and desethylamiodarone account 
for the high attenuation numbers that may be found 
in the liver and in areas of amiodarone pneumoni-
tis on CT, a suggestive feature of amiodarone ex-
posure and toxicity, respectively. The amiodarone 

and metabolite impair the physiologic processing 
of endogenous phospholipids. Consequently, phos-
pholipids accumulate in the lung, causing a form 
of lipid storage disease superimposed on features 
of interstitial pneumonitis. Upon drug withdrawal, 
amiodarone and metabolite effl ux slowly from pul-
monary and other tissues. The above features ac-
count for the characteristics of APT, with its gradual 
and insidious onset, target organs corresponding to 
tissues where amiodarone accumulates most, high 
attenuation numbers on CT, evidence for dyslipido-
sis in BAL cells and in lung tissue, slow improve-
ment following drug discontinuance, relapse when 
steroids are tapered (even though the drug has been 
withdrawn months earlier), and delayed onset after 
termination of treatment with the drug. The benefi -
cial effect of corticosteroid therapy in many patients 
indicates that APT is also likely an infl ammatory 
condition.

The incidence rate of APT increases with the de-
gree of exposure from 0.1% in patients on low dose 
(100–200 mg per day) to almost 50% in patients ex-
posed to high dosages (>1,200 mg/day). The average 
is three to fi ve percent (Stewart et al. 2008). Abnor-
mal pulmonary physiology or abnormal chest radio-
graph do not constitute a contraindication to treat-
ments with the drug. Onset of APT can be after a 
few weeks and up to several years into treatment, but 
most cases are diagnosed in the 6–12-month time 
frame and within the 101–150-g dose range. APT is 
generally diagnosed after an average of 2 months of 
clinical symptoms on average. Clinically, APT man-
ifests insidiously, with gradual weight loss, malaise, 
dyspnea, dry cough, and slight fever, and sometimes 
pleuritic chest pain is present. Crackles or moist rales 
are common fi ndings at auscultation, and a friction 
rub may be present. Adverse effects of amiodarone 
in the liver or thyroid are occasionally present in as-
sociation with the pulmonary toxicity, and appropri-
ate tests are required to detect these complications. 
Leukocytosis, an increased blood LDH level, and a 
raised erythrocyte sedimentation rate are common, 
and the two latter fi ndings can predate the clinical 
onset of APT. The role of serum brain natriuretic 
peptide levels in distinguishing APT from pulmo-
nary edema is imprecise, inasmuch as (1) patients 
may present with an association of both conditions 
and (2) drugs including amiodarone may interfere 
with BNP levels (Troughton et al. 2007). A con-
comitant hyperthyroid state may increase the per-
ception of dyspnea in APT and may also deteriorate 
left ventricular function, complicating the diagnosis 
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of APT. APT may develop post-lung transplantation, 
raising complex diagnostic issues. Imaging studies 
indicate interstitial, alveolar, or mixed opacities. 
Typical amiodarone pulmonary toxicity manifests 
with recognizable changes on imaging, including 
dense uni- or bilateral, often asymmetrical intersti-
tial, patchy areas of condensation or fl uffy alveolar 
infi ltrates, which may involve any area of one or 
both lungs, including the apices, and often abut the 
pleura, which can be thickened en face the involved 
area. Volume loss is generally present in the areas 
of greatest involvement. Opacities in APT may as-
sume a recognizable lobar or segmental distribu-
tion, with partial atelectasis of one segment or lobe, 
simulating an infection, organizing pneumonia, 
primary lung cancer, bronchoalveolar carcinoma, 
or pulmonary lymphoma. There is an impression 
that the right lung (mainly the right upper lobe) is 
more frequently involved than the left lung. While 
some patients present with unilateral involvement 
on the chest radiograph, involvement of the oppo-
site lung often is detectable on HRCT. Less com-
mon patterns of APT include subtle or unilateral 
involvement, a coin lesion, a lone mass simulating 
primary lung cancer (which has been coined “amio-
daronoma” by analogy with paraffi noma), multiple 
masses with a central area of decreased attenuation 
on CT, and multiple shaggy nodules with the halo 
sign corresponding to tissue necrosis. The halo cor-
responds to attenuated amiodarone pneumonitis 
peripherally. On HRCT, the involvement in APT 
often is scattered, patchy, and asymmetrical, with 
areas of haze, ground glass, alveolar shadowing, in-
ter- or intralobular linear opacities with crazy pav-
ing, or dense consolidation or mass(es), sometimes 
with high attenuation numbers. These changes can 
coexist in different areas of the lung, or one of the 
above can be the dominant feature throughout the 
lung fi elds. In a study of 20 symptomatic patients 
with moderate APT (Vernhet et al. 2001), ground-
glass opacities were present in all 20 patients, areas 
of consolidation were found in 4, and intralobular 
reticulations in 5. A subpleural distribution of the 
opacities was more common than a central distribu-
tion (in 18 vs. 2 patients). High density in the area of 
APT was present in 8 of the 20 patients. In more ad-
vanced disease, increased attenuation seems a more 
consistent fi nding (Mason 2001). The disease may 
overlap, resemble, or simulate pulmonary edema, 
cellular or fi brotic nonspecifi c interstitial pneumo-
nia, organizing pneumonia, eosinophilic pneumo-
nia, pulmonary alveolar proteinosis, or lipid storage 

disease. A paucicellular pleural exudate occurs in up 
to a third of patients with amiodarone lung involve-
ment, but rarely occurs in isolation. The expression 
of APT on imaging may be attenuated and the clini-
cal presentation more severe in amiodarone toxic 
patients with a background of emphysema.

Interpretation of pulmonary function tests in 
APT is against a background of airway obstruction 
from prior smoking or restrictive dysfunction from 
heart failure, two common conditions in patients on 
amiodarone. Pre-therapy evaluation will consider-
ably ease the interpretation of these tests. Restrictive 
lung dysfunction, decreased diffusing capacity for 
carbon monoxide (CO), and hypoxemia are present 
in virtually any patient with clinically signifi cant 
APT, and these changes are more in patients with 
extensive disease. The earliest functional abnormal-
ity in APT is a precipitous and consistent decrease 
in the diffusing capacity for carbon monoxide that 
takes place over a few weeks. Left ventricular fail-
ure, pulmonary edema, and simple exposure to 
amiodarone do alter this measurement, but to a far 
lesser extent than APT. Conversely, an isolated doc-
umented decrease of the diffusing capacity does not 
necessarily indicate disease, as overt toxicity will 
develop in about a third of such patients.

A range of abnormalities can be found in the BAL 
in APT (Costabel et al. 2004; Coudert et al. 1992). 
The most consistent fi nding is the presence of nu-
merous foam cells that contain osmiophilic lamel-
lar inclusions if examined on electron microscopy, a 
cumbersome technique that is now rarely used to di-
agnose APT. Foam cells are a routine fi nding during 
treatments with amiodarone and indicate exposure 
to the drug, not necessarily toxicity (Bedrossian et 
al. 1997). To a certain degree, the absence of foam 
cells in the BAL is against the diagnosis of APT, but 
the specifi city of this fi nding depends on technical 
factors and is not absolute. Therefore, one should 
not overly rely on the presence or absence of these 
cells to establish or refute the diagnosis of APT. In 
addition, amiodarone-toxic patients may exhibit an 
increase in neutrophils, lymphocytes, or both cell 
types in the BAL. Lymphocytosis suggests infl am-
mation, denotes a shorter time to onset, correlates 
with diffuse fl uffy opacities on imaging, and is asso-
ciated with response to corticosteroid therapy. Lone 
eosinophilia and alveolar hemorrhage are rare fi nd-
ings in APT. A normal distribution of lymphocytes, 
neutrophils, and eosinophils can also be found.

Like any drug-induced lung disease, APT is a di-
agnosis of exclusion. An open lung biopsy is rarely 
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deemed necessary, and a risk benefi t is not available. 
A lung biopsy is indicated in patients with severe ven-
tricular arrhythmias in whom pulmonary opacities 
develop, and there is no substitute for amiodarone, 
or in patients considered for valvular replacement 
or heart transplantation, in whom the diagnosis of 
pulmonary infi ltrates (amiodarone pulmonary tox-
icity vs. neoplasia) must be secured before surgery 
or transplantation is contemplated. The histopatho-
logical appearances of amiodarone toxicity include 
septal thickening by interstitial edema, nonspecifi c 
infl ammation, interstitial fi brosis, lipids in intersti-
tial, endothelial and alveolar cells and lying free in 
alveolar spaces (Myers et al. 1987; Donaldson et al. 
1998), and signifi cant numbers of free-fl oating foamy 
macrophages in alveolar spaces. Foam cells may be 
so numerous as to mimic a pattern of desquamative 
interstitial pneumonia. Other reported fi ndings in-
clude organizing, or fi brinous organizing pneumo-
nia, a reactive epithelium, and mutilating interstitial 
fi brosis. Active or resolving diffuse alveolar damage 
and hyaline membranes characterize those cases 
with acute presentation.

In most patients in whom APT is suspected, it is 
reasonable to trim down the diagnostic possibilities 
by BAL, diuresis, and cardiac ultrasound. If the di-
agnosis of APT is high enough on the list, one may 
proceed with drug therapy withdrawal, underlying 
arrhythmia permitting, using corticosteroid ther-
apy as a diagnostic test if drug withdrawal does not 
suffi ce. The main competing diagnoses of APT are 
not supposed to resolve under the infl uence of cor-
ticosteroid therapy. Since amiodarone withdrawal 
alone often is not followed by improvement, owing 
to the pharmacokinetics of the drug in lung, and be-
cause persistent APT may lead to a picture of irre-
versible pulmonary fi brosis, corticosteroid therapy 
is advised in the majority of cases with ‘signifi cant’ 
APT. Although a consensus about ‘signifi cant amio-
darone pulmonary toxicity’ does not exist, a start-
ing proposal might include the combination of 
sluggish response to drug withdrawal and involve-
ment of >40% of the lung fi elds on frontal chest ra-
diograph. Hypoxemia would indicate those cases in 
which waiting for the effect of drug withdrawal can 
be bypassed. Corticosteroid therapy should be given 
for extended periods of time although, again, no 
consensus and no controlled study exist. Six-month 
duration seems the lower end in terms of duration. 
Twelve months may suffi ce. Eighteen months may 
be required. A slow taper is essential in all cases to 
avoid relapse of the condition. In most cases, relapse 

of APT following steroid tapering can be controlled 
by reinstatement or augmentation of corticosteroid 
therapy. Rarely, relapse is resistant to corticoster-
oid therapy, and this is the reason why a relapse-
avoiding strategy should be planned for each amio-
darone-toxic patient. Amiodarone-toxic patients on 
corticosteroids must be monitored clinically and by 
appropriate imaging and physiologic studies. They 
should also be monitored for the development of 
adverse effects, including myopathy and infections. 
Care should also be taken to prevent the risk of ar-
rhythmic death following amiodarone withdrawal. 
Mortality in APT is in the range of 10% in ambula-
tory patients. The attrition rate is higher (20-to-33%) 
in patients who require hospital admission for the 
treatment of their condition and nears 50% in cases 
with an ARDS picture.

Asymptomatic patients on amiodarone may pres-
ent with subclinical disease in the form of pulmonary 
opacities on imaging, mainly HRCT. Such infi ltrates 
may correspond to actual areas of APT or are inci-
dental fi ndings. Their signifi cance often is unclear, 
because they cannot be accessed easily. Amiodarone 
therapy withdrawal is not an absolute requisite. A 
positive 67-Ga scan or dyslipidotic changes in the 
BAL may help suspect early APT. Serial follow-up 
with continued exposure to the drug is advisable to 
monitor whether the infi ltrates progress or disap-
pear with time.

Should regular chest radiographs be taken and 
pulmonary physiology measured in patients receiv-
ing amiodarone long term (Sunderji et al. 2000). No 
guidelines have been validated, and practices vary 
widely (Stelfox et al. 2004). A chest radiograph is 
indicated prior to the commencement of treatment 
with amiodarone to detect prior abnormalities to 
which any change occurring later can be compared. 
Ideally, two to three sets of lung volumes and diffus-
ing capacity at the time amiodarone is instituted will 
serve as reference baseline. The chest radiograph 
can be monitored during treatment at regular inter-
vals, e.g., every 4 to 12 months, and the frequency is 
adjusted depending on amiodarone dosage and/or if 
otherwise unexplained symptoms develop. Routine 
monitoring of pulmonary function is not cost effec-
tive, since APT is likely to develop swiftly between 
two sets of measurements. Furthermore, if modest 
decrements in lung function and diffusing capacity 
are detected, and these are common during chronic 
treatments with amiodarone, they may not equate 
clinical toxicity and may raise unnecessary inves-
tigation. An isolated reduction of the diffusing ca-
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pacity should not prompt discontinuation of amio-
darone unless there is clinical or imaging evidence 
for APT, particularly because an “amiodarone holi-
day” carries a risk of recurrence of arrhythmia. In-
stead, an isolated reduction of the diffusing capacity 
commands repeated measurement of this parameter 
and serial imaging over a shorter period of time. A 
stable diffusing capacity and imaging with time will 
indicate a lack of clinically meaningful APT. In sum-
mary, it is wise to monitor pulmonary function and 
diffusing capacity solely if unexplained symptoms 
or pulmonary infi ltrates develop. Self-reporting of 
symptoms, serial clinical evaluation, and periodical 
chest radiographs are an easy and meaningful way 
to detect early APT, particularly during the fi rst year 
of exposure, in patients over 60 years of age, and in 
those who receive >200 mg amiodarone daily.

9.4.2.4 

Organizing Pneumonia

Organizing pneumonia [OP, or bronchiolitis obliter-
ans organizing pneumonia, (BOOP)] is diagnosed on 
ductal and/or alveolar fi brosis in conjunction with 
interstitial infl ammation as the dominant histo-
pathological feature (Pneumotox

� 1997). The main 
problem with OP is that the disease has many recog-
nized causes and contexts other than drugs, making 
evaluation of causality diffi cult. Drug-induced OP 
was described during treatments with hexametho-
nium and mecamylamine in the 1950s. These drugs 
have been recalled. Later, organizing pneumonia was 
temporally associated with exposure to amiodarone, 
ß-blockers, and statins. Clinically, OP manifests with 
malaise, weight loss, dyspnea, low-grade fever, and 
sometimes pleuritic chest pain, which may simulate 
coronary artery disease. Typically, the disease is sus-
pected when migratory opacities are seen on serial 
fi lms. There may be intervening periods with a nor-
mal chest radiograph despite continued exposure to 
the causal drug. In some cases, the opacities are in 
the form of a fi xed lone mass or masses, which may 
assume a recognizable segmental or lobar distribu-
tion. Other imaging patterns include multiple shaggy 
nodules and dense diffuse infi ltrates. Although 
lymphocytes and sometimes neutrophils and/or eo-
sinophils can dominate in be BAL differential, no 
distinctive BAL pattern reliably identifi es OP of the 
drug-induced variant of it. Relying on a small sample 
of lung tissue obtained via the transbronchial route 
is problematic, since OP can be an incidental fi nd-
ing in many other conditions, including nonspecifi c 

interstitial pneumonia, eosinophilic pneumonia, 
infectious pneumonia, aspiration, and atelectasis 
upstream from an obstructed airway. Dyslipidosis 
suggestive of APT can be present in conjunction with 
the classic features of OP in amiodarone-induced OP. 
Otherwise, no histopathological feature will reliably 
differentiate OP due to drugs vs. OP of other causes. 
Some tissue eosinophilia is at times present, mak-
ing the recognition of organizing from eosinophilic 
pneumonia diffi cult.

Most patients who present with migratory opaci-
ties and a background of compatible exposure to 
drugs in whom drug-induced OP is considered will 
not undergo a confi rmatory lung biopsy. Careful 
follow-up after drug discontinuance will indicate 
whether signs and symptoms of OP abate, support-
ing the drug etiology. If drug discontinuance is not 
followed by improvement within a few weeks, then a 
trial of corticosteroids therapy or a lung biopsy is in-
dicated. Traditionally, OP responds to corticosteroid 
therapy, regardless of its cause. However, this form of 
therapy may be ineffective in drug-induced OP, un-
less or until the culprit drug is eventually withdrawn. 
It is wise to look for the drug etiology in any patient 
presenting with OP, particularly if the conditions re-
spond suboptimally to corticosteroid therapy.

9.4.2.5 

Pulmonary Fibrosis

Pulmonary fi brosis is a complication of treatments 
with amiodarone, chemotherapy agents, and radia-
tion therapy to the chest (Pneumotox

� 1997). Ascrib-
ing pulmonary fi brosis to drugs is diffi cult, due to the 
confounding infl uence of idiopathic pulmonary fi -
brosis. This is the reason why pretherapy evaluation is 
so important in patients who are going to be exposed 
to amiodarone. Drug-induced pulmonary fi brosis 
manifests with cough, dyspnea, noisy Velcro� basi-
lar crackles, and weight loss. On the chest radiograph, 
there are basilar or more diffuse linear or streaky 
shadows and volume loss. On HRCT, coarse reticular 
perilobular and/or subpleural thickening and trac-
tion bronchiectasis dominate in the lung bases, with 
honeycombing as a late and inconstant feature. Ami-
odarone-induced pulmonary fi brosis can develop 
after an episode of nonresolving APT, especially if 
corticosteroids are not given, or it occurs as a de novo 
phenomenon. Criteria for diagnosis of amiodarone-
induced fi brosis include a normal chest radiograph 
prior to institution of treatment with the drug, tim-
ing with exposure, compatible imaging, and, if lung 
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tissue is available, evidence for pulmonary fi brosis. 
The presence of dyslipidotic changes depends on time 
from the discontinuation of amiodarone to the lung 
biopsy. Drug therapy withdrawal is indicated. This 
is rarely followed by improvement. Response to cor-
ticosteroids is limited and/or transient.

9.4.2.6 

Pleural Involvement 

The pleura and lung can be involved in the drug-in- �
duced lupus (Rubin 2005), a complication of treat-
ments with about 60 chemically unrelated drugs, 
including the cardiac drugs amiodarone, ACEI, 
ß-blockers, dihydralazine, methyldopa, statins, and 
ticlopidine (Pneumotox

� 1997; Morelock and 
Sahn 1999; Camus 2004). Drugs may cause 5 to 
30% of all cases of lupus. The prevalence of pleu-
ropulmonary involvement in drug-induced SLE is 
between 15 and 60%, depending on the causative 
drug (Rubin 1999). Clinical manifestations of the 
drug-induced lupus include chest pain, cough, 
dyspnea, arthralgias, skin changes, fever, malaise, 
pleuritis, pericarditis, and pleural or pericardial 
effusion. Pulmonary infi ltrates without the pleu-
ral manifestations of the disease occur in a small 
minority of patients. The lupus anticoagulant and 
antiphospholipid antibodies may produce throm-
boembolic phenomena or the hypercoagulable 
state. The scarcity of drug-induced lupus cases with 
renal impairment, neurological involvement, and 
alveolar hemorrhage separate the drug condition 
from naturally occurring lupus. Diagnostic crite-

ria for drug-induced lupus include (1) treatment 
with an SLE-inducing drug, (2) a suggestive clinical 
picture, and (3) a positive antinuclear antibody or 
antihistone test without, generally, the presence of 
anti-double-strand DNA antibodies. Management 
of drug-induced SLE consists of drug therapy with-
drawal, with corticosteroid therapy, immunosup-
pressives, and plasma exchange reserved for severe 
cases. Clinical manifestations reverse more rapidly 
than do ANA levels, which decrease slowly over 
months after drug therapy withdrawal.
Drugs can occasion exudative pleural effusion  �
with elevated pleural lymphocytes, neutrophils 
or eosinophils, or pleural thickening without the 
above features of the drug lupus. These include 
amiodarone, beta-blockers, ergolines (e.g., bro-
mocriptine, pergolide), hydralazine, imidapril, 
minoxidil, procainamide, simvastatin, and trogli-
tazone. The pleural fl uid in amiodarone-induced 
pleural effusion is typically unilateral and mod-
erate in volume. It is either lymphocyte or lym-
phocyte and neutrophil predominant. Foam cells 
have been evidenced in pleural fl uid and in pleural 
tissue. The effusion usually resolves upon discon-
tinuation of the drug.

9.4.2.7 

Pulmonary Hypertension

Old-fashioned anorectics of the 1980s have produced 
a similar pattern of pulmonary hypertension, and 
abused cocaine and amphetamines may produce the 
same syndrome (Pneumotox

� 1997).

Fig. 9.1. Amiodarone pulmonary toxicity 
may occur acutely after a few days or weeks 
into treatment with elevated dosages of the 
drug, typically in the postoperative period 
of thoracic surgery. Diagnosis is by exclusion 
of other causes and is aided by the fi nding of 
foam cells in the bronchoalveolar lavage (see 
Fig. 9.5). Corticosteroid therapy is indicated
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Fig. 9.2a,b. Acute pulmonary edema (a,b) can complicate 
treatments with several cardiac drugs including 
aspirin, epinephrine/adrenaline, hydrochlorothiazide 
and transfusion of blood and blood products (see 

Pneumotox�. On imaging (a,b), the opacities of pulmonary edema typically display a batwing pattern and, on CT, there is 
thickening of inter- and/or intralobular septa, alveolar shadowing and pleural effusion. Drug-induced pulmonary edema 
typically closely follows drug administration, and resolves in a few hours or days after drug discontinuation, except in cases 
which evolve to an ARDS picture. With aspirin, pulmonary edema may occur during longterm exposure to the drug. Drug 
withdrawal is the mainstay of treatment

a

b

Fig. 9.3a,b. The expression of subacute (classic) 
amiodarone pulmonary toxicity may be 
assymmetrical (a), symmetrical (b), basilar or 
apical, localized or diffuse b

a
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Fig. 9.4a–e. On HRCT, early cases are in the form of 
patchy, stellate opacities with intervening ground-glass or 
normal lung (a). In more advanced cases, the disease may 
manifest with segmental or lobar shadowing (b), inter- 
and intralobular thickening resembling the opacities of 
pulmonary congestion or interstitial pulmonary fi brosis 
(c,e). Pleural thickening (b) or effusion (d) is relatively 
common a fi nding. Prolonged corticosteroid therapy is 
indicated if drug therapy withdrawal is not associated with 
reversal of the manifestations of the disease in a few weeks

a

b

c

d

e
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Fig. 9.7. Pleural effusion and pericardial effusion 
may occur with or without the features of lupus 
erythematosus and antinuclear antibodies. The 
effusion resolves after drug withdrawal in a few 
weeks or months. It may take several months for 
antinuclear antibodies to come back to normal 
values

Fig. 9.5. The presence of characteristic foam 
cells in the BAL is a dinctinctly useful fi nding, 
that helps separate amiodarone pulmonary 
toxicity from other conditions such as 
pulmonary edema, alveolar hemorrhage or 
incidental disease processes

Fig. 9.6a,b. Amiodarone induced pulmonary fi bosis (a,b) often is an irreversible process, that resembles pulmonary fi brosis 
that occurs spontaneously or in the context of connective tissue diseases. Bilateral streaky opacities, volume loss and 
hypoxemia are present. Relatedness with amiodarone is best established when the pretherapy pulmonary evaluation (chest 
radiograph and physiology) showed a normal chest radiograph

a b
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Introduction

Over the last decades, CT angiography has become 
the fi rst-line noninvasive imaging modality of the 
pulmonary circulation, particularly well exempli-
fi ed in the management of acute pulmonary em-
bolism (Remy-Jardin et al. 2007). Multidetector-
row CT systems with fast scanning capabilities can 
acquire images of the thorax with reduced cardiac 
motion artifact, enabling improved evaluation of the 
heart and surrounding structures in the course of 
routine thoracic CT imaging (Bruzzi et al. 2006a, 
2006b). Moreover, the introduction of fast rotation 
speed and dedicated cardiac reconstruction algo-
rithms exploiting the multislice acquisition scheme 
of the data has opened the possibility of integrating 
cardiac functional information into a diagnostic CT 
scan of the chest, providing prognostic information 
in the management of patients with a wide variety of 
acute or chronic respiratory disorders. This chapter 
describes the additional information that can be ob-
tained at the level of the heart in the course of chest 
CT examinations indicated for the management of 
pulmonary vascular diseases.

 10.1 
Obstructive Diseases of the 
Pulmonary Circulation

10.1.1 

Acute Pulmonary Embolism

10.1.1.1 

Cruoric Emboli

Once the diagnosis of acute PE is made, prognos-
tic assessment is required for risk stratifi cation and 
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therapeutic decision making. Risk stratifi cation 
consists of clinical evaluation of the patient’s he-
modynamic status followed by the search for mark-
ers of right ventricular (RV) dysfunction and injury 
(ESC Task Force 2008). In the clinical context of 
massive acute PE, it is well established that acute 
pulmonary embolism increases the pressure of the 
pulmonary arterial tree and right ventricle, which, 
in turn, may cause acute right heart dysfunction and 
failure. Such severe hemodynamic situations may 
lead to the patient’s death caused by circulatory col-
lapse secondary to acute right heart failure, defi ning 
the category of high-risk patients. Whereas CT does 
not play any role in the diagnostic approach of right 
ventricular dysfunction secondary to massive acute 
PE, it may provide important prognostic informa-
tion in cases of nonmassive acute PE, a category 
characterized by patients hemodynamically stable 
at presentation. In this latter category, patients with 
right heart dysfunction and/or myocardial injury 
defi ne the intermediate-risk category owing to the 
well-established link between the presence of RV 
dysfunction and the higher risk of PE-related early 
mortality. Recognition of this category of patients 
usually relies on the measurement of biological 
markers of RV dysfunction or injury, but also on 
the search for echocardiographic and/or CT features 
of RV dysfunction. With echocardiography suffer-
ing from several limitations (Burgess et al. 2002), 
great interest has been directed toward depiction of 
RV dysfunction on the same CT examination as that 
used for diagnosing acute PE.

Following the initial descriptions by Oliver et 
al. (1998) and Reid and Murchison (1998), CT can 
give information regarding the status of the heart 
by showing the size of the right ventricle and the 
position of the interventricular septum (Fig. 10.1). 
The normal right ventricle has a limited ability to 
handle an acute increase in afterload. In the event 
of a sudden increase in afterload, right ventricular 
wall tension becomes elevated, followed by dilata-
tion and hypokinesis of the right ventricle and sec-
ondary tricuspid regurgitation. The interventricular 
septum, which normally bows toward the right ven-
tricle, may shift toward the left ventricle because of 
the restraints of the pericardium. This shift causes 
decreased left ventricular fi lling and cardiac output, 
which may lead to a vicious circle of falling systemic 
pressure, ventricular ischemia, and further dilata-
tion of the right ventricle. The CT features suggestive 
of right ventricular dysfunction on cross-sectional 
imaging are summarized in Table 10.1. Several stud-

ies have shown that right ventricular enlargement 
on CT, based on the assessment of the right-ventric-
ular-to-left-ventricular dimension ratio, predicted 
subsequent admission to the intensive care unit, ad-
verse clinical events, and early death ( Contractor 

et al. 2002; Collomb et al. 2003; Araoz et al. 2003; 

Schoepf et al. 2004; Quiroz et al. 2004; van der 

Meer et al. 2005; Ghuysen et al. 2005; Ghaye et 
al. 2006; He et al. 2006). However, data recently re-
ported by Araoz et al. (2007) failed to confi rm the 
prognostic value of a CT-based RV/LV ration for risk 
stratifi cation. In this study, these authors observed 
that RV/LV diameter ratio and embolic burden were 
not associated with short-term death due to PE. 
Explanations for such discrepancies can be found 
in the variety of planes of reformation on which 
these measurements can be made, which include 
transverse CT scans, four-cavity chamber views, or 
short-axis images of the ventricular cavities. More-
over, one should underline the variety of cut-off val-
ues above for which an adverse patient outcome has 
been reported. In addition, whereas an increased 
RV/LV diameter ratio may result from acutely el-
evated RV pressures secondary to PE, it may also 
result from a preexisting process that is indepen-
dent of acute PE. In a recent study, Lu et al. (2008) 
have shown that the interval increase of the right 
ventricular-left ventricular (RV-LV) diameter ratio 
was more accurate than the diameter ratio of the CT 
examination with positive fi ndings for PE alone for 
mortality prediction after acute PE. Consequently, 
in the absence of universally accepted criteria, the 
current consensus on the contribution of CT in risk 
stratifi cation of patients with confi rmed PE focuses 
on the recognition of low-risk patients based on the 
lack of RV dilatation (ESC Task Force 2008). Other 
CT-derived indices, such as interventricular septum 
shape or pulmonary artery dimensions, have not 
been found to be of prognostic relevance. 

The introduction of high-speed ECG gated acqui-
sitions of the entire thorax has enlarged the concept 
of cardiothoracic imaging with the subsequent pos-
sibility of providing quantitative information on 
right ventricular function. The ideal scanning pro-
tocol should allow the radiologist to evaluate both 
morphology and function from a single image data 
set, an objective currently achievable with 16-slice, 
but more easily with 64-slice MDCT technology. 
Using segmentation methods to calculate right 
ventricular ejection fraction (RVEF) with CT, sev-
eral studies have investigated the accuracy of CTA 
compared to MRI (Lembcke et al. 2005), radionu-
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Fig. 10.1a–g. CT angiography obtained in a 
74-year-old female suspected of having acute 
PE. a–f show numerous endoluminal clots 
within central and peripheral pulmonary ar-
teries in both lungs. Note the enlarged diame-
ter of the pulmonary trunk (plain arrow) com-
pared to that of the ascending aorta (dotted 
arrow), suggestive of pulmonary hypertension 
on c. g demonstrates the increased diameter 
of the right ventricle (plain arrow) compared 
to that of the left ventricle (dotted arrow), sug-
gestive of right ventricular dysfunction

g

a

c

e

b

d

f
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clide ventriculography (Kim et al. 2005; Coche et 
al. 2005; Delhaye et al. 2006), and echocardiogra-
phy ( Dogan et al. 2006). In the clinical context of 
chronic respiratory impairment, these studies have 
demonstrated that MDCT was an accurate and re-
liable noninvasive technique for evaluating right 
ventricular function and offered certain advantages 
over other imaging modalities. Because of the com-
plex geometry of the right ventricle, segmentation 
of the right ventricular cavity cannot be automated 
and requires manual drawing of the ventricular con-
tours in systole and diastole (Fig. 10.2). The overall 
duration of postprocessing to calculate RVEF using 
this method is approximately 15 min. A more rapid 
means of estimating RVEF with CT has recently been 
investigated based on the measurement of tricuspid 
annulus displacement between systole and diastole. 
Because of the orientation of muscle fi bers, RV con-
traction occurs mainly along its longitudinal axis, 
between the tricuspid annulus and the RV apex. 
Consequently, measurement of the tricuspid annu-
lus excursion, known under the acronym of TAPSE, 
refl ects the strength of RV contraction. On the basis 
of transthoracic echocardiography, this parameter 
has been found to provide a reliable estimation of 
RV systolic function (Forfi a et al. 2006; Lamia et 
al. 2007). Using ECG-gated 64-slice MDCT, Delhaye 
et al. (2008) have recently demonstrated that TAPSE 
measurements on four-chamber views of the cardiac 
cavities provide an accurate and rapid estimation 
of RV function (Fig. 10.3). It should be emphasized 
that ECG-gated examinations of the chest do not 
require administration of beta-blockers (Salem et 
al. 2006; Delhaye et al. 2007) and can be obtained 
without excessive radiation exposure to the patient 

(d’Agostino et al. 2006).To date, a single study has 
evaluated ECG-gated and non-gated MDCT exami-
nations in the assessment of RV dysfunction in pa-
tients suspected of having acute PE at initial presen-
tation (Dogan et al. 2007). Measuring dimension 
ratios for the RV and LV on non-synchronized trans-
verse and angulated four-chamber views and calcu-
lating RV end-systolic volumes and RV/LV volume 
ratios on ECG-gated scans, the authors concluded 
that ECG-synchronized MDCT facilitates detection 
of RV dysfunction in patients with PE. Two current 
limiting factors for ECG-gated acquisitions–namely 
longer scanning times compared to non-ECG-gated 
acquisitions and image quality degradation due to 
irregular and/or high cardiac rhythms – are ex-
pected to be overcome with the newly introduced 
dual-source CT technology, which should allow the 

Fig. 10.2. Short-axis images of the ventricular cavities in 
systole (left column) and diastole (right column). On both 
series of images, the red lines illustrate the manual segmen-
tation of the right ventricle and the yellow lines to the semi-
automatic segmentation of the left ventricular cavity

Table 10.1. CT features of right ventricular dysfunction

Morphological changes at the level of the cardiac  �
 cavities

Right ventricle enlargement �

Right ventricular–left ventricular diameter ratio >1 �

Leftward displacement of the interventricular  �
septum

Additional morphological changes �
Right atrium enlargement �

Dilatation of the systemic veins (inferior and/or  �
superior vena cava; coronary sinus)

Refl ux of contrast medium into the systemic veins �
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radiologists to provide clinicians with cardiac func-
tional information in routine clinical practice.

Special mention should be added to the possibil-
ity for ECG-gated MDCT to depict mobile clots in 
the right heart. Their presence is synonymous with a 
particularly severe form of acute PE, with a mortal-
ity rate of up to 27% in a 2002 metaanalysis (Rose et 
al. 2002). It has been hypothesized that the migra-
tion of these clots to the lungs is temporarily slowed 
down by high pulmonary pressure, low cardiac out-
put, and considerable tricuspid regurgitation, which 
may result in the clot remaining in the right atrium 
(Ferrari et al. 2005). 

10.1.1.2 

Noncruoric Emboli

 Although less frequently encountered than cruoric 
emboli, septic and tumoral emboli are worth consid-
ering as they may involve both right cardiac cavities 
and pulmonary arteries. Septic emboli are rare but 
important complications in patients with septice-
mia. Predisposing conditions include bacterial en-
docarditis, infected venous catheters or pace-maker 
wires, septic thrombophlebitis, and ondotogenic in-
fections. The CT appearance of septic emboli has 
been well described, including nodules and wedge-
shaped subpleural opacities with or without cavita-
tion and the feeding vessel sign (Dodd et al. 2006). 
In the context of infective endocarditis, ECG-gated 

Fig. 10.3. Long-axis image of the ventricular cavities. The 
red line illustrates the anatomical position of the tricuspid 
valve and the black arrow the orientation of the displacement 
of the tricuspid valve during right ventricular contraction

MDCT examinations of the entire chest may be use-
ful for identifying in one CT acquisition the various 
components of the disease. Fellah et al. (2007) have 
recently reported a case of tricuspid valve endo-
carditis complicated by septic pulmonary embolism 
documented on ECG-gated 40-MDCT of the entire 
chest. Similarly to that already reported for the aor-
tic valve (Willmann et al. 2002; Bootsveld et al. 
2004), it is likely that ECG-gated acquisitions of the 
chest will lead to incidental depiction of valvular 
lesions (Fig. 10.4).

Although metastatic spread of tumor to the lung 
is common, pulmonary tumor emboli are unusual. 

Fig. 10.4a,b. Transverse CT scan obtained below the level 
of the pulmonary valve (a) and sagittal oblique reformation 
obtained along the main axis of the pulmonary trunk (b), 
both in diastolic phase. Note the presence of a rounded, hy-
poattenuated mass (large arrow a,b), adjacent to the inferior 
wall of the pulmonary valve (small arrows b). Transthoracic 
echocardiography confi rmed the presence of a mass adjacent 
to the pulmonary valve, suggestive of papillary fi broelas-
toma (no histologic confi rmation owing to the presence of 
severe underlying respiratory disease; stable over a 3-year 
follow-up)

a

b
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Their CT features are often undistinguishable from 
those of cruoric emboli, except when delayed ac-
quisitions over the embolic material are obtained, 
showing increased attenuation values within tu-
moral emboli (Hauret et al. 2000; Wanatabe et al. 
2002; Wong et al. 2004). Another origin for tumoral 
pulmonary emboli can be found at the level of the 
cardiac cavities. Secondary cardiac neoplasias are 
20 to 40 times more common than primary tumors, 
and almost every type of malignant tumor has been 
shown to metastasize to the heart. Leukemia is the 
most frequent cause of cardiac tumors, with cardiac 
lesions developing in 50% of patients with leukemia. 
Other neoplasias that produce cardiac metastases 
include breast, lung melanoma, and lymphoma. Ab-
dominal and pelvic tumors can also grow in a ce-
phalad direction via the inferior vena cava to reach 
the right cardiac cavities. Embolization of cardiac 
metastases into the pulmonary circulation may then 
occur. Less frequently observed, such material may 
also migrate through a patent atrial septal defect, 
leading to paradoxic tumoral embolism (Dumont 

et al. 2002). Primary tumors of the right cardiac 
cavities can also lead to pulmonary embolism, and 
several cases of pulmonary migration of right atrial 

myxoma fragments have been reported (McCoskey 

et al. 2000; Parsons and Detterbeck 2003). 

10.1.2 

Chronic Thromboembolic Disease

10.1.2.1 

Evaluation of Cardiac Consequences at the Time of 

Initial Diagnosis

Chronic thromboembolic pulmonary hyperten-
sion (CTEPH) is an infrequent outcome of acute 
pulmonary embolism. Several mechanisms have 
been postulated to be responsible for the develop-
ment of chronic pulmonary hypertension after an 
acute event, including a recurrence of embolism, 
an incomplete resolution of endoluminal clots, as 
well as an in situ thrombus growth. CTEPH causes 
right ventricular pressure overload, which leads to 
functional and morphologic alterations of both right 
and left ventricles. These changes result in a de-
creased cardiac index. Table 10.2 summarizes the 
pathophysiology of right and left heart failure in 
patients with CTEPH (Menzel et al. 2000).

Table 10.2. Pathophysiology of left heart failure and right heart failure in patients with CTEPH 
 undergoing pulmonary thromboendarterectomy (from Menzel et al. 2000)
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10.1.2.2 

Changes Observed after Thromboendarterectomy

The hemodynamic and cardiac changes remain 
partially reversible, even after years of illness 
(Chow et al. 1988; Dittrich et al. 1988; Jamieson 

et al. 1993; Menzel et al. 2000). In a study inves-
tigating 39 patients before and after pulmonary 
thromboendarterectomy (PTE), improved lung 
perfusion and the reduction of right ventricular 
pressure overload have been shown to be direct 
results of PTE, which in turn bring a profound 
reduction of right ventricular size and a recovery 
of systolic function (Menzel et al. 2000). Normal-
ization of interventricular septal motion as well as 

improved venous return to the left atrium lead to 
a normalization of left ventricular diastolic and 
systolic function, and the cardiac index improves. 
To date, cardiac morphology as well as alterations 
of right and left ventricular function RV have been 
investigated noninvasively mainly by echocardiog-
raphy and, more recently, by magnetic resonance 
imaging (Menzel et al. 2000; Reesink et al. 2007). 
As the morphologic features of RV remodeling, 
namely RV dilatation, hypertrophy, and leftward 
ventricular septal bowing, are also accessible to 
MDCT, it is likely that this noninvasive imaging 
tool will be more extensively used in the follow-up 
of patients who undergo thrombendarterectomy 
(Fig. 10.5).

Fig. 10.5a–d. Chronic thromboembolic disease in a 78-year-old female treated by thromboendarterectomy. Preoperative 
transverse CT scans (a,b) showing a large endoluminal fi lling defect at the level of the right interlobar pulmonary artery 
(arrows a), right ventricular enlargement with septal bowing toward the left ventricle (arrow b). Note the additional pres-
ence of an enlarged right atrium (star) on b. Postoperative CT scans obtained at the same anatomical levels as those of a 
and b (c,d) illustrating the successful removal of endoluminal clots (arrows c) and the resolution of the CT features of right 
ventricular dysfunction, suggested by a right ventricle-left ventricle ratio < 1 (arrows d)

a

c

b

d
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10.1.3 

Cardiac Changes in Other Causes of 

Pulmonary Hypertension

The classifi cation of pulmonary hypertension was 
modifi ed during the Third World Symposium on 
pulmonary hypertension (Simonneau et al. 2004) 
(Table 10.3). The various causes of pulmonary hy-
pertension can also be considered according to their 
relationships and/or impact on cardiac function. 
There are a few situations in which pulmonary hy-
pertension has no impact on cardiac function, as ob-

served with pulmonary veno-occlusive disease and 
pulmonary capillary hemangiomatosis at the begin-
ning of their development. In some other circum-
stances, pulmonary hypertension can be observed 
with left heart disease, including left-sided atrial or 
ventricular heart disease as well as left-sided val-
vular heart disease. Whereas left heart disease is 
usually diagnosed before its impact on the level of 
pulmonary artery pressure, it may be unknown at 
the time of the initial patient’s management. In such 
circumstances, the link between pulmonary hyper-
tension and left heart disease can be suspected on 
the basis of left heart abnormalities on CT scans. 
Specifi c mention should be made for the late diagno-
sis of some congenital cardiac diseases, such as atrial 
septal defects, patent ductus arteriosus and partial 
anomalous pulmonary venous return, which may 
become clinically symptomatic in adulthood sec-
ondary to the development of pulmonary hyperten-
sion. Consequently, it is worth analyzing the cardiac 
cavities when performing a chest CT examination 
for a patient referred for pulmonary hypertension 
of unknown etiology with specifi c attention directed 
toward the anatomy of the interatrial septum and 
pulmonary vein connections and a search for patent 
ductus arteriosus. The largest subgroup to consider 
comprises disorders for which pulmonary hyperten-
sion can be complicated by right heart dysfunction 
as observed with idiopathic and familial hyperten-
sion, hypertension associated with collagen vascular 
disease, most chronic lung diseases and hypoxemia, 
and specifi c etiologies such as sarcoidosis. In this 
subgroup, the functional capacity of the right ventri-
cle is a major prognostic determinant in pulmonary 
hypertension. Estimation of right ventricular func-
tion follows the same technical principles as those 
developed for acute pulmonary embolism. Lastly, 
one should quote several specifi c situations: (1) the 
specifi c myocardial involvement observed in sys-
temic sclerosis and sarcoidosis; (2) the cardiac origin 
of COPD exacerbations; (3) the presence of cardio-
vascular comorbidities, such as those reported in 
patients with COPD and sleep apnea syndromes.

In addition to the recognition of the etiology of 
pulmonary hypertension, there is a need for im-
provement in the noninvasive depiction of pulmo-
nary hypertension. Recently, it has been shown that 
criteria derived from right ventricle morphology 
can be used to estimate noninvasively the level of 
pulmonary artery pressure. Using MRI, Saba et al. 
(2002) have reported that a calculated ventricular 
mass index could provide an accurate and practical 

Table 10.3. Revised clinical classifi cation of pulmonary hy-
pertension (VENICE 2003) (from Simonneau et al. 2004)

1. Pulmonary arterial hypertension (PAH)
 1.1. Idiopathic (IPAH)
 1.2. Familial (FPAH)
 1.3. Associated with (APAH)
  1.3.1. Collagen vascular disease
  1.3.2. Congenital systemico-to-pulmonary shunts
  1.3.3. Portal hypertension
  1.3.4. HIV infection
  1.3.5. Drugs and toxins
  1.3.6. Other (thyroid disorders, glycogen storage dis-

ease, Gaucher disease, hereditary hemorrhagic 
telangiectasis, hemoglobinopathies, myelopro-
liferative disorders, splenectomy)

 1.4. Associated with signifi cant venous or capillary 
 involvement

  1.4.1. Pulmonary veno-occlusive disease (PVOD)
  1.4.2. Pulmonary capillary hemangiomatosis (PCH)
 1.5. Persistent pulmonary hypertension of the newborn
2. Pulmonary hypertension with left heart disease
 2.1. Left-sided atrial or ventricular heart disease
 2.2. Left-sided valvular heart disease
3. Pulmonary hypertension associated with lung diseases 

and/or hypoxemia
 3.1. Chronic obstructive pulmonary disease
 3.2. Interstitial lung disease
 3.3. Sleep-disordered breathing
 3.4. Alveolar hypoventilation disorders
 3.5. Chronic exposure to high altitude
 3.6. Development abnormalities
4. Pulmonary hypertension due to chronic thrombotic 

and/or embolic disease
 4.1. Thromboembolic obstruction of proximal 

 pulmonary arteries
 4.2. Thromboembolic obstruction of distal pulmonary 

arteries
 4.3. Non-thrombotic pulmonary embolism (tumor, 

 parasites, foreign material)
5. Miscellaneous
 Sarcoïdosis, histiocytosis X, lymphangiomatosis, 

 compression of pulmonary vessels (adenopathy, tumor, 
fi brosing mediastinitis)
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means of estimating pulmonary artery pressure in 
pulmonary hypertension. These authors suggested 
that MRI could provide a reliable assessment of long-
term disease progression and response to treatment 
because ventricular mass will not respond to tran-
sient changes in pulmonary artery pressure. Using 
MDCT, a similar approach for subsequent depiction 
of pulmonary artery hypertension can be followed 
by studying pulmonary artery wall distensibility. 
Investigating a cohort of 45 patients, Revel et al. 
(2008a) have shown that right pulmonary artery 
distensibility was an accurate predictor for PHT on 
ECG-gated 64-slice MDCT scans of the chest. Its di-
agnostic value was found to be superior to that of the 
single measurement of pulmonary trunk diameter.

10.1.4 

Pericardial Abnormalities Associated with 

Pulmonary Arterial Hypertension

Several studies have already shown that asymp-
tomatic pericardial effusion is associated with both 
idiopathic and secondary forms of pulmonary hy-
pertension (Park et al. 1989; Bacque-Juston et al. 
1999; Raymond et al. 2002; Fischer et al. 2007). 
However, little is known about the pathophysiologic 
mechanism of pericardial effusion in the presence 
of pulmonary hypertension. One hypothesis is that 
increased right atrial pressure could contribute to 
the production of pericardial fl uid via the direct 
drainage of some cardiac veins into the right atrium 
(Bacque-Juston et al. 1999). Alternatively, pericar-
dial fl uid accumulation could be a passive transu-
dative process resulting from increased pulmonary 
artery pressure (Gibson and Segal 1978).

10.1.5 

Foramen Ovale Patency (FOP)

Foramen ovale patency is due to the incomplete clo-
sure of the interatrial septum at birth. Based on 
autopsy studies, frequency is around 27% in the gen-
eral population and decreases with age, from 34% in 
patients less than 30 years to 20% at 90 years (Hagen 

et al. 1984). Patients with chronic obstructive pul-
monary disease have an increased frequency of FOP 
because they have increased right atrial pressure, 
compared to controls (Soliman et al. 1999). FOP is 
a factor of impairment in these patients because it 
contributes to chronic hypoxemia (Hacievliyagil 

et al. 2006).The gold standard technique for diagnos-
ing FOP is transesophageal echocardiography (TEE) 
(Schneider et al. 1996), which is superior to tran-
sthoracic echocardiography, although it is less well 
tolerated. The reported proportion of unsuccessful 
TEE is 1.9% in a large multicentric study including 
10,419 examinations (Daniel et al. 1991). Moreover, 
TEE has certain contraindications, especially history 
of dysphagia, current pathologic conditions of the 
esophagus, esophageal varices, and recent esopha-
geal operations. Because TEE is not possible in all 
patients, there is the need for alternative, less inva-
sive diagnostic modalities. Magnetic resonance im-
aging (MRI) has been evaluated in comparison with 
TEE, with a large range in the reported sensitivities 
varying from 19 to 100% (Mohrs et al. 2005; Nusser 

et al. 2006). In a recent study, Revel et al. (2008b) 
have investigated non-gated MSCT for the detection 
of patent foramen ovale (PFO) and atrial septum 
aneurysm (ASA) in comparison to transesophageal 
echocardiography (TEE) in patients with recent 
stroke (Fig. 10.6). These authors have found that 
MSCT allowed visual assessment of PFO with 96% 
specifi city and an overall sensitivity of 55%, ranging 
from 28% in grade 1 shunts to 91% in grade 4 shunts. 
Sensitivity for detection of ASA is only 11%, making 
MSCT inappropriate for evaluating the risk of stroke 
recurrence. Because of its better tolerance compared 
to TEE, MSCT could be used for the detection of 
high-grade shunts, especially in the investigation 

Fig. 10.6. Diagnosis of patent foramen ovale using 64-multi-
detector-row CT. Early left atrium enhancement (double ar-
row) is present on visual assessment. Contrast enhancement 
is also observed in the pulmonary trunk (large single arrow), 
but not in the pulmonary veins (small single arrow). The star 
indicates the presence of contrast medium in the lower part 
of the superior vena cava. Transesophageal echocardiogra-
phy demonstrated a grade 4 patent foramen ovale
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of unexplained hypoxemia as CT evaluation of lung 
parenchyma is part of the usual diagnostic workup 
in patients with such symptoms.

 10.2 
Hereditary Hemorrhagic Telangiectasia 
(HHT)

HHT is characterized clinically by recurrent 
epistaxis, mucocutaneous telangiectases, and vis-
ceral arteriovenous malformations. More than 20% 
of patients with HHT develop pulmonary arterio-
venous malformations (PAVMs), ranging from dif-
fuse PAVMs to large complex structures (Shovlin 

and Letarte 1999). Whereas PAVMs per se are not 
directly responsible for cardiac impairment, the con-
current presence of diffuse hepatic arteriovenous 
malformations may result in high-output congestive 
heart failure (Bernard et al. 1993; Stocks et al. 
1999; Chavan et al. 2004). In the liver, the arterio-
venous shunts are often numerous and may exist 
between the hepatic arterial branches and branches 
of the hepatic and portal veins. The superior and 
inferior mesenteric arteries and the left gastric ar-
tery, as well as direct collaterals of the aorta, are 
other potential arterial feeders. Possible therapeutic 
options of symptomatic patients include surgical li-
gation or transcatheter embolization of the feeding 
arteries with subsequent decrease in cardiac output. 
When pulmonary arteriovenous malformations are 
seen with the concurrent presence of symptomatic 
hepatic malformations, liver treatment is recom-
mended prior to PAVM occlusion. The technical 
procedure and therapeutic results are facilitated by 
cardiac output normalization and subsequent re-
duction in the pulmonary arterial blood fl ow. Car-
diac dysfunction in the clinical context of HHT can 
also be observed as a consequence of longstand-
ing pulmonary arterial hypertension. This rare 
association between HHT and pulmonary arterial 
hypertension occurs predominantly in hereditary 
hemorrhagic telangiectasia type 2 (HHT2) in which 
mutations in ALK1, i.e., activin receptor-like kinase 
1, are seen (Harrison et al. 2003). A few cases of 
HHT and pulmonary hypertension have also been 
reported in hereditary hemorrhagic telangiectasia 
type 1 (HHT1), the latter being linked to mutations 
in ENG, i.e., endoglin (Chaouat et al. 2004; Mache 

et al. 2008).

 10.3 
Diseases of Pulmonary Veins

Partial anomalous pulmonary venous connections 
are congenital anomalies in which one or more of 
the pulmonary veins drain into the right atrium or 
one of its tributaries instead of the left atrium, thus 
creating a left-to-right shunt. Most cases involve 
the right lung; most cases of right partial anoma-
lous pulmonary venous return connect the superior 
vena cava or right atrium (Hijii et al. 1998). These 
malformations are often associated with other con-
genital heart defects, especially atrial septal defect. 
Depending on the magnitude of the left-to-right 
shunt, cardiomegaly can be depicted on CT scans 
as a consequence of right heart overload (Haramati 

et al. 2003). As previously emphasized, it is pos-
sible that the partial anomalous pulmonary venous 
return may not be clinically important. However, 
in patients with this anomaly in combination with 
lung cancer, this may present some serious prob-
lems. Black et al. (1992) reported a patient with 
fatal right heart failure after right pneumonectomy 
for lung cancer with a missed controlateral partial 
anomalous pulmonary venous return. When the 
anomaly is present in the other lobe, major lung 
resection (especially pneumonectomy) for lung can-
cer can result in acute right heart failure due to 
increased shunting through the anomalous venous 
return. Consequently, it has been recently advocated 
that the partial anomalous venous return should be 
corrected before lung resection, especially if major 
lung resection is considered, to prevent fatal postop-
erative heart failure (Sakurai et al. 2005).

From a practical standpoint, one can exemplify 
a few situations illustrating the clinical impact of 
an anomalous pulmonary venous return depending 
on its functional importance. A partial anomalous 
pulmonary venous return involving one pulmonary 
vein corresponds to a left-to-right shunt represent-
ing approximately 25% of the cardiac output. In a 
subject devoid of any respiratory disease, this shunt 
will have no cardiac consequences. In a patient pre-
senting with controlateral extensive lung parenchy-
mal disease, such as atelectasis, or pneumonia, there 
will be a redistribution of pulmonary blood fl ow 
towards the anomalous venous return, which will 
subsequently increase the importance of the left-to-
right shunt. A partial anomalous pulmonary venous 
return involving two pulmonary veins corresponds 
to a left-to-right shunt representing approximately 
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50% of the cardiac output. This shunt is not only re-
sponsible for cardiac dysfunction, but it represents 
a high-risk situation in case of contralateral lung 
resection.

 10.4 
Diseases of the Systemic Circulation

Cardiac complications can be observed in the con-
text of pulmonary sequestrations, rare congeni-
tal malformations of the lung characterized by a 
pulmonary lobe or segment that receives its blood 
supply directly from the aorta. The venous drain-
age of an intralobar sequestration invariably occurs 
via the pulmonary veins, thus producing a left-to-
left shunt. The venous drainage of an extralobar 
pulmonary sequestration usually runs via the sys-
temic venous system (inferior vana cava, azygos, 
hemiazygos or portal vein), creating a left-to-right 
shunt. Cardiac complications of pulmonary se-
questrations may be caused by the high cardiac 
output, the diastolic volume overload to the left 
ventricle caused by the left-to-right shunt through 
the pulmonary sequestration, or both (Marti et al. 
2001). The magnitude of the shunt infl uences the 
moment of appearance of cardiac symptoms and 
thus the time of diagnosis, most often made during 
childhood rather than in adults. The clinical benefi t 
of MDCT in the diagnosis of bronchopulmonary 
sequestrations has recently been emphasized, en-
abling a noninvasive depiction of all the anatomi-
cal components of the malformation (Ahmed et 
al. 2004).

Cardiac symptoms may also reveal a rare form 
of pulmonary sequestration in which a pulmonary 
segment is supplied by a coronary artery. In such 
circumstances, myocardial ischemia caused by va-
sospasm and stealing from the coronary circulation 
may lead to the diagnosis of this entity. Until now, 
cross-sectional imaging has been mostly used to 
recognize lung parenchymal abnormalities, while 
depiction of the abnormal coronary supply has re-
lied on coronary angiography (Silverman et al. 
1994; Bertsch et al. 1999; Nakayama et al. 2000; 

Tsitouridis et al. 2005). It is likely that the most re-
cent generations of MDCT scanners will allow the 
simultaneous depiction of the sequestrated lung and 
its systemic supply from the coronary circulation on 
the basis of ECG-gated acquisitions.

The shunting of blood fl ow from the coronary to 
the bronchial or pulmonary arterial circulation can 
deprive the myocardium of a considerable amount 
of its blood supply, and thus is responsible for a 
“coronary steal syndrome.” The occurrence of an 
angina-like chest pain can be observed in patients 
with normal coronary arteries in whom coronary-
to-bronchial artery anastomoses or shunts between 
coronary, bronchial, and pulmonary arteries have 
developed. Table 10.4 summarizes the diseases in 
which stealing from the coronary circulation can be 
observed.

Table 10.4. Diseases potentially associated with a coronary 
steal syndrome (from Matsunaga et al. 1993; Kochiadakis 
et al. 2002)

Chronic pulmonary infl ammatory diseases �
Bronchiectasis �
Chronic pulmonary thromboembolism �
Takayasu arteritis �
Behcet’s disease �
Pulmonary sequestrations �
Unilateral absence of a pulmonary artery �
Congenital heart diseases with decreased pulmonary  �
fl ow

Primary tumors of a pulmonary artery �
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 11.1 
COPD, Heart and Systemic Vessels: 
A Disease Prototype for 
Integrated Cardiothoracic Imaging

11.1.1 

Defi nitions New Concepts of COPD and 

Cardio-Vascular Comorbidities

According to the Global Initiative for Chronic Ob-
structive Lung Disease (GOLD), chronic obstruc-
tive pulmonary disease (COPD) is now defi ned as 
“a preventable and treatable disease … with sig-
nifi cant extrapulmonary effects … and comorbidi-
ties characterized by airfl ow limitation that is not 
fully reversible … usually progressive and associ-
ated with an abnormal infl ammatory response …” 
(Rabe et al. 2007). The clinical indicators for con-
sidering a diagnosis of COPD in individuals over 
age 40 are dyspnea, chronic cough, chronic sputum 
production and a history of exposure to risk factors, 
especially tobacco smoke, occupational dusts and 
chemicals, smoke from home cooking and heating 
fuels (Rabe et al.2007). Its spirometric classifi cation 
into four stages is based on forced expiratory volume 
in 1 s (FEV1) and forced vital capacity (FEV1/FVC). 
Stage I (mild COPD) corresponds to mild airfl ow 
limitation (FEV1/FVC < 0.70; FEV1 ��80% predicted) 
with chronic cough and sputum production. Stage II 
(moderate COPD), with FEV1/FVC < 0.70; 50% < 
FEV1 < 80% predicted, is characterized by cough 
and sputum production with shortness of breath 
on exertion. It is the stage at which patients consult. 

Stage III is severe COPD with FEV1/FVC < 0.70 and 
30% � FEV1 < 50% predicted. Stage IV is very severe 
COPD with the same spirometry as stage III plus 
chronic respiratory failure with gazometric impact 
or right heart failure.

Before the 2007 spirometric classifi cation, the fi rst 
one published in 2001 (Pauwels et al. 2001) included 
a stage 0 of patients at risk with chronic symptoms 
(cough, sputum production) and normal spirome-
try. This category of patients corresponds to healthy 
smokers in whom an incidental CT scan of the tho-
rax can fi nd COPD lesions. Unfortunately, stage 0 
has been removed from the 2007 classifi cation. There 
was also an intermediary classifi cation for which the 
stages of severity were renamed in 2003. The global 
burden of COPD will increase, and the Word Health 
Organization predicts that COPD will become the 
third cause of death and the fi fth cause of disability. 
Its socio- and medico-economic impacts are of the 
utmost importance (Fabbri et al. 2003).

Acute exacerbation of COPD is defi ned as “an 
event in the natural course of the disease character-
ized by a change in the patient’s baseline symptoms 
that is beyond normal day-to-day variations, is acute 
in onset and may warrant a change in regular medi-
cation in a patient with underlying COPD” (Rabe et 
al. 2007). In 2004, a book entirely dedicated to this 
topic was published (Siafakas et al. 2004) in which 
the diseases that provoke, precipitate or mimic an 
acute exacerbation were summarized (Table 11.1). 
This table emphasizes the fact that in acute exacer-
bation a large number of diseases causes increased 
dyspnea in COPD patients, but are not the causes of 
it (Hurst and Wedzicha 2007).

Table 11.1. Summary of diseases that provoke, precipitate or mimic an acute exacerbation 
( Siafakas et al. 2004)

Parenchymal diseases Pneumoniae and their complications
Complicated bullae

Airway diseases Bronchial carcinoma. Infection of the tracheo-bronchial tree
Common pollutants

Cardiac diseases Congestive cardiac failure. Right heart failure

Lung vessels Pulmonary hypertension 
Acute pulmonary embolism
Hemoptysis

Pleura Pleural effusion
Pneumothorax

Muscles Muscular wasting

Mediastinum Pneumomediastinum 
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11.1.2 

Cardio-Vascular Comorbidities

Over 40% of patients with COPD present comorbid 
conditions, among which cardio-vascular disorders 
are frequent. The prevalence of pulmonary embo-
lism in patients hospitalized for acute exacerbation 
of unknown origin varies from 5 to 25% accord-
ing to the literature. The worsening of expiratory 
fl ow limitation and dynamic hyperinfl ation has 
cardio-vascular effects: increased pulmonary arte-
rial pressure, decreased right ventricle preload and 
increased left ventricle afterload (O’Donnel and 
Parker 2006). 

The GOLD strategy, like multiple other disease-
specifi c guidelines, does not address, in proportion 
to its frequency, the issue of cardio-vascular comor-
bidity and does not take into account the concept 
of cardiothoracic imaging applied to COPD. It has 
been recently emphasized in an editorial entitled 
“One heart, two lungs together for ever” (Ceconi 
et al. 2006), which underlines the high frequency of 
left ventricular dysfunction in acute exacerbation 
(Fig. 11.1) and the fi gure of 20% of unrecognized 
heart failure in elderly patients with stable COPD. 
For every 10% decrease in FEV1, cardiovascular 
mortality increases by 28%, and non-fatal coronary 
events increase by almost 20% in mild to moder-
ate COPD. In patients with FEV1 <50%, the leading 

causes of death are predicted to be cardiovascular 
(Sin and Man 2005). The abnormally functioning 
lung of COPD has multiple cardiac consequences 
as demonstrated in Table 11.2 (modifi ed from 
 Rennard 2005).

These four pulmonary pathophysiologic events 
and their cardio-vascular consequences are in-
creased with exercise. 

According to a meta-analysis from a Medline 
search, the relationship between reduced FEV1 and 
mortality from ischemic heart disease is striking 
(Sin et al. 2005). The lung and airway infl ammation 
incite systemic infl ammation, which, independent 
of smoking, can contribute to the progression of 
atherosclerosis. Low-grade systemic infl ammation 
is a major risk for atherothrombotic plaque genesis, 
progression and rupture. It is well known that COPD 
is associated with systemic infl ammation (Agusti 
2006), but its variation over time and its contribution 
to the phenotypic characteristic of the disease has 
not yet been taken into account. Tobacco smoking 
self-induces systemic infl ammation in the absence 
of COPD, which can contribute to atherosclerosis. 
Chronic intermittent hypoxia is an expected mani-
festation of COPD. Pulmonary artery hypertension, 
absent at rest, may appear during exercise and trig-
ger an intermittent right-to-left shunting through a 
patent foramen ovale. Experimentally, nine of ten 
mice exposed to chronic intermittent hypoxia and 
a high-cholesterol diet developed atherosclerotic 
lesions (Savransky et al. 2007). The conjunction 
of stimuli, systemic infl ammation and hypoxia-in-
duced atherosclerosis may increase cardio-vascular 
co-morbidities. Cardiovascular disease in COPD 
patients may represent a burden greater than that 
of lung disease itself (Huiart et al. 2005), and it is 

Fig. 11.1. Elderly patient with acute exacerbation of COPD. 
Pulmonary embolism is suspected because a pleuro-pneu-
mopathy does not correctly respond to antibiotics. The 
ventricular diameters perpendicular to the interventricular 
septum are consistent with dilatation of the left ventricle. 
Associated to bilateral pleural effusions, this left ventricular 
failure was initially suspected and subsequently confi rmed

Table 11.2. Multiple cardiac consequences of abnormally 
functioning lung of COPD (modifi ed from Rennard 2005)

Lung dysfunction Cardiac consequences

Lung hyperinfl ation Pulmonary hypertension
Decreased RV preload
Increased LV afterload

Increased work of 
breathing

Increased cardiac output

Increased intra-thoracic 
pressure

Decreased pulmonary 
venous return 
LV diastolic dysfunction

Pulmonary hypertension RV dysfunction
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the reason why non-invasive diagnostic strategies 
should be considered in priority. Left ventricular 
dysfunction in COPD patients can be attributable to 
coronary artery disease. Considering a pre-selected 
group of patients with severe obstructive pattern and 
after exclusion of known coronary disease, myocar-
dial infarction, cardiomyopathy or vascular disease, 
the prevalence of signifi cant coronary artery dis-
ease is 10.5% (Vizza et al. 1998) in this group. How-
ever, in patients with symptomatic deterioration a 
study found left ventricular dysfunction in 32% of 
COPD patients (Render et al. 1995). The gap be-
tween 10.5% and 32% can be partially explained by 
two other causes of LV dysfunction: a pre-existent 
cardio-vascular disease and ventricular indepen-
dence, which will be reviewed in the following chap-
ters. Increased arterial stiffness increases myocar-
dial oxygen demand and left ventricular afterload. 
Coronary perfusion is reduced, leading to subendo-
cardial ischemia (Sabit et al. 2007). If there is an 
evident relationship among the patient’s age, stage 
of COPD and cardiovascular events, this comorbid-
ity should be particularly taken into account prior 
to surgical treatments (lung transplantation or lung 
volume reduction surgery). In this high-risk group, 
the incidence of cardiovascular morbidity after lung 
volume reduction surgery was recently estimated at 
20% (Nauheim et al. 2006).

11.1.3 

Technological Impacts of 

Cardiothoracic Imaging

Cardio-pulmonary interactions are very numerous: 
embryologic, physiologic, physiopathologic and me-
chanical. The very fast rotation times of modern CT 
technologies greatly improve the temporal resolu-
tion of cross-sectional and multiplanar imaging. For 
example, acquisition of the entire thorax with 0.33-s 
rotation time and a pitch of 1.5 is equivalent to about 
165 ms temporal resolution of the reconstructed im-
ages. With cardiac gating and single-source CT, the 
temporal window is also 165 ms (Fig. 11.2). With 
dual-source CT, it is lowered to 83 ms with cardiac 
gating, allowing coronary, cardiac and pulmonary 
imaging with very high cardiac rhythms. The use of 
both tubes without cardiac gating and with a pitch 
of 2 has the same temporal resolution (83 ms) and a 
3 s acquisition time of the entire thorax (Fig. 11.3). 
With this technique, the cardiac cavities can be cor-
rectly visualized because half the cardiac height is 
acquired in 0.5 s. In addition, the very short acqui-
sition time of the entire thorax and the monitoring 
of the contrast bolus in the descending aorta allow 
for an optimal opacifi cation of all the thoracic ves-
sels and cardiac cavities with only 80 ml contrast 
medium.

Fig. 11.2a,b. Spiral CT angiography performed with cardiac gating in a COPD patient with hemoptysis (temporal resolution: 
165 ms). Gating is aimed at precise analysis of the bronchial artery origins. The left subclavian artery origin of the right 
bronchial artery is precisely demonstrated (a). No motion artifact can be identifi ed at the level of the pulmonary artery or 
aortic arch. The left anterior descending artery is depicted in its entire course on a sagittal planar reformation (b)

a b
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The above-mentioned technical capabilities must 
be compared to the negative effects of ß blockers on 
airway responsiveness in COPD patients. In their 
study, van der Woude et al. (2005) found evidence 
of the negative effects of ß-blocker treatment on lung 
function (FEV1) and airway hyper-responsiveness in 
patients with mild-to-moderate irreversible COPD. 
Alternatives are some cardio-selective ß blockers, 
such as celiprolol or metoprolol, which have the least 
negative consequences on pulmonary function. But 
with the double-source CT, this drug does not have 
to be used in the majority of patients. 

The breakthrough of new CT technologies coun-
terbalances the limitations of the usual non-inva-
sive cardiac tests in these patients. The stress tests 
with echocardiography, ECG and nuclear medicine 
are limited due to the patient inability to perform 
the necessary efforts. The hypoxic myocardium 
can keep silent at rest. Marked increase in intratho-
racic gas, hyperinfl ation and alterations in the car-
diac position makes Doppler echocardiography 
frequently inaccurate and leads to overestimation 

of pulmonary hypertension (Arcasoy et al. 2003). 
Cardiac catheterization is too invasive to be ethi-
cally acceptable. The role of cardiac biomarkers is 
taken strongly into consideration due to the high 
prevalence of LV dysfunction in COPD. However, 
this dysfunction can be present without being the 
cause of symptoms (Abroug et al. 2006). Finally, 
the conjunction of these multiple limitations and 
of the new technological developments of cardiac 
CT opens new possibilities for cardiothoracic im-
aging. 

If the new CT technologies, in conjunction with 
the limitations of the non-invasive tests previously 
mentioned, are the basis for development of cardio-
thoracic imaging, some considerations about radia-
tion dose must be envisaged. The doses required for 
morphologic and functional studies of the cardiac 
cavities are less important than for coronary ar-
tery visualization. Nevertheless, this chapter is not 
dedicated to cardiac CT, which merges as a rapidly 
developing method of non-invasive cardiac imag-
ing. Its developments can be found elsewhere in 

Fig. 11.3a–d. Double source acquisition without cardiac gating or apnea with 100 kV, 90 mAs per tube, care dose 4D, pitch 
of 2, 80 ml of a 250 mg/ml contrast medium injected at 4 cc/s. The acquisition is triggered at 150 HU in the descending 
aorta; 75 bpm. DLP: 127 mGycm. The 83-ms temporal resolution allows for an acquisition without motion artifact at the 
level of the aorta (a), pulmonary arteries (b,c) and right and left ventricles (d). No streak artifact from the superior vena 
cava. Slice thickness: 5 mm

a

c

b

d
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this book or in the recent literature (Mahnken et 
al. 2007). Considering single-source 64-slice heli-
cal CT and, apart from patients with bradycardia, 
the use of cardiac gating of the entire thorax with 
a pitch of 0.3, adjustment of the mAs setting to the 
patient size, ECG-controlled dose modulation, no 
administration of ß blockers, 0.33-s rotation time, 
120 KV and 200 mAs, the dose-length product was 
260.57±83.67 mGy cm with an estimated average 
effective dose of 4.95±1.59 mSv (D’Agostino et al. 
2006). At the same time and with the same machine, 
the mean dose length product for a standard CT of 
the thorax was 200 mGy cm. This low-dose integrated 
cardiothoracic imaging is able to evaluate right and 
left ventricular ejection fractions, imaging of the 
proximal coronary arteries and lung, mediastinum, 
pleura and chest wall without artifacts in more than 
90% of the patients (Salem et al. 2006). With the 
use of 90 to 120 ml contrast medium, this acquisi-
tion obtains suffi cient functional and morphologic 
information in COPD patients for the detection of an 
unknown cardiac comorbidity. The majority of the 
previous studies emphasized good correlations with 
values obtained with MRI (Orakzai et al. 2006), 
which is not used at a fi rst intention in the man-
agement of a COPD patient. Dose performance in 
double-source CT of the entire thorax with cardiac 
gating must be evaluated in clinical routine. The 
technologic factors for dose savings were recently 
reviewed (Mc Collough et al. 2007). Our fi rst re-
sults favor a moderately higher dose for low cardiac 
rhythms and a lower dose at high rhythms. 

With 83 and 165 ms temporal resolution without 
cardiac gating, using a pitch of 1.5 with single source 
64-slice CT and a pitch of 2 with dual-source, coro-
nary calcifi cations are frequently found in COPD 
patients. Without the accuracy of well-established 
calcium scoring techniques, these fast acquisition 
modes allow for an approximate quantifi cation of 
the calcifi cations.

11.1.4 

The Opportunity of Developing Biomarkers in 

Cardiothoracic Imaging

Surrogate markers (parameters that predict the ef-
fect of treatment in clinical studies) and imaging 
biomarkers, providing predictive information on 
clinical outcome, have gained increasing impor-
tance (Rudin 2007). The defi nition of a biomarker, 
according to the National Institutes of Health/US 

Food and Drug Administration, is: “A character-
istic that is objectively measured and evaluated as 
an indicator of normal biological processes, patho-
genic processes, or pharmacologic responses to a 
therapeutic intervention” (Downing 2001). Multiple 
imaging biomarkers of pulmonary function, such as 
dynamic imaging, are on the verge of being devel-
oped or in clinical evaluation. They can analyze dy-
namic physiologic processes: ventilation, perfusion, 
vessels distensibility, ventricular ejection fractions, 
bronchial reactivity and interventricular septal mo-
tion. The iodine (Fig. 11.4) or krypton content of 
the lung can be depicted with dual-energy CT. The 
iodine content, similar to perfusion imaging, can 
be correlated to morphological alterations obtained 
from the same acquisition (Fig. 11.5). In the very 
near future, lung microvascular blood fl ow, myocar-
dial perfusion and cardiac function will be simul-
taneously analyzed. These new imaging biomarkers 
are very challenging. They need to be developed in 
collaboration with industry if the chest radiologists 
want to take full advantage of their opportunities 
(Schuster 2007).

Fig. 11.4. Coronal perfusion image obtained in a COPD pa-
tient. Bilateral heterogeneity of the lungs. The dark areas 
correspond to multiple defects of iodine content. The pe-
ripheral black areas correspond to the parts of non-acquired 
parenchyma due to the tube B small fi eld of view (26 cm)
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 11.2 
COPD and Pulmonary Hypertension (PHT)

11.2.1 

Pulmonary Hypertension in COPD

The fi gures of PHT in COPD patients are highly 
variable, from 20% to 90% according to the publi-
cations and disease staging. Its severity depends on 
the degree of airfl ow obstruction and pulmonary 
gas exchange impairment (Barbera et al. 2003). Its 
evolution is slowly progressive. Pathologic changes 
in the pulmonary circulation may appear several 
years before PHT is recognized, even in smokers 
with normal lung function. Small pulmonary ar-
teries show thickened intima, smooth muscle cell 
proliferation and elastin and collagen deposition 
(Peinado et al. 1998; Santos et al. 2002). The ar-
teriolar muscularization of the peribronchiolar 
centrolobular arteries has no morphologic effect 
analyzable on HRCT, but the luminal narrowing 
may have an impact on lung perfusion imaging pre-

ceding the development of emphysema ( Yamato 
et al. 1997). There could also be a relationship be-
tween systemic infl ammation and PHT (Joppa et 
al. 2006).

PHT in COPD is usually moderate, limited to 
25–35 mmHg mean pulmonary artery pressure 
(mPAP) at rest. It increases at exercise in proportion 
to resting PAP. The performance of echocardiogra-
phy in its identifi cation is qualifi ed as “less than op-
timal” (Naeije 2005). The pathogenesis is complex, 
bringing together hypoxia, remodeling, amputa-
tion of the pulmonary vascular bed, hyperinfl ation, 
polycythemia, increased cardiac output and hyper-
capnic acidosis (Wright et al. 2005). Severe PHT is 
quite uncommon and is called “disproportionate” 
PHT, meaning that there is a gap between the benig-
nity of COPD and the severity of PHT. It is estimated 
in fewer than 5% of COPD patients, many of them 
having an additional cause of PHT such as obstruc-
tive sleep apnea, obesity-hypoventilation syndrome 
(Chaouat et al. 2005), left heart disease, collagen 
vascular disease (Weitzenblum and  Chaouat. 
2005), acute and chronic PE, portal hypertension, 
HIV infection, appetite-suppressant drugs and re-
cent exacerbation (Thabut et al. 2005). This rare 
subset of COPD with severe PHT is important to 
know since it can be treated by pulmonary vasodi-
lators. We will see that left ventricular dysfunction 
in this group has to be separated into diastolic and 
systolic dysfunction, the fi rst one being the conse-
quence of right ventricular dysfunction (Scharf et 
al. 2002). Disproportionate hypoxemia must also be 
compared to PHT and the importance of lung de-
struction because it can be due to a patent foramen 
ovale.

11.2.2 

CT Functional Imaging of PHT

11.2.2.1 

Pulmonary Artery Distensibility (PAD)

As previously shown, the extensibility of the main 
pulmonary artery is reduced in PHT. When the 
pulmonary vascular resistance increases, the ves-
sels become more distended and less distensible 
(Bogren et al. 1989). Compliance refers to change in 
cross-sectional area for a given change in pressure. 
Distensibility refers to fractional change in area for 
a given change in intra-vascular pressure (McVeigh 
et al. 2007).

Fig. 11.5. Perfusion-morphology correlation on the same 
planar reformation of the right lung showing multiple areas 
of lung destruction with no iodine enhancement. The apical 
segment of the right lower lobe is relatively spared from em-
physema. Nevertheless, multiple small perfusion defects can 
be identifi ed in this morphologically normal lung
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Non-invasive evaluation of the PAD can be per-
formed with US, NMR and CT. When CT angiog-
raphy is acquired with cardiac gating, the cross-
sectional area of the right PA can be visualized, and 
the distensibility index is calculated as follows (see 
Fig. 11.6).

Systolic Cross Section Minus Diastolic Cross Section

Systolic Cross Section

Distensibility corresponds to changes in volume 
between systole and diastole and depends both on 
the pulmonary vascular resistance and functional 
value of the right ventricle. It is determined by the 
elastic properties of the arterial wall. It can also 
be calculated on the main pulmonary artery and 
the left one with more diffi culties due to its arcu-
ature. In the normally compliant artery, the range 
in NMR is between 20 and 25% of the minimal di-
ameter whatever the patient’s age (Paz et al. 1993). 
These fi gures are identical with ultrasonography 
with the exception that an age-related decline was 
observed (Visontai et al. 2000). In our experience, 
PAD calculated on CT is usually well correlated to 
PA pressure.

11.2.2.2 

Measurement of Pulmonary Vascular Resistances

The mean pulmonary transit time (PTTm) can be 
easily calculated with the monitoring of a minimal 
bolus of contrast medium fl owing from the right 
ventricular outfl ow tract to the left atrium obtained 
on cross-sectional images every 2 s. The cardiac out-
put is determined from the stroke volume and the 
heart rate. Müller et al. (2000) developed a math-
ematical model for calculating pulmonary vascular 
resistances from non-invasive measurements of car-
diac output and PTTm.

11.2.2.3 

Measurement of the Transverse Diameter of the 

Main Pulmonary Artery (MPA) on Cross-Sectional 

Images

Everyone knows this fi rst step evaluation of pulmo-
nary artery pressure, which will not be described in 
this chapter. The exact value of measurements (MPA 
transverse diameter or comparison of this diameter 
with ascending aorta diameter on the same level) 
depends on the temporal resolution of the machine 

Fig. 11.6a,b. Systolo-diastolic distensibility of the right PA on sagittal reformations. In this patient with PHT, the systolo-
diastolic difference in area is limited to 10%. AA: Ascending aorta. RPA: Right pulmonary artery. *Right main bronchus. 
SVC: superior vena cava

a b
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(systolo-diastolic motion artifacts) and on the dis-
tensibility of each vessel. Considering that the mo-
tion amplitude of the main pulmonary artery wall 
is about 4 mm between systole and diastole, one can 
realize the importance of measurement approxima-
tion (Fig. 11.7).

 11.3 
COPD and Right Cardiac Cavities

11.3.1 

Patent Foramen Ovale (PFO)

As previously quoted, patients with COPD have an 
increased patency of their foramen ovale (Soliman 
et al. 1999). This can be due to increased right atrial 
pressure. Reduction of pulmonary venous return 
and thoracic distension can also play a role, the 
last one being responsible for a malalignment of 
the interatrial septum. The right-to-left atrial shunt 
contributes to chronic hypoxemia. The reference for 
detection of PFO is contrast-enhanced transesopha-
geal echocardiography, which may have some con-

traindications and is partially invasive. In addition, 
cough efforts during the procedure may artifi cially 
increase the right atrial pressure.

Arrival of bubbles in the left atrium during a Val-
salva maneuver or immediately at its end after one to 
two cardiac cycles is the key point. The same principle 
can be used in NMR angiography with 10 ml of gado-
pentetate dimeglumine during a Valsalva maneuver 
(Mohrs et al. 2005, 2007; Nusser et al. 2006).

PFO can also be visualized during CT angiography 
with dynamic CT centered on the fossa ovalis after 
injection of 10 ml of iodinated contrast medium with 
a low kV technique. The mean dose length product is 
140 mGy cm. Images are acquired during the relapse 
of the Valsalva maneuver showing the left atrial en-
hancement prior to the pulmonary venous return of 
iodine (Fig. 11.8). An atrial septal aneurysm bulging 
in the juxta-atrial part of the left atrium or in the right 
one can also be identifi ed. Sensitivity of MSCT ranges 
from 28% in grade 1 to 90% in grade 4 PFO. The speci-
fi city is 96% (Revel et al. 2008). CTA of PFO must 
not be used as a fi rst intention procedure, but has to 
be kept in mind when TEE is contraindicated or as 
a fi rst step of a CTA performed in the management 
of an extra cardiac vascular or parenchymal right-to-
left shunting or unexplained hypoxemia.

Fig. 11.7a,b. Two different patients with 70 bpm. The acquisition with 800-ms temporal resolution (a) shows double contours 
at the level of all the mediastinal organs: right pulmonary artery, ascending aorta, superior vena cava, left atrial appendage, 
pericardial recesses and subcarinal lymph node. With 250 ms temporal resolution (b) obtained with cardiac gating, all the 
aforementioned contours are very sharp. Motion artifacts are integrated in the measurements of PA trunk, ascending aorta 
and lymph nodes

a b
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11.3.2 

Right Ventricular Dysfunction

Adequate assessment of RV performance and mor-
phology is more diffi cult than that of the left one, 
and publications about LV largely outnumber those 
of the right one, by about a factor of 10 (Redington 
2002).

Pulmonary hypertension in COPD is the leading 
cause of right ventricular dysfunction. The old defi -
nition of chronic cor pulmonale is now replaced by 
“alteration in the structure and function of the right 
ventricle” (Macnee 1994). This imprecise defi nition 
implies right ventricular hypertrophy (RVH), which 
has no clinical precise defi nition. The incidence and 
prevalence of RVH are lacking. According to autop-
sic studies, it may be encountered in 40% of COPD 
patients (Macnee 1994). It parallels the degree of 
air-fl ow limitation and pulmonary hypertension. 
From a physiologic viewpoint, the blood volume con-
tent of the ventricle at the end of the diastole, called 
end-diastolic volume, is called preload. It is also de-
fi ned as the force acting on the ventricular muscle 
before it contracts. Changes in preload impact the 
end diastolic volume. At the time of the opening of 
the pulmonary valves, the preload decreases due to 

blood ejection; this new load is called afterload. It is 
protosystole dependent. It is related to the intra-ven-
tricular pressure, the ventricular size and inversely 
related to its wall thickness. The right ventricle ejec-
tion fraction is mainly afterload-dependent, but it 
also depends on the contractility and preload.

The concept of RV dysfunction rests on a right 
ventricular ejection fraction (RVEF) smaller than 
45% on isotopic ventriculography (Weitzenblum 
and Chaouat 1998). According to these authors, a 
decreased RVEF probably refl ects the consequences 
of PHT, i.e., an increased afterload. It is a poor indi-
cator of RV function. The anterior wall is not always 
taken into account in the calculation of RVH because 
it is often invested with abundant epicardial fat. 

The so-called cor pulmonale not only implies 
RVH, but also dilatation. From a pathologic view-
point, RVH is defi ned as a posterior RV wall thick-
ness of 5 mm or greater at the level of the inferior 
border of the posterior leafl et of the tricuspid valve 
(Farb et al. 1992). According to Vonk-Noorde-

graaf (2005) in normoxemic or mildy hypoxemic 
COPD patients the stroke volume is low, the RV wall 
mass is higher, and the end-diastolic and the end-
systolic volumes are lower than in control group. 
The RV systolic dysfunction defi ned as RVEF <45% 
is present in 20% of the patients. 

11.3.3 

MSCT and the Right Ventricle

The right ventricle has a complex morphology 
due to its crescent shape (Fig. 11.9) with a tubu-
lar confi guration of the right ventricle outfl ow tract 
(RVOT). It has a pronounced trabeculation, which 
is sometimes taken into account, or not, in its vol-
ume measurements. In COPD it can be situated at 
an increased distance from the anterior chest wall 
due to hyperinfl ation of the retro-sternal lungs. This 
can explain why it is not the preferred ventricle for 
echocardiography. In opposition to echo, MSCT is 
not restricted by geometrical assumptions. Multiple 
functional and morphological parameters of the RV 
can be measured on CT. They cannot be reviewed in 
extenso in this chapter.

11.3.3.1 

RVEF

In a group of 49 patients and for two subgroups of 
patients with normal and reduced RVEF, compari-

Fig. 11.8. Low-dose dynamic-mode acquisition to detect a 
patent foramen ovale immediately after a Valsalva maneu-
ver. The small amount of contrast medium found in the 
left atrium comes from the superior vena cava via the right 
atrium. The right upper and left lower pulmonary veins are 
not opacifi ed
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son of CT with equilibrium radionuclide ventricu-
lography shows similar results. Despite the lack of 
ß-blockers and the use of ECG pulsing deteriorating 
the systolic images, MSCT can be used in routine 
clinical activity (Delhaye et al. 2006) in unselected 
patients. The triple rule out or chest pain protocole 
is able to integrate functional information of the 
heart into a diagnostic scan. In comparison with 

scintigraphy, MSCT enables precise identifi cation of 
the RV tricuspid valves and of the pulmonary valve 
plane (Remy-Jardin et al. 2006).

11.3.3.2 

Tricuspid Annular Plane Systolic Excursion (TAPSE)

Complex RV geometry partly limits the application 
of non-invasive assessment of RV function; how-
ever, as contraction occurs mainly along its lon-
gitudinal axis between the tricuspid annulus and 
the RV apex, TAPSE is an excellent measure of RV 
systolic function (Forfi a et al. 2006). In normal 
subjects, the displacement of the tricuspid annu-
lus from end-diastole to end-systole is ��2.5 cm on 
transthoracic echocardiography. The same author 
found a linear inverse relationship between TAPSE, 
and pulmonary vascular resistances, and according 
to this publication, TAPSE correlates with RVEF, 
which is the proportion of stroke volume to end-
diastolic volume.

Using MCST with cardiac gating, TAPSE can be 
measured as the annulus displacement on four-
chamber views of the cardiac cavities (Fig. 11.10) 
reconstructed at 20 cardiac phases in step of 5% of 
the R-R interval, while RVEF is calculated on the 
short-axis views of the ventricles. TAPSE measure-
ments provide an accurate and rapid estimation of 
RV function (Delhaye et al. 2007).

Fig. 11.9. Short axis diastolic reconstruction of normal ven-
tricular cavities. The rightward convexity of the interven-
tricular septum can be visualized and, if necessary, calcu-
lated. The difference in thickness between the right and left 
ventricular myocardium is normal

Fig. 11.10a,b. Long axis diastolic reformation of the cardiac cavities. The tricuspid annulus (a) is identifi ed at the level of 
the tricuspid valve and the right atrio-ventricular sulcus. The sharp triangular shape of the anterior right ventricular part is 
depicted (b). Line a to b corresponds to the long axis of the ventricular cavity. The same operation can be performed during 
diastole. An extracardiac non-mobile reference point can also be chosen, and the axis from a to this point is calculated

a b
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11.3.3.3 

Systolic and Diastolic Evaluation of the 

Right Ventricular Outfl ow Tract (RVOT)

On a gated MSCT, one can obtain the systolic and 
diastolic RVOT wall thickness below the pulmonary 
valves, the RVOT antero-posterior systolic and dia-
stolic diameters and the cross-sectional area per-
pendicular to the RVOT long axis. In PHT there is 
a diastolic increased RVOT myocardial thickness. 
A thickness of 5.8 mm or above has 100% speci-
fi city for PHT. Systolic RVOT diameter and cross-
 sectional area are signifi cantly larger in patients 
with PHT (Revel et al. 2008).

11.3.3.4 

Interventricular Septal Confi guration

Interventricular septal shape is a strong determi-
nant of the RV function. Chronic or acute dilata-
tion of the RV impedes the diastolic function of 

the left ventricle. Conversely, the LV may contribute 
from one-fi fth to two-thirds of RV function (Klima 
et al. 2002). Flattening and sometimes bowing of 
the interventricular septum toward the LV can be 
seen when the RV systolic pressure is increased 
(Fig. 11.11). This is in agreement with experimental 
studies showing that diastolic LV septal bowing oc-
curs with an abnormal transseptal pressure gradient 
(Beyar et al. 1993).

Setpal bowing can be quantifi ed by its curvature, 
defi ned as one divided by the radius of curvature in 
centimeters (Roeleveld et al. 2005), determined 
on short-axis views. The curvature calculation is 
given in the appendix of the above publication. A 
rightward convexity of the curvature is normal. 
A systolic pulmonary artery pressure higher than 
64 mmHg may be expected when leftward convex-
ity of the curvature is observed (Roeleveld et al. 
2005). The interventricular septal curvature (CIVS) 
can also be compared, on short axis views, to the LV 
free wall curvature corresponding to the LV poste-

Fig. 11.11. Same diastolic reforma-
tion axis as in  Figure 11.10. Mas-
sive dilatation of the right ventricle 
with leftward diastolic convexity of 
the interventricular septum. The 
RV ejection fraction is reduced to 
10.6%. The reversed interventricular 
curvature fully justifi es the study of 
the left ventricular morphology and 
function

Right Ventricle – Absolute

Cardiac Function   Normal Range (F) Units
       (CT) 

Ejection Fraction EF  10.6 47.00 ... 80.00 %
End Diastolic Volume EDV 231.1 58.00 ... 154.00 ml
End Systolic Volume ESV 206.6 12.00 ... 68.00 ml
Stroke Volume SV  24.5 35.00 ... 98.00 ml
Cardiac Output CO  1.72 2.65 ... 5.98 l/min
Myocardinal Mass (at ED)  ––––  –––– g
Myocardinal Mass (Avg)  ––––  –––– g
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rior wall (CFW). The curvature ratio (RC) is CIVS/CFW. 
With cardiac MR, Dellegrottaglie et al. (2007) 
applied the following formula: RV systolic pressure 
= systolic blood pressure [1-RC/1.03] and found an 
accurate and reproducible index for estimation of 
RV systolic pressure in patients known to have or 
suspected of having PHT.

All these aforementioned studies can be per-
formed on CT with some limitations:

The temporal resolution is not as optimal as MR.  �
However, this limitation is counterbalanced by 
83 ms temporal resolution with dual-source CT 
with single-segment reconstruction. With dual-
source single-energy CT, it is possible to perform 
an acquisition of the heart without cardiac gating 
in less than 1 s, compared to the diastolic length, 
which is 0.50 s at 75 bpm.
Another limitation is radiation exposure. How- �
ever, MR also has multiple drawbacks in thoracic 
imaging, and the pre-therapeutic evaluation of 
COPD, including the heart, needs a CT scan.
Injection of contrast medium is mandatory in car- �
diac MR as well as in cardiac CT. The pre-thera-
peutic evaluation of a COPD patient with CT does 
not require iodine injection except in three main 
circumstances: unexplained acute exacerbation, 
suspected cardio-vascular co-morbidities and 
perfusion imaging.

With the partial scan algorithms and single seg-
ment reconstruction, the heart rate-dependent tem-
poral resolution was 210 ms for a 420-ms gantry ro-
tation with a single-source CT technology (Kim et 
al. 2005). So, at that time, CT analysis of ventricular 
volume, function and mass was considered as “not 
reasonable.” Nevertheless, in the same year a maxi-
mum gantry speed of 400 ms and a multisegmental 
reconstruction algorithm, using raw data form up to 
four cardiac cycles, demonstrated a good agreement 
among MSCT and MRI for RV end-diastolic volume, 
end-systolic volume, stroke volume, ejection frac-
tion and myocardial mass (Lembcke et al. 2005). If 
motion-free cardiac imaging can be obtained with 
250-ms temporal resolution at 70 bpm, 150 ms is re-
quired at 100 bpm and 50 ms is ideally required for 
all cardiac phases (Mahesh and Cody 2007). Mul-
tisegmental – also called multicycle, multisector 
or multiphase – reconstruction is usually not rec-
ommended for coronary arteries, because it is not 
precisely at the same site from one cardiac cycle to 
another. The non-reproducibility of the same vol-
ume on successive diastolic volume measurements 

is not precisely known. In general, MSCT is respon-
sible for an overestimation of the RV end-systolic 
volumes and for underestimation of the RVEF. As it 
has been reported that a temporal resolution better 
than 100 ms is needed for accurate cardiac volum-
etry (Dogan et al. 2006), we can deduce that 83 ms 
obtained with DSCT is the last breakthrough toward 
optimal cardiac volume measurements.

 11.4 
Left Heart, Coronary Artery Disease and 
COPD

11.4.1 

Pathophysiology

Smoking is responsible for multiple cardio-vascu-
lar effects: rise in systemic vascular resistance and 
blood pressure, increase in coronary resistance, 
coronary atherosclerosis and reduction in coronary 
blood fl ow. The decrease of coronary blood fl ow im-
pairs LV diastolic function (Lichodziejewska et al. 
2007). Doppler echocardiography shows the impair-
ment of LV diastolic relaxation, the early phase of 
ventricular diastole. Several mechanisms can affect 
the LV function in COPD: RV disease with septal 
bowing toward the LV compromises the LV diastolic 
fi lling. Reduction of venous pulmonary blood fl ow 
also impairs the LV diastolic function. Left ven-
tricular hypertrophy is described in up to 30% of 
COPD patients at autopsy (Macnee 1994). Coronary 
artery disease secondary to cigarette smoking or 
to systemic infl ammation can trigger ischemic car-
diomyopathy. An alcoholic cardiomyopathy can be 
superimposed to the previous diseases. Apart from 
the myocardial contractibility, two mechanisms can 
explain the LV diastolic dysfunction: impaired re-
laxation and decreased distensibility. 

11.4.2 

Left Ventricular Dysfunction (LVD)

The reverse “Bernheim phenomenon” corresponds 
to a leftward shifting of the interventricular septum 
(IVS) caused by right ventricular dilatation and hy-
pertrophy. The muscular hypertrophy of the right 
ventricle can also affect the IVS (Alpert 2001). The 
IVS bowing toward the left ventricle can be dia-
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stolic, while it has its normal rightward convexity 
during systole (Marcus et al. 2001). The reduced 
left ventricular volume and diastolic function can 
be responsible for passive pulmonary hypertension 
(Fig. 11.12). It is called diastolic heart failure, heart 
failure with preserved LV function or heart failure 
with normal ejection fraction, which is the pre-
ferred term (Sanderson 2007). Another defi nition 
is: (1) presence of signs or symptoms of congestive 
heart failure, (2) presence of normal or only mildly 
abnormal left ventricular systolic function and (3) 
evidence of abnormal left ventricular relaxation, 
fi lling, diastolic distensibility or diastolic stiffness 
(Working Group Report 1998). Patients having 
precapillary pulmonary hypertension due to COPD 
may have consequences of their ventricular interde-
pendence. Normally, the LV end-diastolic pressure/
volume relationship depends on the LV itself, but 
also on the RV morphology and function and on the 
pericardium. A dilated RV may impact on the LV 
diastolic function and, from it, on the pulmonary ve-
nous return. Consequently, the pulmonary capillary 
wedge pressure can be elevated (Shapiro et al. 2007). 
Finally, in COPD patients, there may be numerous 
means of interstitial pulmonary edema: increased 
vascular and LV diastolic stiffness due to systemic 
vascular consequences of infl ammation and hypoxia 
in elderly patients, LV diastolic failure related to RV 
dysfunction, stasis in the lymphatic circulation of 
the lung draining in the congestive systemic venous 
return due to RV dysfunction and ischemic cardio-
myopathy. Several of them can coexist.

Distinction of dyspnea of cardiac origin from 
dyspnea due to COPD is not always easy. So an acute 
or subacute disease exacerbation of unknown cause, 
occurring in the follow-up of a previously stable dis-
ease, must draw attention to the heart. COPD patients 
who present with increasing dyspnea may have LVD, 
and only objective measures of ventricular func-
tion are able to identify individuals with COPD and 
COPD plus LVD. LVD was found in 32% of patients 
with COPD exacerbation (Render et al. 1998). This 
fi gure is reduced to 6.4% in end-stage pulmonary 
disease, including patients with �1-antitrypsine de-
fi ciency, COPD, cystic fi brosis, UIP and PHT (Vizza 
et al. 1998). These authors split the LVD into two 
parts: the fi rst one, as a consequence of RV dys-
function, is more frequent than isolated LVD. More 
recently, a MRI study in severe emphysema (FEV1 
from 15 to 30% of predicted value) found a signifi -
cantly decreased LVEF explained by intrathoracic 
hypovolemia and low LV preload decreasing the LV 
end-diastolic volume (Jorgensen et al. 2007).

11.4.3 

Ischemic Cardiomyopathy

Silent ischemic heart disease is an important mani-
festation of coronary artery disease. The GRACE 
registry (Global Registry of Acute Coronary Events) 
in a group of 20,881 patients with acute coronary 
syndromes identifi ed 8.4% of patients without chest 
pain and atypical symptoms (Brieger et al. 2004). 

Fig. 11.12a,b. A COPD patient with huge dilatation of the right atrium and right ventricle (a). Interventricular septal bowing 
toward the left ventricle. The septal lines of the lung bases (b) can be the consequence of the right ventricular dysfunction 
via left diastolic ventricular impairment

a b
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Another proportion of patients may have minimal 
or no symptoms at all, leading to an incidental dis-
covery of a myocardial infarct. Diabetic patients, 
with their propensity to autonomic neuropathy, 
are frequent. The main CT signs of silent ischemic 
heart disease are here briefl y summarized because 
they are extensively reviewed in another chapter 
(Chap. 17). 

11.4.3.1 

Myocardial Fat

Myocardial fat mainly occurs as a result of aging and 
after myocardial infarct (MI) or chronic ischemia 
(Fig. 11.13). Lipomatous metaplasia is frequently 
identifi ed after MI or chronic ischemic heart dis-
ease, identifi ed at autopsy in 68 to 84% of left ven-
tricular scars (Jacobi et al. 2007).

This focal fatty infi ltration of the LV myocardium 
has three main sites: the apico-anterior wall, latero-
posterior wall and interventricular septum accord-
ing to the major coronary artery territories. It can 
also be identifi ed after RV infarct. Those areas can 
predispose to aneurysm. The fatty area can be trans-
mural or sub-endocardial.

11.4.3.2 

Aneurysms and Pseudo-Aneurysms

Post-infarct pseudo-aneurysm (Csapo et al. 1997) 
has a wall composed of pericardium and epicardial 
tissue without myocardial muscle. It can be asymp-
tomatic, but is prone to chest pain, rupture, conges-
tive heart failure and embolic events. Its junction 
with the LV is narrow. This narrow neck, in conjunc-
tion with stagnation of contrast medium in the cavity 
and rapid increase in size, supports the diagnosis of 
pseudo-aneurysm (Brown et al. 1997). Its inferior or 
posterior location is usual. When inferior, it can be 
hidden on cross-sectional images and requires coro-
nal imaging. It can be thrombosed. The wall of a ven-
tricular aneurysm (Fig. 11.14) is composed of myo-
cardial muscle, scarred myocardium and fi brous and 
calcifi ed tissues. Its insertion on the ventricle is large. 
It can also include a thrombus. Congestive heart fail-
ure, embolic events and ventricular arrhythmia are 
also possible. It is more often apical or anterolateral. 
In both lesions, the aneurymal or pseudo-aneurys-
mal cavity is dyskinetic or akinetic. It does not take 
part in the ejection. The intra-aneurysmal thrombi, 
when fused with the myocardial wall, can be diffi cult 
to identify, except when calcifi ed.

11.4.3.3 

Coronary Artery Disease

According to the SHAPE (Screening for Heart Attack 
Prevention and Education) task force, “screening to 
identify subclinical or asymptomatic atherosclero-
sis could confer great public health benefi t. It may 
seem surprising that it has not yet been incorporated 
into national and international clinical guidelines” 
(Naghavi et al. 2006). COPD patients with smoking 
history, systemic infl ammation, artery stiffness and 
other comorbidities such as osteoporosis or diabetes 
are at high risk for heart attack or stroke. Detection 
and quantifi cation of coronary artery calcifi cations 
by CT should consequently be undertaken. There 
is abundant literature on the detection and quan-
tifi cation of coronary calcifi cations on prospective 
or retrospective cardiac CT. Recently, the ability of 
non-contrast and prospective ECG gated acquisition 
to detect lipid-rich plaques was emphasized (Dey et 
al. 2006). The ultrafast acquisition times obtained 
with dual-source CT (83-ms temporal resolution 
without cardiac gating) allows for acquisition of 
half the cardiac height in 0.50 s, the diastolic pe-
riod in a patient with 75 bpm. Lipids in the plaques 
increase their biomechanical stresses and their risk 
of rupture. 

Fig. 11.13. Elderly COPD patient with a previous history of 
myocardial infarction. The minor fatty infi ltration of the 
right ventricular myocardium is a normal appearance in the 
elderly. Lipomatous metaplasia of the left ventricular apex 
consistent with the previous myocardial infarction
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11.4.3.4 

Left Ventricle Ejection Fraction (LVEF)

In COPD patients in whom the CT acquisition is 
obtained with contrast medium injection, low-dose 
chest pain or triple rule out protocols including car-
diac gating should be performed with measurement 
of LVEF. If this measurement has previously been 
calculated, it is possible to monitor the LV func-
tion follow-up. If not, it could stratify the risks and 
guide the use of treatment after MI (Lopez-Jimenez 
et al. 2004).

11.4.3.5 

Miscellaneous

Other signs of chronic infarction, such as wall thin-
ning and delayed contrast enhancement occurring 
10 min to several hours after contrast injection, can 
be identifi ed (Nikolaou et al. 2004) as well as signs of 
acute MI (Moore et al. 2006; Gosalia et al. 2004).

11.4.4 

Technical Considerations

Coronary CTA has a high diagnostic accuracy on per 
patient and per segment analysis (Nikolaou et al. 
2006) using the 64 MSCT technology. In patients with 
a heart rate below 80 bpm, it can be performed with-
out ß blockers contraindicated in COPD ( Delhaye et 

al. 2007, 2007). The performances of cardiac CT with 
4-, 8- and 16-channel MDCT on the determination of 
global and regional LV function is beyond the scope 
of this review. It is nicely analyzed in the literature 
(Juergens and Fischbach, 2006). The old poor tem-
poral resolution is no longer a limitation with 83 ms, 
but a further large evaluation is needed.

11.4.5 

Cardio-Vascular Imaging and 

Invasive Treatments of COPD

In severe emphysema, the diastolic LV function is 
affected. This can be due to dynamic hyperinfl a-
tion, which causes reduction of intra-thoracic blood 
volume. Lung volume reduction surgery increases 
LV diastolic dimensions and fi lling and improves 
LV function (Jorgensen et al. 2003).

Emphysema is the leading cause of lung trans-
plantation. In an evaluation of a group of 210 pre-
transplant patients with 80% emphysema, non-
critical coronary artery disease (CAD) was found in 
16% (Choong et al. 2006). Non-critical CAD means 
single or multivessel mild (<30%) stenosis or mod-
erate 30 to 50% stenosis. In this group of patients, 
there was no increased perioperative mortality or 
morbidity. Eighteen percent developed late ischemic 
events. Pulmonary hypertension is not a signifi -
cant complication of lung volume reduction surgery 
(Criner et al. 2007).

Fig. 11.14a,b. Considering the cranio-caudal acquisition mode, the short acquisition time, the amount and fl ow rate of 
contrast medium injection, all the acquisition and injection parameters being kept constant, the stagnation of contrast 
medium in the right cardiac cavities associated with the poor opacifi cation of the left ventricle and descending aorta (a) can 
cause suspicion of traducing increased pulmonary vascular resistances or cardiac failure. Ballooning of the left ventricular 
apical lumen and curvilinear superfi cial myocardial calcifi cation are consistent with left ventricular aneurysm. On a lower 
level (b) the ventricular aneurysm is confi rmed

a b
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 11.5 
Related or Coincidental Cardiovascular 
Findings in COPD

Some incidental cardiovascular diseases must be 
taken into account in the management of COPD 
because they can simulate or exaggerate its conse-
quences or infl uence its treatment.

11.5.1 

Aortic Calcifi cations

There is a strong connection between atherosclero-
sis of the ascending aorta and stroke. It has recently 
been emphasized in patients undergoing coronary 
surgery (Van Der Linden et al. 2007). The dis-
ease location is often the distal left segment of the 
ascending aorta. Lee et al. (2007) recommend an 
aggressive screening of ascending aorta calcifi ca-
tions with non-contrast chest CT to avoid intra-
operative manipulation of an atheromatous aorta. 
Non-rheumatic calcifi ed aortic stenosis is the most 
frequent valvular disease in the population older 
than 65 years, occurring in 2 to 7% (Stewart et 
al. 1997). 

In a study by Koos et al. (2006) with routine 
non-gated chest CT for non-cardiac thoracic indica-
tions, aortic valve calcifi cations were found in 18% 
of patients with a mean age of 62.5 years. The valve 
calcifi cations were scored as follows: grade 0: no 
calcifi cation; grade 1: small spots: minor; grade 2: 
mild; grade 3: moderate; grade 4: severe, involving 
the three cusps. MSCT revealed valves calcifi cations 
in 20 of 21 patients with aortic stenosis at echo. They 
conclude that patients with grade 3 or 4 valve calci-
fi cations may require further evaluation. Liu et al. 
(2006) demonstrated that the severity of commis-
sural calcifi cations in the central part of the right-
left commissure and in the peripheral part of the 
left-posterior one were at higher risk.

11.5.2 

Proximal Anomalies of the Coronary Arteries 

(PACA)

Among the PACA, the most important one consists 
of a coronary running between the right ventricular 
outfl ow tract (RVOT) and the ascending aorta (Kim 
et al. 2006) (Fig. 11.15). It can correspond to the RCA, 

the LCA, the LCx or the LAD. When ectopic, these 
arteries often orginate at an acute angle from their 
sinus with a slit-like hypoplastic ostium (Dodd et 
al. 2007). Those abnormal pathways and diameters 
have to be imperatively described in COPD patients 
for the following reasons:

They have a high frequency of coronary comor- �
bidities.
The coronary branch running interarterially can  �
be compressed by ascending aorta dilatation or 
RVOT dilatation, or congenitally stenosed. COPD 
patients are at high risk of atherosclerosis and 
PHT. Consequences of PHT on the RVOT can 
compress the aberrant artery.
The risk of having a bronchial carcinoma is related  �
to smoking, COPD and systemic infl ammation. A 
treatment or a disease reducing the volume of one 
lung, such as lobectomy, endoscopic or surgical 
volume reduction, atelectasis or radiation therapy, 
can provoke a mediastinal rotation and modify 
the length and orientation of the straight contact 
of the ascending aorta and PA trunk. There can 
be conjunction of:
(1) Compression or congenital stenosis of the ec-

topic coronary artery.
(2) COPD-induced coronary atherosclerosis, ar-

terial stiffness or PHT.
(3) Mediastinal rotation secondary to pulmo-

nary volume loss.
(4) Dilatation of the RVOT.
(5) Reduction of the coronary blood fl ow may a 

have an impact on acute coronary events in 
COPD.

11.5.3 

Partial Anomalous Pulmonary Venous Return 

(PAPVR)

The prevalence of a PAPVR on CT in adults is 0.2% 
to 0.7%. The abnormal drainage is more often right-
sided than left-sided. Its association to COPD is 
quite possible. The artifi cial left predominance 
can be explained by an underestimation of right 
PAPVR due to the high number of pulmonary ves-
sels normally in close contact to the lower part of the 
superior vena cava (SVC) (Haramati et al. 2003) 
and to the streak artifacts coming from the highly 
concentrated contrast medium in the SVC on CT 
angiography.

Isolated PAPVR of a single pulmonary vein is re-
sponsible for a minor degree of left-to-right shunt, 
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equal to or less than 25% of the total pulmonary 
venous return. The right atrial pressure being nor-
mally lower than the left one, the pulmonary vas-
cular resistance (PVR) is lower in the abnormally 
drained lung, explaining the usual dilatation of the 
PAPVR. 

An increased pulmonary vascular resistance in 
COPD can provoke a redistribution of blood fl ow 
toward the PAPVR or, conversely, can minimize the 
left-to-right-shunt, depending on the distribution of 
COPD lesions. In case of lung volume reduction of 
the normally drained lung due to a disease compli-

Fig. 11.15a–d. On a thoracic CT angiography with optimal temporal resolution, with or without cardiac gating, 
the normal origin and proximal course of the coronary arteries must be identifi ed and analyzed (a,b). A preop-
erative management of a COPD patient candidate for thoracic surgery for a bronchial carcinoma must be able to 
detect (with cardiac gating in this patient) an abnormal origin of the right coronary artery from the same sinus 
as the left one (c) and its “malignant” interarterial course (d) between the right ventricle outfl ow tract (RVOT) 
and the ascending aorta (AA)

a

c

b

d



  COPD and Cardiac Comorbidities 193
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monary artery distensibility and blood fl ow patterns: a 
magnetic resonance study of normal subjects and of pa-
tients with pulmonary arterial hypertension. Am Heart J 
118:990–999

Brieger D, Eagle KA, Goodman SG et al. (2004) Acute coro-
nary syndromes without chest pain. An underdiagnosed 
and undertreated high-risk group. Chest 126:461–469

Brown SL, Gropler RJ, Harris KM (1997) Distinguishing left 
ventricular aneurysm from pseudoaneurysm. A review of 
the literature. Chest 111:1403–1409

Ceconi C, Ferrari R, Mauderi FS (2006) One heart, two lungs 
together forever. Am J Crit Care Med 174:962–963

Chaouat A, Bugnet AS, Kadaoui N et al. (2005) Severe pulmo-
nary hypertension and chronic obstructive pulmonary 
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tery disease affect the outcomes of lung transplantation? 
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volume reduction surgery on resting pulmonary hemo-
dynamics in severe emphysema. Am J Respir Crit Care 
Med 176:253–260
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tricular pseudoaneurysm. Clin Cardiol 20:898–903
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dose ECG gates 64-slice helical CT angiography of the 
chest: evaluation of image quality in 105 patients. Eur 
Radiol 16:2137–2146

Delhaye D, Remy-Jardin M, Faivre JB et al. (2007) Excursion 
systolo-diastolique de l’anneau tricuspidien: un nouvel 
indicateur TDM de la fonction ventriculaire droite? An-
nual Meeting of the French Society of Radiology

Delhaye D, Remy-Jardin M, Rozel C et al. (2007) Coronary 
artery imaging during preoperative CT staging: prelimi-
nary experience with 64-slice multidetector CT in 99 con-
secutive patients. Eur Radiol 17:591–602

Delhaye D, Remy-Jardin M, Salem R et al. (2007) Coronary 
imaging quality in routine ECG-gated multidetector CT 
examinations of the entire thorax: preliminary experi-
ence with a 64-slice CT system in 133 patients. Eur Radiol 
17:902–910

Delhaye D, Remy-Jardin M, Teisseire A et al. (2006) MDCT 
of right ventricular function: comparison of right 
ventricular ejection fraction estimation and equi-
librium radionuclide ventriculography, part I. AJR 
187:1597–1604

Dellegrottaglie S, Sanz J, Poon M et al. (2007) Pulmonary 
hypertension: accuracy of detection with left ventricular 
septal-to-free wall curvature ratio measured at cardiac 
MR. Radiology 243:63–69

Dey D, Callister T, Slomka P et al. (2006) Computer-aided 
detection and evaluation of lipid-rich plaque on noncon-
trast cardiac CT. AJR 186:S407–S413

Dodd JD, Ferencik M, Liberthson RR et al. (2007) Congenital 
anomalies of coronary artery origin in adults: 64-MDCT 
appearance. AJR 188:W138–W146

Dogan H, Kroft LJM, Bas JJ et al. (2006) MDCT assessment of 
right ventricular systolic function. AJR 186:S366–S370

Downing G (2001) Biomarkers Defi nition Working Group. 
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Ther 69:89–95

cation or treatment, the shunt through the PAPVR 
can be increased. If responsible for right ventricu-
lar overload, the L-R shunt can interact with the RV 
consequences of the COPD. From a 25% left-to-right 
shunt, a lobectomy, lobar ateclectasis and multi-
segmental endoscopic lung volume reduction of 
a normally drained lobe can major the shunt. The 
L-R shunt can be minimized when emphysema de-
velops in the ectopically drained lobe. Right heart 
failure can be responsible for pulmonary edema in 
that lobe. As previously emphasized, the surgical 
importance of a PAPVR “should be appreciated by 
the radiologists” (Black et al. 1992).

11.5.4 

Alcoholic Cardiomyopathy (ACM)

ACM can be also found in COPD patients. According 
to Piano (2002) ACM is the most frequent cause of 
non-ischemic dilated cardiomyopathy. The average 
duration of drinking is 15 years. It is characterized 
by dilatation of the LV, wall thinning, increased LV 
mass and ventricular dysfunction. A large percent-
age of patients with ACM is smokers and who may 
also have a coronary artery disease. Diastolic dys-
function is probably the earliest fi nding. 
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 12.1 
Introduction

Immunologic lung disease regroups several entities 
with unknown origin, with pathophysiology in-
volving an auto-immune process, and lesions (infi l-
trates or necrosis) that are often related to small- or 
medium-size vessels (vascularitis) and a biological 
profi le with some immunological alterations, such 
as circulating immune complexes, antibodies, etc. 
Besides the lung, they can involve with a particular 
predilection the joints, the kidneys, the skin, the 
brain and, more particularly, the cardiovascular 
system. The prognosis is variable from one entity 
to the other, but the cardiovascular system is a major 
target in terms of life prognosis.

In this chapter we will concentrate on the more 
frequent systemic lung disease with cardiac in-
volvement (pericarditis, myocarditis, valvular ab-
normalities) and in particular ischemic coronary 
events occurring very often at a younger age than in 
the normal population. The contribution of MDCT 
combining a lung parenchymal study with an ex-
amination of the cardiovascular system during the 
same procedure will be discussed.

 12.2 
Pulmonary Manifestations of 
Systemic Disease

Lung involvement in systemic disease may be a 
manifestation of the underlying pathological pro-
cess, may be a complication of the underlying dis-
ease or may be related to the treatment. Imaging 
and in particular CT (HRCT) play a central role for 
the evaluation of lung involvement especially when 
clinically suspected. This aspect, which is beyond 
the scope of this chapter, has been extensively cov-
ered over the last 10 or 15 years in the international 
literature.

HRCT has several established roles:
It may demonstrate subtle fi ndings of pathology  �
when the chest radiograph appears normal in 
patient studied for immunologic lung disease.
It may participate in narrowing the differential  �
diagnosis in case of overlapping immunologic 
syndrome.
It may help to assess the treatment response by  �
acquiring comparative examinations during fol-
low-up.

Aside from the well-established role of HRCT in 
studying lung parenchyma in these various disor-
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ders, the recently proposed technological develop-
ment of multidetector CT with ECG gating allows 
the combination of lung parenchyma and heart 
study during the same examination.

 12.3 
Cardiac Involvement in 
Systemic Immunologic Diseases

It is now well know that the heart is a frequent tar-
get of several systemic autoimmune diseases with 
associated lung involvement. The more frequently 
encountered entities are in particular systemic lupus 
erythematosus (SLE), rheumatoid arthritis (RA) and 
progressive systemic sclerosis (PSS) (Roman and 

Salmon 2003), although cardiac involvement could 
also be observed during several vasculitis such as 
Churg-Strauss syndrome (CSS) (Pela 2006).

Cardiac involvement is considered common with 
a variable frequency from one entity to the other and 
is given a high rank among the causes of morbidity 
and mortality. There is a common fi nding among 
all these systemic auto-immune diseases; regarding 
cardiac disease, all structures of the heart may be 
involved (Table 12.1).

12.3.1 

Pericardial Disease

Pericardial disease, as a manifestation of serositis, 
is the most clinical cardiovascular manifestation 
(20 to 50%) (Cervera et al. 1992; Sturfelt et al. 
1992) of SLE. Pericardial effusions may occur in the 
setting of active disease, but may be asymptomatic 
( Doherty and Siegel 1985). In case of mild pericar-
dial effusions, typical electrocardiographic changes 
may be absent. Thus, the detection of a small amount 
of serositis with MDCT may be easier than with 
echocardiography (Fig. 12.1). In systemic sclerosis, 
limited to cutaneous disease, including CREST syn-
drome and diffuse cutaneous disease in which or-
gan involvement (kidneys, lung, etc.) may be seen, 
pericardial disease is characterized histologically by 
chronic infl ammatory changes. However, clinically 
important pericardial disease appears to be very 
rare (Hara 1990).

12.3.2 

Valvular Heart Disease

Systemic auto-immune diseases are often compli-
cated by structural of functional valvular abnormal-
ities. Echocardiographic studies as well as autopsy 

Table 12.1. Cardiac manifestations of several systemic diseases

Disease Involvement frequency % Pericardium Endocardium 
valve

Myocardium Coronary 
artery

Clinical Anatomical

Systemic lupus
erythematosus 
(SLE)

30–60 ++ ++ + +

Progressive 
systemic sclerosis 
(PSS)

7–15 50–70 + 0 ++ ++

Rheumatoid 
arthritis (RA)

1–10 30–50 ++ + 0 +/–

Ankylosing 
spondylitis

40 +/- ++ (AI) + 0

Systemic vasculitis

- Behcet 2–6 16 + +/– 0 +

- Wegener and 
  Chug-Strauss

10–15 6–44 ++ +/– +/- ++

- Takayasu 72 0 ++ (AI) ++ +/–
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Fig. 12.1a–g. Patient presenting an active pro-
gressive systemic sclerosis. a,b Cardiothoracic 
CT of the lung parenchyma demonstrating peri-
cardial effusion associated to posterior lung 
infi ltration. c,d Cardiothoracic CT gated to 
the cardiac cycle with IV injection of contrast 
media. c Arterial phase demonstrated no ab-
normal perfusion of the myocardium. d,e Late 
phase enhancement obtained 5 min after injec-
tion with low kilovoltage (80 Kv) did not iden-
tify myocardial abnormality. f,g MRI evalua-
tion with delayed enhancement acquisition (DE 
MR) obtained 10 min after gadolinium-chelate 
injection demonstrated several foci of high en-
hancement. These fi ndings may correspond to 
infl ammatory lesions

a b

c d

e

f

g
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reports reveal abnormalities in up to 70% of patients 
with rheumatoid arthritis. These involvements have 
been described as “nonspecifi c endocarditis” with 
valvular infl ammation and fi brosis with thickening 
and calcifi c changes detected more frequently at the 
base of the valve and in the valve ring (Fig. 12.2).

MDCT with reconstruction oriented along the 
valve anatomy is very powerful to detect these 
changes and in particular to characterize the calcifi c 
deposition. These changes may frequently result in 
mild valvular insuffi ciency with minimal or no he-
modynamic modifi cations. Rheumatoid arthritis 
patients mostly have single valve involvement, but 
any of the valves may be affected. However, the mi-
tral valve is the most frequently affected, followed 
by the aortic, tricuspid and pulmonic valves. In 
patients with systemic lupus erythematosus (SLE), 
valvular abnormalities have been demonstrated in 
up to 50% of patients. It is usually a non-specifi c 
thickening of the mitral and aortic valves (Roldan 
et al. 1996).

The most characteristic valvular abnormality of 
SLE is Libman-Sacks endocarditis, which appears 
as non-infectious verrucous valvular vegetations, 
most commonly on the mitral valve. MDCT may 
demonstrate the verrucae in the recess between the 
ventricle wall and posterior valve leafl et, but also on 
either surface of the valve, the commissures and the 
ring with appropriate anatomical plane reconstruc-
tion with thin sections (Fig. 12.2).

Although there is no specifi c treatment for valve 
disease in SLE, Libman-Sacks endocarditis should 
be a diagnosis of exclusion. Infective endocarditis or 
antiphospholipid antibody syndrome could be as-
sociated with valvular lesions in SLE merit specifi c 
treatment. Following the American Heart Associa-
tion guidelines, bacterial endocarditis prophylaxis 
should be taken into account for SLE patients with 
valvular heart disease, even in absence of nodules. 
Indications for surgical interventions for valvular 
heart disease do not differ from those applied in the 
general population (Roman and Salmon 2007).

12.3.3 

Myocardial Disease and 

Coronary Artery Disease

It is now well known that premature coronary heart 
disease is a major determinant of morbidity and 
mortality in patients with SLE and PSS. This is less 
true for patients with RA. Atherosclerosis occurs 

prematurely in patients with SLE and PSS and ap-
pears independent of traditional risk factors for car-
diovascular disease. A recent study (Espaile 2001) 
suggested that SLE may be atherogenic through 
chronic activation of the immune system.

This premature development of atherosclerotic 
coronary artery disease has been demonstrated in 
autopsy (Bulkley 1975), mortality and population-
based observational studies in SLE. MDCT may al-
low easy detection of coronary artery calcifi cation 
clearly indicating in young patients that premature 
atherosclerosis occurs in SLE as a consequence of 
the disease itself.

Myocarditis is diffi cult to detect clinically. How-
ever, it is usually associated with active disease 
(myositis and serositis) (Borenstein et al. 1978). 
During lupus myocarditis, impaired left ventricle 
systolic function and segmental wall notion abnor-
malities may be observed and could be reversed by 
aggressive immunosuppressive therapy (Law et al. 
2005).

These considerations may justify the evaluation 
of global and segmental left ventricle and right ven-
tricle function during an MDCT examination of the 
chest in patients presenting an active phase of the 
disease or during the resolving phase.

In PSS, myocardial disease may be multifacto-
rial. An autopsy study performed at Johns Hopkins 
Hospital suggested the existence of “primary” myo-
cardial disease with focal areas of contraction band 
necrosis, reperfusion lesion and fi brosis in both 
ventricles despite patent epicardial coronary arter-
ies (Bulkley 1976).

Myocardial disease may include segmental wall 
motion abnormalities and impaired coronary fl ow 
reserve in the absence of epicardial coronary artery 
disease. The existence of microvascular disease, in-
cluding spasm, limits the contribution of MDCT to 
right ventricle and left ventricle function assessment 
up to now.

In the future, the development of MDCT technol-
ogy allowing the study of myocardial tissue repeat-
edly with some pharmacological stress (such as in 
nuclear medicine or with MRI or myocardial con-
trast echocardiography) may be promising to detect 
microvascular alterations during these pathologies 
(Turiel et al. 2005).

The right ventricle may also be abnormal in sys-
temic sclerosis, even in the absence of pulmonary 
hypertension, likely due to microvascular disease. 
This situation may also benefi t from right ventricle 
function evaluation with MDCT. Potential explana-
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Fig. 12.2a–f. Churg-Strauss syndrome. a,b Thoracic CT 
without contrast media injection demonstrated circumfer-
ential cardiac effusion. c,d Cardiothoracic MDCT gated to 
the cardiac cycle immediately obtained after injection did 
not identify abnormality of the myocardial tissue. e,f The 
aortic valve reconstruction identifi ed a three-leafl et aortic 
valve with calcifi cations

a b

c d

e
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tions of SLE that may facilitate the atherosclerotic 
process include corticosteroid use, renal disease 
with hypertension and the presence of antiphopho-
lipid antibodies. The corticosteroids largely used in 
these rheumatoid diseases probably have a role in 
the atherosclerosis observed (Manzi and Wasco 
2006).

Although there are interesting parallels between 
the pathogenesis of SLE and RA and atherosclero-
sis (premature atherosclerosis at the microvascular 
level), a direct link between these infl ammation-me-
diated disease and the infl ammatory process under-
lying atherogenesis is still under investigation. The 
contribution of MDCT to the assessment of the myo-
cardial involvement of these infl ammatory diseases 
is still limited, although there are some early reports 
showing interesting fi ndings in case of acute myo-
carditis with low kilovoltage acquisition. However, 
no particular study has already demonstrated myo-
cardial involvement with MDCT. This evaluation 
today refers to MRI with late-enhancement acquisi-
tion after gadolinium-chelate intravenous injection 
(Figs. 12.1f–g, 12.3).

 12.4 
Conclusions

Cardiac complications of immunologic lung diseases 
are quite polymorphic. Their frequency, period of 

appearance during these different diseases, the type 
of lesions observed and the incidence on the prog-
nosis are very variable from one entity to the other. 
However, knowing the kind of lesions that could 
be encountered justifi es the use of cardiothoracic 
imaging as a comprehensive non-invasive modality 
to evaluate the involvement of the lung parenchyma 
as well as the cardiac system during the fi rst evalu-
ation and the follow-up under treatment of these 
pathological situations.
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 13.1 
Classifi cation

These syndromes are attributable to disturbances 
of the ventilatory drive or of the respiratory me-
chanics. A contemporary review has recently been 
published (Casey et al. 2007). Its contents are briefl y 
summarized.

13.1.1 

Idiopathic Sleep-Related Non-Obstructive 

Alveolar Hypoventilation

Idiopathic sleep-related non-obstructive alveolar 
hypoventilation is a central hypoventilation with-
out known neurological disease, such as tumors, 
malformations, infections, stroke or neurosurgical 
procedures.

13.1.2 

Neuro-Muscular and Chest Wall Disorders

SRHHs due to neuro-muscular and chest wall dis-
orders include the following.

13.1.2.1 

Obesity-Hypoventilation Syndrome (OHS)

Most cases are associated with obstructive sleep 
apnea syndrome (OSAS). The prevalence of OSAS 
in otherwise healthy adults is 5–10%. OSAS is 
characterized by recurrent episodes of partial or 
complete obstruction of the upper airways during 
sleep with a consequent hypoxia. Sleep apnea is 
defined as episodes of obstructive apnea-hypo-
pnea during sleep, with daytime sleepiness and 
altered cardio-pulmonary function (Strollo 
and Rogers 1996). Obesity-hypoventilation syn-
drome is defined as the association of obesity 
(body mass index �30 kg/m2) and awake chronic 
hypercapnia. When hypercapnia is detected, 
chest imaging helps to exclude other respiratory 
causes (severe COPD, infiltrative lung disease, 
chest wall disorders). Comorbidities reported in 
this syndrome are hypertension with a preva-
lence of 70%, heart failure 30% and significant 
pulmonary hypertension 30% (Mokhlesi and 
 Tulaimat 2007).
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13.1.2.2 

Neuro-Muscular Disorders

Neuro-muscular disorders include amyotrophic 
lateral sclerosis, spinal cord injury, diaphragmatic 
paralysis, myasthenia gravis, Eaton-Lambert syn-
drome, toxic and metabolic myopathies. Chest wall 
disorders include kyphoscoliosis, ankylosing spon-
dylitis, trauma and chronic pleural disease.

13.1.3 

COPD and Bronchial Asthma

SRHH is due to lower airways obstruction, including 
COPD and bronchial asthma.

13.1.4 

Pulmonary or Lung Vascular Disorders

SRHH can be due to pulmonary or lung vascular 
disorders, which can worsen during sleep. These 
include cystic fi brosis, interstitial lung disease, hy-
persensitivity pneumonitis, PHT and hemoglobin-
opathies.

13.1.5 

Congenital Central Alveolar Hypoventilation 

Syndrome

Congenital central alveolar hypoventilation syn-
drome is typically a pediatric disease.

Sleep-disorder breathing (SDB) is quantifi ed as 
the average number of apnea-hypopnea events per 
hour of sleep during polysomnographic registra-
tion using the apnea-hypopnea index (AHI). Most 
of the reviews and articles acknowledge a relation-
ship between the severity of SDB and cardiovascular 
disease. In addition, obesity and its cardiovascular 
risks are a major determinant of SDB. For patients 
with AHI values considered as normal or mildly el-
evated, there is also a modest to moderate effect of 
SDD on cardio-vascular disorders (Shahar et al. 
2001). Whatever the CT examination performed, 
with or without contrast medium injection, in a 
patient with or suspected of having a SDB, and in 
terms of public health importance, having a look at 
the heart and great vessels is highly advised.

 13.2 
Systemic Vascular Disease and 
Sleep-Disorder Breathing

13.2.1 

Early Signs of Atherosclerosis

Early signs of atherosclerosis are detected in middle-
aged patients with OSAS who are free of hypertension 
and diabetes (Drager et al. 2005). They are detected 
on echo by alterations of mechanical properties of 
the large arteries. Measurements are performed on 
the right common carotid artery 1 cm below its 
bifurcation. They include intima-media thickness 
(IMT), lumen size, distensibility and plaque detec-
tion defi ned as a localized thickening of the artery 
wall greater than 1.2 mm. Carotid artery dilatation is 
a compensatory mechanism of early atherosclerosis 
and is explained by vascular remodeling aimed at 
preserving luminal diameter during plaque devel-
opment (Drager et al. 2005). When acquired on CT 
with cardiac gating, aortic distensibility can also be 
measured from changes in aortic diameter during 
heart cycles. Clinical applications of this technique 
include cardio-vascular diseases and estimation of 
left ventricular afterload (Zhang et al. 2007). Arte-
rial stiffness reduces the distensibility and is a risk 
marker of atherosclerosis.

The mechanisms of early atherosclerosis in OSAS 
not related to age, hypertension, diabetes mellitus, 
hypercholesterolemia and smoking are not pre-
cisely known. Two hypotheses can be kept in mind: 
the fi rst one is that systemic infl ammation plays a 
role. C-reactive protein, interleukins 6 and 18 might 
be associated with the progression of atherosclero-
sis (Minoguchi et al. 2005), as in COPD patients. 
These biological markers of infl ammation should be 
known before choosing the acquisition protocols for 
COPD and SRHH disorders. The second hypothesis 
is that hypoxia plays a role. Chronic intermittent 
hypoxia and an atherogenic diet in wild-type mice, 
highly resistant to atherosclerosis, lead to athero-
sclerosis in the aortic origin and descending aorta. 
The same species does not have atherosclerosis 
when submitted to a high-cholesterol diet or when 
exposed to chronic intermittent hypoxemia without 
this atherogenic diet (Savransky et al. 2007).

The consequences of arterial stiffness and sys-
temic hypertension impact on the left ventricle. 
From an echocardiographic study and after exclu-
sion of patients aged >60 years, having diabetes 
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mellitus, secondary hypertension, cerebrovascular, 
aortic and cardiac diseases, renal failure, arythmia, 
smoking and using of non-steroidal antiinfl amma-
tory drugs, anticoagulants and statins (Drager et 
al. 2007), the following conclusions can be drawn: 
OSAS without systemic hypertension is associated 
with early signs of left heart remodeling including 
increased left atrial diameter and interventricular 
septal thickness, increased ventricular posterior 
wall thickness, LV mass index and LV hypertrophy. 
The coexistence of OSAS and systemic hypertension 
has an addictive effect on arterial stiffness and left 
heart remodeling.

13.2.2 

Sleep-Disordered Breathing and 

Prevalent Stroke

There is a signifi cant association between sleep-
disordered breathing and prevalent stroke, inde-
pendent of potential confounding factors (Arzt et 
al. 2005).

 13.3 
SRHH and Cardiac Diseases

The pathophysiology of the cardiovascular con-
sequences of normal sleep and OSAS has recently 
been analyzed in a state-of-the-art article (Leung 
and Bradley 2001). The prevalence of left and right 
ventricular hypertrophy is high in OSAS (Noda et 
al. 2006).

13.3.1 

LV Remodeling

LV remodeling pathophysiology is multifactorial, in-
cluding: hypoxia, cyclic increases in blood pressure 
at the end of apnea, increased arterial stiffness and 
systemic hypertension. Alterations in pulse-wave 
velocity contribute to LV afterload. LA enlargement 
is frequent in OSAS, and it is a risk factor for atrial 
fi brillation. In patients with non-ischemic dilated 
cardiomyopathy, OSAS often exists, and its presence 
is associated with an increased prevalence of left 
ventricular hypertrophy that predominates on the 
interventricular septum (Usui et al. 2006).

13.3.2 

Ischemic Heart Disease

OSAS predisposes to myocardial ischemia during 
sleep. It can be asymptomatic. Conversely, among 
patients with coronary artery disease, those with 
OSAS have a higher mortality. Non-invasive screen-
ing of asymptomatic coronary artery disease is 
highly recommendable.

13.3.3 

Congestive Heart Failure (CHF)

This risk exceeds that of other cardiovascular dis-
eases. CHF can also contribute to the development 
of OSAS. Acute left ventricular failure during sleep, 
with nocturnal pulmonary edema, can be seen.

13.3.4 

Pulmonary Hypertension (PHT) and 

RV Dysfunction

Of the patients with OSAS, 15–20% has resting 
awake PHT (Pinet and Orehek 2005). The main 
mechanism is hypoxia-induced pulmonary vaso-
constriction. The others are hypercapnia, acidosis, 
transmission to the pulmonary vessels of left ven-
tricular dysfunction and exaggerated negative intra-
thoracic pressure against the occluded upper airway 
during apnea (Bradley 1992). The consequences of 
PHT on RV function have already been reviewed in 
the COPD chapter. Briefl y, the increased pulmonary 
artery pressure increases right ventricular afterload, 
which induces a leftward shift of the interventricu-
lar septum (Usui et al. 2006). OSAS-induced PHT is 
generally moderate.

13.3.5 

Patent Foramen Ovale (PFO)

The prevalence of PFO is higher in patients with OSAS 
than in the normal population of the same age: 69% 
versus 17% according to Shanoudi et al. (1998). The 
pathophysiology is simple: during apnea-hypopnea 
noctural episodes, obstruction of the upper airways 
can act as Valsalva and Müller maneuvers as the pa-
tient expires and inspires against the upper airway 
obstacle (Pinet and Orehek 2005). Consequently, 
elevated pressures in the right cardiac cavities are 
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comparable to those obtained during the Valsalva 
maneuver of transoesophageal echocardiography. 
A right-to-left shunt through the PFO can ensue. 
According to the level and nycthemeral variation of 
PHT, this shunt, responsible for a hypoxemia, can be 
observed in the awake state or during sleeping. As 
previously mentioned, the PFO can be detected on 
CT with an appropriate acquisition technique.
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Abstract

Computed tomography (CT) has provided new in-
sights into the alterations that occur in the lungs 
in patients with cardiac disease. In this chapter 
the emphasis is on the imaging features associated 
with left sided-cardiac dysfunction, particularly the 
spectrum of thin-section CT thoracic abnormalities. 
Some controversial entities such as “cardiac asthma” 
and the chronicity of the pulmonary changes are 
discussed. The new perspective of integrating pul-
monary and cardiac information provided by mul-
tidetector-row CT (MDCT) is also considered.

 14.1 
Introduction

The pulmonary manifestations of heart disease are 
diverse. The chest radiograph has historically been 
the mainstay in understanding the complex interac-
tion between the heart and the lungs, and it remains 
a vital tool for understanding pulmonary complica-
tions of left heart disease. The relationship between 
cardiac hemodynamics and the chest radiograph 
in patients with left-sided cardiac failure has been 
well documented over the years (Milne et al. 1973; 
 Pistolesi et al. 1985). In this context, the chest ra-
diograph is not passé, but still useful. In addition to 
its lower dose and cost, an important advantage of 
the chest radiograph over CT is the facility of exam-
ining patients in the erect position, which provides 
more reproducible and pathophysiologic insights 
into a patient’s hemodynamic status. 

CT fi ndings in the lungs of patients with heart dis-
ease have received relatively little attention. Neverthe-
less, CT is more sensitive to small changes in lung wa-
ter content than chest radiography and may be helpful 
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in diagnosing unrecognized pulmonary edema, or in 
differentiating edema from other disease processes 
in patients who have multiple medical problems 
( Goodman 1996). As CT plays a greater role in the im-
aging of intensive-care patients, radiologists are often 
called to interpret the common CT features associated 
with left-sided cardiac dysfunction. Furthermore, in 
order to avoid misdiagnosis it is also important to be 
aware of some confusing patterns associated with left-
sided heart failure as, in clinical practice, an uncom-
mon pattern of edema may be more common than an 
obscure interstitial lung disease. 

 14.2 
Functional Consequences of 
Left-Sided Cardiac Dysfunction

Elevated pressures in the pulmonary microvascu-
lature are usually due to left-sided cardiac failure, 
with elevated left atrial pressures transmitted in a 
retrograde direction into the pulmonary circulation. 
Left cardiac failure has many causes: it arises as a 
consequence of an abnormality in cardiac structure, 
function, rhythm or a combination. Ventricular dys-
function accounts for the majority of cases and results 
mainly from myocardial infarction, hypertension or, 
in many cases, both. Degenerative valve disease and 
cardiomyopathy are also frequent causes of left-sided 
heart failure (Figueroa and Peters 2006).

As pulmonary venous pressure rises, so do pul-
monary capillary and arterial pressures. A rise in 
pulmonary venous pressure fi rstly increases the 
pulmonary blood volume through vessel distension 
and recruitment. At higher fi lling pressures, fl uid 
may begin to cross the microvascular barrier. If the 
pressure increase is suffi cient to exceed the rate of 
clearance of fi ltrate, pulmonary edema ensues. The 
fi ltrate accumulates in the interstitial spaces of the 
lung, fi rst in the loose peribronchovascular tissues, 
in the interlobular septa and ultimately in the alveo-
lar septa (Hughes 2005). It is thought that the fl uid 
moves from the pulmonary interstitial spaces (i.e., 
subpleural space) across the visceral pleura. Fluid 
accumulates in the pleural space when the rate of en-
try exceeds the capacity of the lymphatics in the pa-
rietal pleura to remove the fl uid (Wiener-Kronish 
1993). Both pleural space and peribronchovascular 
tissue can be thought of as acting as a sump or safety 
valve to prevent an excessive rise in interstitial pres-

sure, which would fl ood the alveoli with edema fl uid 
and impair gas exchange (Hughes 2005).

The effects on the lung vary according to the se-
verity of venous pressure elevation and the chronicity 
of the condition. For example, a previously healthy 
individual may develop pulmonary edema when the 
pulmonary capillary wedge pressure reaches only 
25 mmHg, whereas a patient with longstanding con-
gestive heart failure is symptom-free and without 
signifi cant pulmonary edema at a fi lling pressure of 
40 mmHg. The reason for this apparent paradox lies 
in a variety of adaptations that occur in the lung that 
has been exposed to chronically elevated fi lling pres-
sures (Gelhbach and Geppert et al. 2002). These 
adaptations essentially consist of both hypertrophic 
and fi brotic changes in the pulmonary vessels, lym-
phatics, interstitium and alveolar walls (Haworth 
et al. 1988). Chronic left-sided cardiac dysfunction 
may also result in pulmonary arterial hypertension 
and right ventricular failure. Predictably, patients 
with chronic left-sided heart failure often exhibit 
a restrictive ventilatory defect, whereas airfl ow ob-
struction is a more frequent fi nding associated with 
acute failure (Light and George 1983; Johnson 
et al. 2001). The type of ventilatory defi cit is vari-
able because of differing contributions from edema, 
pleural effusions, vascular engorgement, raised air-
ways resistance and respiratory muscle weakness. 

A rise in airway resistance is often present, but 
not severe. The term “cardiac asthma” is used to 
describe the shortness of breath and the wheezing 
that can be heard on auscultation in patients with 
left-sided heart failure. This is likely due to airway 
wall edema or the effects of the increased bronchial 
venous pressure resulting in refl ex bronchoconstric-
tion (Bernard et al. 1995; Hwang et al. 2001 ). A 
few studies also report increased methacoline hy-
per-responsiveness in patients with congestive heart 
failure, in smokers and nonsmokers alike (Cabanes 
et al. 1989; Rolla et al. 1993). However, the degree 
of bronchial hyperreactivity that occurs in patients 
with heart failure is a matter of speculation.

 14.3 
Vascular Changes

The signs of raised pulmonary venous pressure on 
chest radiography are well known. Signs of vas-
cular redistribution (from bases to apex), namely 
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balanced fl ow or inverted fl ow, often suggest el-
evation of the pulmonary venous pressure. Both 
vascular dilation and redistribution are likely more 
appreciable in chronic or at least subacute left heart 
dysfunction (Morgan and Goodman 1991; Ketai 

1998). The ratio of the diameter of adjacent pul-
monary arteries and bronchi seen end-on, particu-
larly at the level of the upper lobes, aids in deter-
mining whether vessels are abnormally enlarged 
( Woodring 1991). The measurement of the width 
of the so-called vascular pedicle (the superior me-
diastinum just above the aortic arch) is used to as-
sess the patients’ intravascular volume status and 
is mostly helpful when comparison radiographs are 
available (Ely 2002).

Chest radiographic signs of raised venous pres-
sure have to be interpreted with care, as many fac-
tors may infl uence them. Assessment of early and 
subtle signs is prone to signifi cant interobserver 
variation, and evaluation should be attempted only 
when patients are fully upright, fi lms are exposed on 
inspiration, and lung bases are normal (i.e., simple 
atelectasis or pneumonia can result in blood fl ow ce-
phalization).

Some CT vascular changes mirror the radio-
graphic ones in patients with left-sided heart fail-
ure. Herold et al. (1992), using HRCT in a pig 
model, showed that acute fl uid overload causes 
a 20% increase in arterial size, a 33% increase in 
venous size and a gravity-dependent increase in 
parenchymal attenuation. Although the increased 
artery/bronchus ratio is generally regarded as a re-
liable sign of abnormal vascular dilatation, minor 
discrepancies to this rule are frequently encoun-
tered due to prevailing physiologic conditions and 
artifacts, such as motion, or the orientation of the 
vessels in relation to the plane of CT section. Vas-
cular dilatation is easiest to recognize in the peri-
hilar regions, where arterial and bronchial diam-
eters can be compared. However, it is not possible 
with high-resolution CT (HRCT) to reliably sepa-
rate vascular dilatation from perivascular thicken-
ing due to interstitial edema, although the latter is 
more likely when the adjacent bronchial wall ap-
pears thickened. Maximum intensity projection 
(MIP) reformations of variable thickness are theo-
retically suitable for assessing the size and location 
of vessels, including both the pulmonary arteries 
and veins (Beigelman et al. 2005), but unfamiliar-
ity with this rudimentary post-processing means 
that is not a maneuver that is often used in clinical 
practice (Fig. 14.1).

Vascular dilatation may be observed in associa-
tion with other HRCT abnormalities, before the de-
velopment of frank pulmonary edema. Although 
not systematically documented, it is likely that the 
earliest detectable fi ndings associated with enlarged 
vessels are scant interlobular septal thickening and 
ground-glass opacities. Smooth septal lines are 
often limited to the level of the pulmonary apices 
and may be contributed to by engorged septal veins 
(Storto et al. 1995). It has been shown in dogs that 
the increased venous pressure leads to ground-glass 
opacity before a signifi cant increase in extravascu-
lar lung water (Scillia et al. 1999). It is possible that 
increased blood volume is the cause of ground-glass 
opacity on HRCT, or that ground glass opacity re-
fl ects very subtle interstitial edema (Hedlund et al. 
1984; Herold et al. 1992; Scillia et al. 1999).

In patients with left-sided heart failure, centrilob-
ular artery branches may appear prominent (Storto 

et al. 1995), and vessels may become more visible at 
the periphery of the lung, and non-gravity-depen-
dent vessels may enlarge disproportionately, refl ect-
ing the process of “cephalization” seen on the chest 
radiograph (Goodman 1996) (Fig. 14.1). An accepted 
explanation for the redistribution of pulmonary 
blood fl ow is that of West and associates (1965), who 
suggested that the development of dependent edema 
may form a perivascular cuff, which acts as a buffer 
between the vessels and the distending forces being 
transmitted through the lungs, with resultant redis-
tribution of blood fl ow (Hansell et al. 2005).

Fig. 14.1. Recurrent cardiogenic edema in a 67-year-old 
man. Coronal MIP image (10-mm-thick slab) shows bilateral 
ground-glass opacities in the upper lobes. The anterior (non-
dependent) vessels (arrows) appear conspicuous and more 
dilated than those in the more dependent lung
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However, no information is available about the 
relationship between the hemodynamic measure-
ments and vessel changes on CT in human subjects 
with left-sided heart failure. It is likely that such re-
lationships are perturbed because of several factors, 
such as the tempo of the disease and lag phenom-
enon between hemodynamic and CT changes.

 14.4 
Bronchial Changes

When edema collects in the peribronchovascular in-
terstitial space, so-called “peribronchial cuffi ng” is 
seen on chest radiography (Don and Johnson 1977). 
This increase in the thickness is only readily evident 
in bronchi seen end-on, but it may be also evident 
along the posterior wall of the bronchus interme-
dius on the lateral chest radiograph (Schnur et al. 
1981). Peribronchovascular thickening, readily seen 
on CT, corresponds to the peribronchial cuffi ng seen 
on chest radiography. Bronchial wall thickening is 
mostly evident at the level of subsegmental and seg-
mental bronchi (Figs. 14.2, 14.3). Its high prevalence 
on CT is in contrast with the relatively low prevalence 
(10–35%) of the clinical features of “cardiac asthma” 
(Jorge et al. 2007), although previously some au-
thors have suggested a relationship between the two 
(Hwang et al. 2001; Hunt et al. 2001). 

HRCT has not been reported as demonstrating 
signs of small airways disease ascribable to left-
sided heart failure. Clearly there are diffi culties in 
obtaining CT expiratory scans in ill patients. Never-
theless, Ribeiro et al. (2006) reported in most (67%) 
patients with left ventricular failure a mosaic atten-
uation pattern that may be, at least, suggestive of a 
component of small airways obstruction (Fig. 14.3).

 14.5 
Predominantly Interstitial Edema

On CT, interstitial pulmonary edema is usually seen 
as a combination of thickened interlobular septa, 
bronchovascular thickening and ground-glass 
opacities.

Thickened interlobular septa are due to fl uid tra-
sudate expanding the interlobular septa. Peripheral 
thickened interlobular septa on CT correspond to 
the Kerley lines A and B seen on the chest radio-
graph. In both the peripheral and the central lung 
regions, smooth thickened septa outlining one or 
more adjacent pulmonary lobules can be seen as po-
lygonal arcades; these can be bilateral and diffuse, 
but occasionally focal and unilateral. In many cases 
bilateral thickened interlobular septa constitute the 
predominant CT sign of interstitial edema (Fig. 14.4). 
The absence of distortion of lung parenchyma and 

Fig. 14.3. Mosaic attenuation pattern in a patient with the 
clinical features on auscultation of “cardiac asthma” due 
to acute left ventricular failure. Grey areas are made of a 
few thickened interlobular septa, peribronchial thickening 
and ground glass, whereas there is mild dilatation of some 
of the bronchi within the decreased attenuation of the lung 
( arrows). Bilateral pleural effusion is also present

Fig. 14.2. Early interstitial edema. HRCT illustrates peri-
bronchial thickening, diffuse increase in attenuation of the 
lung parenchyma, a few prominent interlobular septa and 
bilateral pleural effusion
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the more linear, smooth septal thickening, despite 
extensive involvement, helps to differentiate car-
diogenic interstitial edema from lymphangitis car-
cinomatosa, sarcoidosis and other interstitial lung 
diseases, which generally have associated fi ndings, 
in addition to more irregular septal thickening.

One of the most consistent plain radiographic 
fi ndings with pure interstitial edema, especially 
when follow-up fi lms are available, is the lack of 
clarity of the intrapulmonary and hilar vessels 
(hilar haze) due to surrounding edema (Pistolesi 

and Giuntini 1978). This feature is also seen on 
HRCT, which may show central ground-glass opaci-
fi cation and somewhat indistinct central vascular 
margins. CT studies of experimental hydrostatic 
pulmonary edema in animals support the concept 
that edema tends to involve the peribronchovas-
cular interstitium before affecting the interlobular 
septa ( Forster et al. 1992). However, human lungs 
have relatively well-developed interlobular septa, 
whereas dog lungs show an almost complete lack 
of septa (Todo and Herman 1986; Forster et al. 
1992). Thus, thickening of the interlobular septa, of 
the bronchovascular and subpleural interstitium, 

and thickening of the bronchovascular core struc-
tures in the pulmonary lobule may apparently occur 
simultaneously.

Accumulation of fl uid in the loose connective tis-
sue beneath the visceral pleura may be seen as thick-
ening of the fi ssures and vertical lamellar opacities 
in the costophrenic angles. It is the lamellar shape 
with shadow conforming to the pleural boundary 
that suggests pulmonary rather than pleural fl uid 
(Hansell et al. 2005). On HRCT, transient subpleu-
ral curvilinear opacities, possibly representing en-
gorged lymphatics, have been described in patients 
with left-ventricular failure (Arai et al. 1990). 

Ground-glass opacifi cation is one of the most 
common fi ndings, refl ecting thickened (i.e., edem-
atous) alveolar walls and intralobular intersti-
tium. Ground-glass is often patchy in distribution 
(Fig. 14.5). When diffuse and uniform, ground-glass 
opacifi cation may be a source of diagnostic uncer-
tainty, as it is often contributed to by underinfl ation 
owing to an inability to hold breath at full inspira-
tion (Dalal and Hansell 2006). Superimposition 
of interlobular and intralobular may result in a 
“crazy paving” pattern (Fig. 14.6a).

Fig. 14.4. a Acute interstitial edema characterized by diffuse smooth interlobular septal thickening and pleural effusion. b 
Follow-up CT after treatment demonstrates resolution of these abnormalities

a b
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 14.6 
Alveolar Edema

If pulmonary edema is severe enough to fl ood the 
alveoli, bilateral, patchy or widespread “fl uffy” lung 
opacities may become evident on chest radiography. 
These airspace shadows tend to coalesce into frank 
consolidation.

Ground-glass opacifi cation, crazy paving pattern 
and consolidation are the typical CT fi ndings asso-
ciated with advanced alveolar edema (Fig. 14.6a,b). 
The extent of dense air-space opacifi cation ver-
sus “ground-glass” opacifi cation depends on the 
amount of gas displaced by the edema and atelecta-
sis (Goodman 1996). 

It has been postulated that the ventral-dorsal 
density gradient increases with time, because edema 
tends to distribute in the lower and central lung 
zones. However, it is now clear that distribution of 
pulmonary edema is much more variable than pre-
viously thought. For instance, distribution may be 
the result of the net effect of some opposing forces, 
such as the gravity and the augmented ventilatory 
movements in lower zones that promote the removal 
of fl uid through the lymphatics (Müller et al. 2003). 
In most patients pulmonary edema has a diffuse and 
random distribution, with some lobes more severely 
affected than others. Occasionally, edema has a 
perihilar predominance relatively sparing the pe-
ripheral zones, producing the so-called “bat’s wing” 

appearance (Fig. 14.7). Several theories have been 
proposed to explain the pathophysiology of the bat’s 
wing appearance (Fleischner 1967; Gluecker et 
al. 1999), which, incidentally, is not specifi c and may 
be encountered in other diseases (e.g., pulmonary 
alveolar proteinosis and pulmonary hemorrhage). 

Many factors modify the usual (if there is such a 
thing) distribution of pulmonary edema. Underlying 
diseases, such as fi brosis or pulmonary emphysema, 
may shift edema to more normally perfused areas. 
In those cases in which the edema is unilateral, it 
has an unexpected predisposition for the right lung, 
mostly in edema associated with mitral regurgitation 
( Gurney and Goodman 1989). Moreover, the position 
of the patient also infl uences the fl uid distribution as 
edema will concentrate in the dependent lung.

Fig. 14.5. A patient with acute left ventricular failure. Stan-
dard CT shows patchy areas of ground-glass opacity su-
perimposed on a background of centrilobular emphysema, 
giving an unusual texture to the abnormal lung. There are 
bilateral pleural effusions

Fig. 14.6a,b. Two examples of alveolar edema. a CT shows 
extensive bilateral opacity with a more geographic distri-
bution. A fi ne reticular pattern with interlobular as well as 
intralobular septal thickening superimposed on the ground-
glass opacity (crazy-paving pattern). Enlarged mediastinal 
lymph nodes are also present. b In this case, thin-section 
CT demonstrates airspace consolidation mainly distributed 
in the dependent zones, with ground-glass opacities, inter-
lobular septal thickening and enlarged vessels

b

a
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 14.7 
Chronic Heart Failure

The clinical features of left-sided heart failure 
are traditionally divided in two phases: acute and 
chronic. Although signifi cant clinical and radiologi-
cal overlap can occur, the spectrum of CT features 
differs between the phases. In cases of chronically 
elevated pulmonary venous hypertension, CT fea-
tures of interstitial changes (caused by prolifera-
tion of connective tissue, organization of interstitial 
edema, etc.) might be expected, given the reported 
pathologic fi ndings (Haworth et al. 1988), but this is 
poorly documented in the literature (Fig. 14.8). Car-
diomegaly and pleural thickening may be present, 
sometimes with thickening of interlobular septa, but 
without evident vascular changes and pulmonary 
edema. More rarely, hemosiderosis from microvas-
cular hemorrhage may be visible on HRCT as small 
nodules, and hyperattenuating nodules may refl ect 
focal ossifi cation, but this is very rare in practice 
(Delaunois 2006).

 14.8 
Distinction between Cardiogenic and 
Non-Cardiogenic Pulmonary Edema

In the setting of left-sided cardiac failure, pulmonary 
edema is often called cardiogenic or high-pressure 
pulmonary edema. However, cardiogenic pulmo-
nary edema is not necessarily purely hydrostatic, in 
that capillary endothelium damage may occur [even 
without diffuse alveolar damage (DAD)], resulting in 
permeability edema. The classifi cation system that 
has been advocated recognizes four categories: (1) 
hydrostatic edema; (2) permeability edema caused 
by DAD; (3) permeability edema without DAD; (4) 
mixed hydrostatic and permeability (Ketai and 
Godwin 1998; Gluecker et al. 1999).

 However, the division of pulmonary edema into 
“cardiogenic” or “noncardiogenic,” although some-
times elusive, is still convenient, since treatment 
options are so different. This distinction, either by 
chest radiography or by CT, is often diffi cult. A pe-
ripheral distribution of the opacities with normal 
heart size favors noncardiogenic over cardiogenic 
edema. Exaggerated gravity-dependent consolida-
tion with air bronchogram is seen more commonly 
in permeability edema. In permeability edema, the 
segmental and subsegmental bronchi may be dilated 

Fig. 14.7. Acute edema caused by myocardial infarction. 
Coronal reformation shows bilateral perihilar consolidation 
and ground-glass opacity giving the so-called “bat’s wing” 
appearance

Fig. 14.8. A patient with a chronic left cardiac failure. Patchy 
ground-glass opacities and a few septal lines with markedly 
dilated left atrium are consistent of mild interstitial edema
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within areas of ground-glass opacifi cation, and so 
resemble “traction bronchiectasis” (Howling et al. 
1998). By contrast, in permeability edema vessels 
may not be as conspicuously dilated, and diffuse 
septal thickening is less pronounced, whereas they 
are often the major feature associated with cardio-
genic edema (Fig. 14.4).

Ancillary signs, such as the increased cardiotho-
racic ratio (>0.52) and widened vascular pedicle on 
chest radiography, are more suggestive of cardio-
genic pulmonary edema (Thomason et al. 1998). 
In addition, pleural effusions in ARDS are gener-
ally smaller than those observed in left-sided heart 
 failure.

 14.9 
Pleural Eff usion

Pleural effusions accompanied by cardiomegaly on 
chest radiography are very suggestive of congestive 
heart failure. Congestive heart failure is by far the 
most common cause of transudative pleural effusion 
(Figs. 14.2–14.5). Pleural fl uid accumulates in pa-
tients with congestive heart failure when they have 
left-sided ventricular failure rather than elevated 
right-sided pressure (Wiener-Kronish et al. 1985, 
1987). Porcel and Vives (2006) reviewed the ra-
diographic sidedness of 444 effusions due to heart 
failure reported in fi ve studies. Of the effusions, 69% 
were bilateral, 21% were unilateral on the right, and 

9% were unilateral on the left. Of the bilateral pleu-
ral effusions, most were similarly sized, but either 
side can be larger.

 14.10 
Ancillary Abnormalities

Half of the patients with congestive heart failure 
have enlarged mediastinal lymph nodes on CT, with-
out evidence of other disease (Slanetz et al. 1998; 
Lewin et al. 2000; Erly et al. 2003; Chabbert et al. 
2004). The frequency of enlarged lymph node seems 
to correlate with the severity of the left heart failure 
(Slanetz et al. 1998; Chabbert et al. 2004). The 
most frequent sites for mediastinal lymphadenopa-
thy on CT are the subcarinal, paratracheal and pre-
carinal regions. It has been shown that most (64%) of 
these enlarged lymph nodes regress after initiation 
of treatment for cardiac failure (Chabbert et al. 
2004) (Fig. 14.9).

Further mediastinal abnormalities can be recog-
nized on CT, likely caused by diffuse fl uid infi ltration 
into the mediastinal fat due to elevated hydrostatitic 
pressure (Slanetz et al. 1998). The prevalence of 
haziness of mediastinal fat has been reported to be 
between 10 and 33% of patients with left-sided heart 
failure (Slanetz et al. 1998; Chabbert et al. 2004). 
Diffuse mediastinal enlargement has been docu-
mented, although signifi cant enlargement is cer-
tainly a rare occurrence (Miller et al. 2000). As an 

Fig. 14.9a,b. CT obtained in a patient with congestive heart failure due to ischemia. a Above the carina, CT shows both 
enlarged mediastinal lymph nodes and prominent/hazy anterior mediastinal fat. b Follow-up CT after treatment shows 
regression of these signs

a b
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aside, tracheal narrowing has also been described in 
sheep models of cardiogenic edema, and the degree 
of narrowing has been shown to correlate with the 
severity of pulmonary edema (Snapper et al. 1999).

 14.11 
Cardiothoracic Imaging: 
An Integrated Approach

CT examination of the thorax is often requested 
for the investigation of disorders that may have 
an important underlying cardiac cause (Bruzzi et 
al. 2006). Furthermore, the presence of signifi cant 
cardiac disease is often underappreciated by the 
referring clinician (and reporting radiologist). Im-
provements in CT scanner technology, namely the 
development of multidetector CT scanners with high 
temporal and spatial resolution, now provide images 
during routine chest CT examinations that are much 
less degraded by cardiac motion artifacts and that 
allow detailed evaluation of both the lung paren-
chyma and the heart. This opportunity is particular 
useful in the setting of left-sided heart failure, as it 
may improve the detection of a cardiac disease com-
ponent particularly in diffi cult scenarios, such as in 
cases of coexisting diseases, ambiguous pulmonary 
fi ndings or previously unsuspected cardiac disease 
(e.g., cardiomyopathy). Many supporting fi ndings, 
such as cardiomegaly and pericardial abnormalities, 
can be depicted on routine thoracic CT even without 
the recourse to the contrast medium administration 
and ECG gating (Fig. 14.8). For instance, in the pres-
ence of CT signs of cor pulmonale with normal-sized 
left cardiac chambers, interlobular septal thickening 
and ground-glass opacities are more suggestive of 
pulmonary veno-occlusive disease rather than pure 
interstitial edema (Frazier et al. 2007). However, it 
has to be recognized that CT features of pulmonary 
edema can be observed without cardiomegaly, for 
example, in acute left-cardiac dysfunction. The use 
of contrast-enhanced CT may lift the veil on impor-
tant underlying causes of pulmonary edema, such as 
left atrial myxoma and cor triatriatum. Left-cardiac 
functional evaluations are also now feasible, and it 
has been recently shown that if the patient has a 
right-to-left ventricular transit time of contrast me-
dium of more than 10.5 s, left ventricular failure can 
be diagnosed with a very high positive predictive 
value (Vanhoenacker and Van Hoe 2007). Further 

parameters such as ejection fraction, end diastolic 
volume and cardiac output can also be calculated 
with the addition of the ECG gating, and it is likely 
that with further software development such mea-
surements will become more or less routine.
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Remarkable advances in multidetector CT (MDCT) 
technology have facilitated accurate evaluation of 
coronary artery disease in a noninvasive manner. 
Recent studies indicate that MDCT can replace the 
radionuclide stress test in the evaluation of some 
patients who present to the emergency department 
with acute chest pain, and normal or nonspecifi c 
ECG results and normal initial serum cardiac bio-
markers. The potential of MDCT to identify and 
exclude other urgent causes of acute chest pain, such 
as the acute aortic syndrome and pulmonary embo-
lism, as well as acute coronary syndrome, suggests 
that MDCT may be a primary imaging modality 
for the evaluation of acute chest pain. MDCT for 
the evaluation of hemoptysis can provide not only 
a localization and source of hemoptysis, but also 
identifi cation of the culprit artery responsible for 
triggering hemoptysis. The ability of MDCT to scan 
the entire chest with thin collimation and within 
a single breath hold can offer a comprehensive as-
sessment in the evaluation of dyspnea. In addition 
to axial images, post-processing techniques, such 
as maximal and minimal intensity projection im-
ages, provide valuable additional information for 
the evaluation of dyspnea.

 15.1 
Evaluation of Chest Pain

15.1.1 

Introduction of Chest Pain

Acute chest pain is the second most common 
presentation to the emergency department (ED), 
trailing only acute abdominal pain (McCaig and 
 Nawar 2006). Emergent and life-threatening 
causes of chest pain include acute coronary syn-
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drome (ACS), acute aortic syndrome (AAS), pul-
monary embolism (PE), tension pneumothorax 
and esophageal rupture. Nonemergent causes of 
chest pain comprise disorders of musculoskelectal 
origin, gastrointestinal origin and psychological 
disorders, such as panic disorder (Ringstrom 
and Freedman 2006). One of the major challenges 
for ED physicians remains distinguishing urgent 
causes of chest pain from nonemergent etiologies, 
with the goal of a precise diagnosis. This chapter 
will focus on the role of multidetector CT (MDCT) 
in the assessment of life-threatening causes of acute 
chest pain, especially ACS and AAS. The discussion 
about nonurgent causes of chest pain is beyond the 
scope of this chapter.

15.1.2 

Acute Coronary Syndrome (ACS)

15.1.2.1 

Introduction of ACS

Acute coronary syndrome is comprised of ST seg-
ment elevation myocardial infarction (STEMI), 
non-ST segment elevation myocardial infarction 
(NSTEMI) and unstable angina (UA). Typically, 
chest pain caused by ACS is characterized by sub-
sternal heaviness or tightness with or without ra-
diation of pain to the neck or arm. However, atypi-
cal presentations of ACS, such as epigastric pain, 
stabbing chest pain, isolated dyspnea without chest 
pain and pleuritic chest pain, are not rare. Diagnosis 
of ACS is straightforward in patients with typical 
substernal chest pain, electrocardiographic changes 
such as ST segment elevation and elevated serum 
cardiac biomarkers. MDCT currently plays no role 
in the evaluation of these patients. Immediate reper-
fusion therapy is mandatory to salvage viable myo-
cardium, obviating further noninvasive diagnostic 
testing (Pollack and Gibler 2001; Braunwald et 
al. 2002).

The number of ED visits and hospitalizations 
in the United States due to chest pain annually 
approximates 5 million and 2 million, respec-
tively (McCaig and Burt 2004). However, only 
one third of those who are admitted eventually 
prove to have ACS. Although most ED physicians 
and cardiologists have adopted a low threshold for 
hospital admission, the rate of missed diagnosis 
of ACS, which results in inappropriate discharge, 
is still substantial, accounting for approximately 

2–5% of overall ACS. Notably, approximately one 
fourth of patients improperly discharged with ACS 
die (Goldman et al. 1996; Lee and Goldman 2000; 

Lee et al. 1987; Pope et al. 2000; Kaul et al. 2004). 
Thus, it is not surprising that misdiagnosis of ACS 
is the most common cause of malpractice among 
ED physicians in the US. One report suggested that 
the failure to detect ST segment elevation by ED 
physicians might be an important cause of inap-
propriate discharge in patients with ACS (Pope et 
al. 2000). However, most improper discharges of 
ACS patients appear to be associated with nonspe-
cifi c symptoms, normal or nonspecifi c ECG results, 
and negative serum cardiac biomarkers. Because 
the heart, lung, esophagus and aorta share some 
afferent visceral nerve fi bers, it is often diffi cult to 
distinguish ACS from other disease entities based 
solely on symptoms (Ringstrom and Freedman 
2006). In addition, the results of ECG are often 
nonspecifi c, and serum cardiac biomarkers, such 
as creatine kinase MB isoenzyme (CK–MB isoen-
zyme) and cardiac troponins, might not be useful 
in patients who present to ED less than 4–5 h af-
ter symptomatic onset (Achar et al. 2005; Scirica 
and Morrow 2003). 

Due to substantial advances in hardware and 
computer software technology, including ECG-gat-
ing, imaging of the entire heart is now possible with 
64-slice MDCT with submillimeter scan collimation 
during a single breath hold. The increasing spatial 
and temporal resolution of MDCT has facilitated its 
use for the evaluation of cardiac diseases, especially 
coronary artery disease. Several recent reports sug-
gest that 64-slice MDCT can provide excellent corre-
lation with the results of invasive angiography in the 
evaluation of signifi cant coronary arterial stenosis 
with sensitivity and specifi city values of 83%–99% 
and 86%–98%, respectively (Mollet et al. 2005; 
Morgan-Hughes et al. 2005; Raff et al. 2005). 
The main coronary CTA fi nding of ACS is severe 
coronary artery stenosis caused by a non-calcifed 
atherosclerotic plaque with or without a calcifi ed 
component (Fig. 15.1a,b).

More recent MDCT innovations include dual-
source technology and whole heart coverage. Dual 
source technology employs two tubes placed 90 
degrees from one another to maximize temporal 
resolution. Whole-heart coverage consists of at least 
16 cm of longitudinal coverage such that the heart 
can be scanned in a single rotation. Each strategy 
is useful to reduce coronary artery motion and im-
prove image quality.
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15.1.2.2 

MDCT Technique in the Evaluation of ACS

In general, there are two types of cardiac evaluation 
protocols used in the ED setting: dedicated coro-
nary CT angiography (CTA) and the “triple rule out” 
MDCT protocol. Dedicated coronary CTA requires 
a limited fi eld of view in order to increase spatial 
resolution. The triple rule out designation refers to 
simultaneous assessment of the coronary arteries, 
pulmonary arterial bed and aorta. The extent of the 
scan for triple rule out MDCT protocol ranges from 
above the aortic arch to the adrenal gland, whereas 
that of dedicated coronary CTA covers the aortic 
root to the base of the heart. 

Certain prerequisites are required to obtain an 
optimal coronary CTA examination in the acute 
setting. Judicious shaving of the chest in hirsute pa-
tients is necessary to allow the ECG leads to adhere 
fi rmly. Although recent MDCT scanners may per-
mit diagnostic images even if the heart rate exceeds 
65 beats per minute, a target heart rate of less than 
65 beats per minute is desirable to maintain opti-
mal image quality (Giesler et al. 2002; Shim et al. 
2005). Beta blocker is administered via an intrave-
nous (5–20 mg of metoprotolol) or oral route (50 mg) 
before the cardiac MDCT examination unless there 
are contraindications such as asthma or high-grade 
AV block. Short acting nitroglycerin (0.4 mg) can 
also be administered via a sublingual route in order 

to dilate the coronary arteries. Contraindications 
for the administration of nitroglycerin include hy-
potension and recent usage of sidenafi l citrate. The 
administration of a calcium channel-blocking agent 
may be an alternative to beta blockers in patients 
with asthma. 

Breathing cooperation of patients is another im-
portant prerequisite for obtaining high quality im-
ages. The importance of explaining proper breath-
holding and potential reactions to contrast injection 
(i.e., prior explanation of possible effects such as 
heating sensation, nausea and tingling sense) can-
not be overemphasized. Multi-phasic injection of 
contrast followed by a saline chaser is performed to 
reduce the overall amount of contrast material used 
and to reduce the concentration of contrast material 
in the right ventricle or superior vena cava, which 
can hinder precise evaluation of the right coronary 
artery. A test injection or bolus tracking method is 
required to determine the optimal starting time of 
MDCT scanning. It is necessary to tailor the method 
of MDCT examination based on patient weight. In 
obese patients, thicker collimation, more radiation 
dose, a slower gantry rotation time and higher con-
trast volume may improve imaging quality. Renal 
insuffi ciency (creatinine level >1.5 mgL-1), allergy to 
contrast materials, severe arrhythmia and hemody-
namic instability are contraindications for coronary 
CTA. To reduce the possibility of renal injury, hydra-
tion is recommended prior to contrast injection.

Fig. 15.1a,b. Coronary artery stenosis. a Curved multiplanar 
reformatted image of two-chamber view shows approximately 
50–70% stenosis (arrow) in mid left anterior descending ar-
tery. b Coronary angiogram of left anterior oblique view in a 
same patient shows an excellent correlation (arrow) with aa

b
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15.1.2.3 

Role of MDCT in the Evaluation of ACS

The major role of MDCT in the triage of ACS is 
currently restricted to evaluation of low-risk pa-
tients . Low-risk patients are those with nonspecifi c 
or negative ECG results and normal initial serum 
cardiac biomarkers without hypotension or rales on 
lung examination suggestive of pump failure. In this 
group of patients, the risk of a short-term major 
adverse cardiac event is relatively low (Goldman 
et al. 1996; Reilly et al. 2002). Such patients are 
typically admitted in order to rule out ACS, and the 
current strategy consists of serial ECGs, serum car-
diac biomarkers for 12–24 h and stress testing, often 
with an exercise test, such as single-photon emission 
computed tomography (SPECT) or, less frequently, 
positron-emission tomography (PET). 

Recent reports suggest that 64-slice MDCT 
may be an appropriate substitute for radionuclide 
perfusion imaging in the evaluation of low- to 
intermediate-risk patients with acute chest pain 
( Gallagher et al. 2007; Goldstein et al. 2007). 
A single center, randomized controlled study 
compared a 64-slice MDCT protocol with a stand-
ard protocol using radionuclide stress test in the 
evaluation of low-risk patients with acute chest 
pain. Ninety-nine and 98 patients were randomly 
assigned to separate MDCT and standard proto-
cols, respectively. In patients with MDCT showing 
signifi cant coronary stenosis (>70%), an invasive 
coronary angiogram was performed in follow-up. 

If only minimal coronary stenosis (≤25%) or a low 
calcium score (≤100 Agatston U) was found, patients 
were discharged home without further workup 
(Fig. 15.2a,b,c). If there was borderline coronary 
artery stenosis (26%–70%), a calcium score greater 
than 100 Agatston U or a non-diagnostic scan (e.g., 
motion due to blurring), patients underwent a fol-
low-up radionuclide stress test. MDCT was success-
ful in excluding or establishing coronary disease as 
the cause of acute chest pain in 75% of patients. In 
the remaining 25% patients, an additional radionu-
clide stress test was required due to indeterminate 
coronary stenosis or non-diagnostic imaging qual-
ity. Importantly, the study showed that the 64-slice 
MDCT protocol has a potential to lower overall 
costs and reduce triage time in the evaluation of 
acute chest pain in selected patients as compared 
with the standard protocol. However, the study 
also demonstrated clearly some drawbacks associ-
ated with the use of the 64-slice MDCT protocol. 
In particular, the lack of physiologic information 
about indeterminate coronary artery stenosis and 
suboptimal CT examinations may lead to further 
testing and exposure to radiation (Goldstein et 
al. 2007). Possible options to avoid additional ra-
diation exposure from radionuclide stress testing 
include the use of MRI or stress echocardiography. 
Improvements in the MDCT technology will likely 
decrease the frequency of indeterminate examina-
tions and may permit routine assessment of myo-
cardial perfusion to provide a functional correlate 
in patients with indeterminate coronary lesions.

Fig. 15.2a–c. Normal coronary CTA. a–c Three curved multiplanar reformatted images show normal left anterior descend-
ing artery, left circumfl ex and right coronary arteries (arrowheads), respectively. Negative coronary CTA in a patient pre-
senting to the emergency department with acute chest pain virtually excludes acute coronary syndrome

a cb
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15.1.2.4 

Limitations and Prospective of MDCT in the 

Evaluation of ACS

It is important to understand the strengths and 
weaknesses of the competing protocols used to 
evaluate acute chest pain in the ED: the compre-
hensive or triple rule-out MDCT protocol and dedi-
cated coronary CTA protocol. The comprehensive 
MDCT protocol has the potential to exclude three 
life-threatening thoracic diagnoses (i.e., ACS, PE, 
and AAS) in one scan. A pilot study suggested that 
the triple rule-out MDCT protocol might be a valu-
able method to identify or exclude cardiac etiologies 
of acute chest pain in low-risk patients who present 
to ED. Moreover, this protocol could assess extrac-
ardiac causes of acute chest pain that could not be 
evaluated by the radionuclide stress test or stress 
echocardiography (White et al. 2005). However, the 
triple rule-out MDCT protocol also has drawbacks. 
When compared with dedicated coronary CTA, it ne-
cessitates a wider volume of coverage, broader fi eld 
of view and prolonged contrast injection. Therefore, 
an increase in radiation dose, decrease of imaging 
resolution and higher risk for renal injury may be 
associated with this protocol. 

There are varied opinions about which study pro-
tocol, a dedicated coronary CTA or triple rule out 
MDCT, is appropriate to evaluate acute chest pain 
in the ED. From a practical standpoint, many ED 
physicians would be hesitant to rely on a dedicated 
coronary CTA protocol to assess acute chest pain in 
the setting of a nonspecifi c initial evaluation because 
they could not completely exclude the possibility of 
AAS or PE as a cause of acute chest pain. In general, 
the dedicated coronary CTA protocol is the choice 
for elective situations such as the evaluation of sta-
ble angina as an outpatient. However, if there is low 
probability for PE based on clinical grounds and sup-

ported by a negative D dimmer test, dedicated coro-
nary CTA appears to have a valuable role, because 
higher quality images of the coronary arteries can be 
obtained. To date, no study has been performed that 
directly compares the two protocols (Table 15.1).

Both dedicated and comprehensive coronary 
CTA protocols have potential limitations. The tri-
ple rule-out MDCT protocol is not ideal to exclude 
AAS. Many triple rule-out MDCT protocols do not 
include a precontrast scan, and thus it may be diffi -
cult to diagnose intramural hematoma (IMH). Typi-
cal MDCT fi ndings of IMH are high attenuation and 
thickening of the involved aortic wall on precontrast 
CT imaging. A non-contrast scan is acquired for 
calcium scoring at many centers, and this may be 
useful to assess the unenhanced aorta for evidence 
of IMH. An additional diffi culty is that the full ex-
tent of aortic dissection (AD) cannot be determined 
using a triple rule-out MDCT protocol because the 
abdomen and pelvis are not routinely imaged. This 
problem can be remedied by adding a protocol for a 
non-ECG gated scan of the abdomen and pelvis that 
is activated only if the initial triple rule-out scan is 
suspicious for AD.

An additional challenge is the need to provide off-
hour service of MDCT (i.e., 24/7/365 coverage) to the 
ED. Currently, complete off-hour service of MDCT is 
not available in most hospitals. Several options ex-
ist to address this important issue. Remote reading 
by radiologists skilled in cardiac imaging is avail-
able. A less costly option is to train on-call residents 
or fellows to read cardiac CTA during off hours. A 
preliminary interpretation for defi nitely negative or 
positive cardiac CTA cases would permit early tri-
age in targeted patients with acute chest pain. Based 
on the current literature, it is likely that more than 
50% of patients could be triaged in this manner. For 
equivocal cardiac CTA studies, fi nal triage would be 
delayed until the next morning until the study is re-

Table 15.1. Comparison of sample ED chest pain 64-slice MDCT protocols

Protocol Dedicated CTA Triple rule out 

Field of view 220 400

Thickness (mm) 0.67 0.9

Increment (mm) 0.33 0.45

Direction Cephalad-caudal Caudal-cephalad

Time (s) 9–10 15–18

Z axis coverage Aortic root–cardiac base Aortic arch–adrenal gland
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viewed by a cardiothoracic radiologist and cardiol-
ogy consultant (White et al. 2005).

Another important issue to be addressed is the 
radiation dose of cardiac CT. Radiation dosage re-
ported in recent studies of 64-slice MDCT coronary 
CTA is 9.6 to 15.2 mSv in men and 13.5 to 21.4 mSv 
in women. Radiation dosage of 64-slice MDCT coro-
nary CTA tends to be higher than that of 16-slice 
MDCT coronary CTA because the thinner collima-
tion of 64-slice MDCT requires a higher radiation 
dosage per slice to maintain the same signal-to-
noise ratio (Thompson and Cullom 2006). On the 
other hand, competing imaging modalities, such as 
radionuclide perfusion test or conventional angiog-
raphy, also have substantial radiation doses (Rohe 
et al. 1995). The expected risk of radiation-induced 
cancer is higher for the triple rule-out MDCT proto-
col. Therefore, a dedicated cardiac CTA study would 
be preferred in young patients with acute chest pain 
and low risk. One method to mitigate the amount 
of radiation exposure is to use a tube modulation 
technique in which radiation dose is automatically 
lowered during systolic phase. One report suggests 
that a reduction in radiation dose up to 44% is 
possible by using automatic tube current modula-
tion (Poll et al. 2002). Another possible option is 
to use a prospective gating technique that reduces 
radiation dose substantially by imaging only a part 
of the cardiac cycle, usually diastole. Disadvantages 
of prospectively gated CT include the lack of func-
tional information because images are not obtained 
in systole and the inability to obtain adequate im-
age quality if the heart rate exceeds 70 beats per 
 minute.

Overall, MDCT evaluation of patients with acute 
chest pain has multiple advantages compared with 
other diagnostic modalities. Radionuclide stress 
testing has both limited spatial resolution and lon-
ger image acquisition times compared with coro-
nary CTA. In addition, the department of nuclear 
medicine is rarely located close to the ED. More-
over, radionuclide stress testing lacks the ability to 
evaluate extra-cardiac abnormalities that may cause 
acute chest pain. 

In the future, if MDCT attains the same spa-
tial resolution as conventional angiography 
(0.2×0.2×0.2 mm) and scanning time becomes 
faster, MDCT may provide a road map prior to per-
cutaneous coronary intervention in more patients 
with ACS. On the basis of coronary MDCT fi ndings, 
interventional cardiologists may perform selective 
percutaneous coronary intervention, reducing the 

time of the interventional procedure and frequency 
of complications. The decision to use MDCT in 
higher risk patients with acute chest pain may ul-
timately be a balance between the ability to gather 
rapid noninvasive information and the imperative 
to intervene quickly.

15.1.3 

Acute Aortic Syndrome (AAS)

15.1.3.1 

Introduction of Acute Aortic Syndrome (AAS)

AAS includes aortic dissection (AD), intramural 
hematoma (IMH) and penetrating atherosclerotic 
ulcer (PAU). In addition to AAS, traumatic aortic 
pseudoaneurysm and ruptured aortic aneurysm are 
also life-threatening aortic diseases. Differentiation 
among AD, IMH and PAU is diffi cult, if not impos-
sible, based solely on clinical presentation because of 
overlapping symptoms (i.e., severe ripping or tear-
ing back pain). MDCT has become the imaging mo-
dality of choice in the evaluation of potential AAS 
(Castarner et al. 2003; Chung et al. 1996; Sebastia 
et al. 1999). Recently, IMH and PAU have been iden-
tifi ed with increasing frequency due to advances in 
cross-sectional imaging, especially MDCT. Because 
the different forms of AAS have varying prognoses 
and therapeutic strategies, distinction of these enti-
ties on the basis of imaging studies is vital.

15.1.3.2 

Aortic Dissection (AD)

AD may result from an intimal tear of the aortic 
wall. Less frequently, bleeding of the Vasa vasorum 
may be a cause of AD. Hypertension is the most 
important risk factor for AD (Masuda et al. 1992). 
Other risk factors include Marfan’s syndrome, cystic 
medial degeneration of the aorta, blunt trauma, a 
bicuspid aortic valve and previous surgery of the 
thoracic aorta (De Sanctis et al. 1987; Larson and 
Edwards 1984).

A dedicated MDCT protocol for AD extends from 
the thoracic inlet to the level of iliac arteries and 
includes pre-contrast scanning in order to exclude 
the possibility of IMH. The typical MDCT fi nding of 
AD after administration of contrast material is the 
presence of an intimal fl ap (Fig. 15.3a,b). The Stan-
ford classifi cation is used to categorize AD. Stanford 
type A is defi ned by an intimal fl ap that affects the 
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ascending aorta or arch, whereas a Stanford type B 
dissection involves only the descending aorta. The 
term intimal fl ap is a misnomer. Because the rup-
ture of AD extends along the outer one third of the 
aortic media, the detached fl ap is thicker than that 
of the intima and includes a part of the media. Thus, 
the outer wall of a false lumen opposite to the in-
timal fl ap consists only of adventitia and the outer 
one third of media. This explains why aortic rupture 
occurs so frequently through the outer wall of the 
false lumen.

The location of the entry and re-entry tears, dif-
ferentiation between true and false lumen, the extent 
of dissection and the presence or absence of side-
branch compromise or combined rupture should be 
evaluated while interpreting MDCT images of AD. 
Information about the location of the entry tear is 
important to decide on a treatment option.

The differentiation between the false and true lu-
men is usually not diffi cult on MDCT. The diameter 
of the false lumen is usually larger than that of true 
lumen (i.e., larger lumen sign) because the intralu-
minal pressure of the former is often higher than 
that of the latter. In determining which lumen is 
true or false, a lumen with a beak and an acute angle 
between the fl ap and aortic wall is indicative of the 
false lumen on MDCT images (Fig. 15.3a). The “cob-
web” sign is also a marker of the false lumen and is 
a less frequent fi nding. A cobweb comprises small 
linear structures extending from the aortic wall to 
the fl ap and indicates incomplete tearing of muscle 
fi bers in the dissected aortic wall (Lee et al. 1997; 
LePage et al. 2001; Williams et al. 1994). Another 

important fi nding, particularly in type B dissec-
tions, is direct continuation of the uninvolved por-
tion of aorta with the true lumen on MDCT. The dif-
ferentiation between the true and false lumen may 
be more apparent on coronal or sagittal reformatted 
MDCT images (Fig. 15.3b).

Information about the extent of AD is also essen-
tial to determine the appropriate treatment option. 
ADs involving the ascending aorta (i.e., Stanford type 
A) should be treated surgically. Up to 90% with this 
type of dissection who are treated conservatively die 
within 3 months due to aortic rupture or obstruc-
tion of the side branches, such as coronary, brachio-
cephalic or visceral arteries ( Anagnostopoulos 
et al. 1972). By contrast, AD involving only the de-
scending aorta is usually managed with medical 
therapy. However, evidence of ischemia of the legs 
(e.g., decreased femoral pulse, leg pain or discolor-
ation of lower extremity) or abdominal viscera (e.g., 
renovascular hypertension, renal failure or ischemic 
bowel disease) and signs of impending rupture of the 
aorta (e.g., persistent severe pain, hypotension and 
hemothorax) are considered surgical indications in 
this type of AD.

There are two varieties of side-branch compro-
mise related to AD: static obstruction and dynamic 
obstruction. Static obstruction results from direct 
extension of an intimal fl ap through the origin of 
the involved arterial branch. By contrast, dynamic 
obstruction is caused by the slit-like narrowing of 
the true lumen secondary to the intense pressure 
difference existing between the true and false lu-
mens, thus rendering a more distal aortic branch of 

Fig. 15.3a,b. Stanford type A aortic dissection. a Intimal fl ap (arrows) and beak sign (arrowheads) indicating false lumen 
are noted on CT image at the level of main pulmonary artery, consistent with AD of Stanford type A. The diameter of true 
lumen (T) is smaller than that of false lumen. b The extent of intimal fl ap (arrows) is more clearly defi ned on the coronal 
reformatted maximal intensity projection image. The continuation of true lumen (T) with left ventricle on this image helps 
differentiate it from the false lumen

a b
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dynamic obstruction ischemic. The treatment ap-
proach to static and dynamic obstruction is quite dif-
ferent. Static obstruction is relieved by an endovas-
cular stent placed in the true lumen of the involved 
artery, whereas dynamic obstruction is corrected by 
fenestration aimed at equalization of luminal pres-
sure. If there is persistent luminal stenosis after fen-
estration, the deployment of an aortic stent should 
be considered in cases of the dynamic obstruction 
(Nienaber and Eagle 2003).

Aortic regurgitation complicating AD is opti-
mally evaluated with transesophageal echocardio-
gram or MRI, but ECG-gated MDCT can also iden-
tify aortic regurgitation on the basis of poor leafl et 
coaptation.

15.1.3.3 

Intramural Hematoma (IMH)

IMH is most likely caused by spontaneous bleeding 
of the vasa vasorum. It is postulated to be a variant 
of AD (Yamada et al. 1988). In some instances, it 
may also represent an earlier phase of classic AD 
(Nienaber et al. 1995).

Although the lack of an intimal tear is a typical 
feature of IMH, it is often diffi cult to differentiate 
IMH from thrombosed AD associated with a tiny in-
timal tear or PAU from a tiny or healed ulcer. How-
ever, the true lumen of a thrombosed AD can be 
compressed by the high pressure in the false lumen, 
whereas the residual aortic lumen of IMH tends to 
preserve its round shape. Most importantly, MDCT 

obtained without contrast enhancement shows typi-
cal high attenuation within the aortic wall, indicat-
ing intramural hematoma formation (Fig. 15.4a,b). 
Because the CT fi ndings of IMH after contrast 
enhancement are easily misinterpreted as aortic 
thrombus, thorough and careful investigation of the 
pre-contrast CT image should be performed to look 
for the telltale fi nding of high attenuation in the aor-
tic wall in patients with a clinical suspicion of AAS. 
Although IMH tends to involve a longer extent along 
the normal aortic wall, and aortic thrombus usually 
involves a shorter extent in a dilated aorta, it may be 
diffi cult to distinguish IMH from aortic thrombus 
based only on post-contrast MDCT fi ndings.

The outcome of IMH varies. It may progress to 
overt AD, pseudoaneurysm or rupture (Castaner 
et al. 2003). Complete resolution of IMH is also pos-
sible. A greater maximal thickness of IMH on axial 
CT scan has been reported as a predictor of pro-
gression of IMH to overt AD. In one study, mean 
maximal thickness of IMH was 16.4 ± 4.4 mm in 
those who progressed to overt AD, whereas it was 
10.5±3.8 mm in those who did not (Choi et al. 2001). 
Fundamentally, therapy for IMH is similar to classic 
AD, but the overall prognosis tends to be better in 
IMH, presumably because some resolve spontane-
ously (Song et al. 2001). It is controversial whether 
IMH involving the ascending aorta that lacks signs 
suggesting impending rupture (e.g., hemopericar-
dium, hemothorax or hemodynamic instability) 
requires surgical intervention (Maraj et al. 2000; 
Song et al. 2001; Sueyoshi et al. 1997). 

Fig. 15.4a,b. Intramural hematoma. a Wall thickening of descending aorta (arrowheads) and questionable wall thickening 
of ascending aorta are seen on CT image obtained after enhancement at the level of main pulmonary artery. Small bilateral 
pleural effusions and mediastinal hemorrhage are also demonstrated. b Typical crescent high attenuation (arrowheads) of 
intramural hematoma is noted in the wall of ascending and descending aorta on the pre-contrast CT image at almost the 
same level as a

a b
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15.1.3.4 

Penetrating Atherosclerotic Ulcer (PAU)

By defi nition, PAU is an ulcer that extends through 
the internal elastic lamina of the aortic wall and 
into the media. PAU frequently occurs in the de-
scending aorta of elderly patients with hypertension 
and advanced atherosclerosis. The most important 
predisposing factor is atherosclerosis. Hematoma in 
the adjacent aortic wall is frequently associated with 
PAU (Stanson et al. 1986; Welch et al. 1990). 

Fibrotic change caused by severe atherosclerosis 
around the PAU tends to hinder the propagation of 
AD along the aortic wall and formation of re-entry 
tear (Roberts 1981). Therefore, thrombosed AD is 
more frequently encountered in the patients with 
PAU on CT scan than non-thrombosed AD. Other 
complications of PAU include aortic rupture and 
pseudoaneurysm. Because atherosclerotic change 
generally spares the ascending aorta, PAU is less 
likely to cause type A dissection (Hirst et al. 1958). 
By contrast, in AD confi ned to the descending aorta, 
especially thrombosed AD in elderly patients, PAU 
may be a predisposing condition. 

The characteristics of PAU should be distinguished 
from those of an atheromatous ulcer on MDCT. 
MDCT fi ndings of PAU are characterized by exten-
sion of the ulcer beyond the expected margin of aortic 
wall (Fig. 15.5a,b) with or without hematoma forma-
tion beneath the ulcer (Chiles and Carr 2005).

It is important to realize that the initial CT fi nd-
ings of PAU (i.e., the size or shape of the ulcer) are 
not useful for prognosis (Hayashi et al. 2000). 
Therefore, close follow-up CT is necessary to deter-
mine the appropriate treatment of PAU. Surgery is 
typically reserved for patients with ongoing chest 
pain or signs of impending rupture.

However, PAU frequently occurs in advanced age 
and may be associated with various comorbidities 
such as diabetes mellitus, pulmonary function ab-
normality or decreased cardiac function. If opera-
tive intervention proves necessary, severe athero-
sclerotic change of the aortic wall adjacent to PAU 
requires a more extensive resection of the aortic 
wall compared with surgery for AD. As a result, the 
rate of complications, such as postoperative spinal 
cord injury, heart failure, renal failure or respiratory 
failure, is higher after the surgery for PAU than for 
AD (Levy et al. 1999). Therefore, percutaneous in-
terventional procedures, such as the use of an aortic 
stent, may be a good alternative to treat patients with 
a high probability of postoperative complication.

15.1.3.5 

Traumatic Aortic Pseudoaneurysm

The most frequent location of traumatic aortic rupture 
or pseudoaneurysm is the aortic isthmus (Fig. 15.6a,b). 
Most injuries are secondary to traffi c accidents or 
falls. It is possible to miss a small traumatic aortic tear 

Fig. 15.5a,b. Penetrating aortic ulcer. a Axial CT image ob-
tained after administration of contrast material at the level 
of lung base shows a large saccular penetrating aortic ulcer 
(arrows) in distal thoracic aorta. b Volume-rendered image 
in the same patient shows a saccular aneurysm (arrowheads) 
in distal thoracic aorta

a
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if only the axial CT images are reviewed. Thus, sag-
ittal or coronal maximal intensity projection (MIP) 
images of the aortic arch are valuable to facilitate the 
diagnosis. A useful secondary fi nding is localization 
of mediastinal fl uid or hemorrhage adjacent to or sur-
rounding the proximal descending aorta.

15.1.3.6 

Ruptured Aortic Aneurysm

The most common cause of aortic aneurysm is 
atherosclerosis. The predominant site of an athero-
sclerotic aneurysm is the proximal descending 
aorta. Other causes of aortic aneurysm include in-
fection (i.e., mycotic aneurysm), Marfan’s syndrome 
or other connective tissue disease, poststenotic dila-
tation from aortic stenosis and trauma. 

Aortic aneurysm is often conventionally defi ned 
by a diameter of more than 5 cm. Aortic aneurysm 
is frequently asymptomatic and discovered inciden-
tally. Rarely, vague chest pain may be produced by 
compression of adjacent structures. Aortic aneurysm 
more than 6 cm in diameter is associated with an in-
creased risk for rupture. An increase in size of aortic 
aneurysm of more than 0.5 cm in diameter on an-
nual follow-up CT also represents an increased risk 
of rupture (Dapunt et al. 1994; Hirose et al. 1995; 

Griepp et al. 1991; Perko et al. 1995). The crescent 
sign (i.e., high attenuation in the wall of the aneu-
rysm on pre-contrast enhanced CT image) suggests 
an impending rupture of an aortic aneurysm. It rep-
resents an intramural hemorrhage or hemorrhage 
of mural thrombus caused by ongoing dissection 
through mural thrombus or the aneurysmal wall 
(Gonsalves 1999). Hemothorax, hemopericardium 
and hemomediastinum can also indicate a ruptured 
aortic aneurysm. A rupture of aortic aneurysm with 
hemomediastinum, hemopericardium or hemotho-
rax cannot be discriminated from aortic rupture 
secondary to PAU based on MDCT fi ndings alone. 

 15.2 
Evaluation of Hemoptysis

15.2.1 

Introduction to Hemoptysis

Hemoptysis is a nonspecifi c symptom, but it is a po-
tentially life-threatening event, and a serious under-
lying disease may manifest in this way. Numerous 
disease processes are associated with hemoptysis. 

Fig. 15.6a,b. Traumatic aortic pseudoaneurysm. a Mild ir-
regular bulging contour (white arrowheads) is noted at the 
aortic isthmus on CT image obtained after contrast admin-
istration at the level of aortic arch, suggesting the diagnosis 
of traumatic aortic pseudoaneurysm in a patient with an 
appropriate history. Mediastinal soft tissue density (arrow), 
which is consistent with mediastinal hemorrhage, and bi-
lateral pleural effusions (black arrowheads) are also noted. 
b Oblique sagittal reformatted maximal intensity projec-
tion image more clearly shows traumatic aortic pseudoan-
eurysm (arrowheads)
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Pulmonary causes are most common and include 
lung cancer, infection, bronchiectasis, chronic bron-
chitis or mycetoma. Detailed description of these 
entities is beyond the scope of this chapter. 

The capabilities of current-generation MDCT 
to scan the entire thorax with submillimeter colli-
mation within a single breath hold and to perform 
three-dimensional reconstructions isotropically 
make MDCT the study of choice for the evaluation 
of patients with hemoptysis. 

15.2.2 

Technical Aspects and Role of MDCT in the 

Evaluation of Hemoptysis

The scanning range of MDCT for the evaluation of 
hemoptysis includes the area from the lower neck to 
the level of renal arteries in order to identify non-
bronchial systemic collateral arteries or an ectopic 
origin of bronchial artery as a source of hemoptysis 
(Bruzzi et al. 2006). Both a rapid injection rate of 
high density contrast (i.e., more than 4 mLs-1) and 
the selection of an appropriate scanning time sup-
ported by a bolus tracking method are necessary to 
obtain optimal enhancement of both systemic arter-
ies and the pulmonary artery. The other technical 
aspects of MDCT in the evaluation for hemoptysis 
are similar to those for routine chest MDCT.

The primary role of MDCT in the evaluation of 
patients with massive hemoptysis differs from that 
of evaluation of patients with blood-tinged sputum 
or a small amount of hemoptysis. The major role of 
MDCT in the latter is to elucidate the cause of bron-
chial bleeding, whereas in the former the goal is to 
localize the culprit artery to be embolized during 
invasive angiography. 

MDCT fi ndings of hemoptysis include ground-
glass attenuation and consolidation with or without 
atelectasis secondary to endobronchial obstruction 
due to a blood clot. If theses fi ndings are unilateral, 
localization of the origin of hemoptysis may prove to 
be straightforward (Khalil et al. 2007) (Fig. 15.7a). 
On MDCT, active bronchial bleeding may manifest 
as direct spillage of contrast material into a larger 
airway, such as the trachea or a bronchus. However, 
this is an unusual fi nding because the rate of most 
bronchial bleeding is insuffi cient to be detected on 
MDCT.

The source of hemoptysis can be divided into 
bronchial arteries, non-bronchial systemic collat-
eral arteries, pulmonary artery or a combination 

of the above. Hemoptysis due to bronchial arterial 
bleeding is most common (Yoon et al. 2003). Nor-
mal bronchial arteries usually originate from the 
descending thoracic aorta at the level of or slightly 
below the tracheal bifurcation (Remy-Jardin et al. 
2004) (Fig. 15.7c). Variation in the origin and the 
number of bronchial arteries is well documented. 
Although hemoptysis arising from a normal-sized 
bronchial artery is possible, a bronchial artery with 
a diameter of 1.5 mm or more should be consid-
ered as abnormal and be treated by embolotherapy. 
The enlarged bronchial artery often is identifi ed on 
MDCT as a cluster of dot-like structures posterior 
to the major bronchi, demonstrating strong contrast 
enhancement (Fig. 15.7b,d). The proximal portion of 
bronchial artery is readily identifi ed on axial MDCT 
(Fig. 15.7c). However, its entire course is better elu-
cidated on coronal or sagittal reformatted MIP im-
ages. Interventional radiologists can use informa-
tion about the location of the origin and number of 
bronchial arteries and about the presence or absence 
of systemic collateral arteries as a roadmap prior to 
bronchial artery embolization. An aberrant origin 
of the bronchial artery is present in up to 30% of 
bronchial arteries (Khalil et al. 2007). The excel-
lent axial resolution and robust three-dimensional 
post-processing capability of MDCT enable precise 
depiction of the aberrant origin of bronchial arteries 
(Yoon et al. 2005). 

In addition, evaluation of non-bronchial systemic 
collateral arteries can routinely be performed with 
three-dimensional MDCT reconstruction tech-
niques, such as MIP and volume rendering. There-
fore, conventional aortography to determine the 
culprit non-bronchial systemic collateral artery is 
frequently not necessary (Remy-Jardin et al. 2004). 
Non-bronchial systemic collateral arteries contrib-
uting to hemoptysis can be suspected on CT if there 
is pleural thickening greater than 3 mm and pleural 
opacities with high attenuation, suggesting non-
bronchial systemic collateral arteries. The origin of 
non-bronchial systemic collateral arteries is clas-
sifi ed based on the involved lobe; in an upper lobe 
lesion, the subclavian artery or its branches (e.g., 
internal mammary artery, thyrocervical trunk and 
lateral thoracic artery), axillary artery or intercos-
tal artery are culprit arteries; in a lower lobe lesion, 
the inferior phrenic artery, hepatic artery, gastric or 
intercostals artery are sources of bronchial bleed-
ing (Moore et al. 1986; Yu-Tang Goh et al. 2002; 
 Sellars and Belli 2001; Swanson et al. 2002; 
Wong et al. 2002).
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Fig. 15.7a–d. Hemoptysis caused by an enlarged bronchial artery. a CT image on lung window settings at the level of right 
middle lobe bronchus shows right middle lobe bronchus narrowing (arrowheads) caused by anthracofi brosis and ground-
glass attenuation (arrows) in right middle lobe, consistent with aspirated blood in a patient with history of hemoptysis. b CT 
image on mediastinal window setting obtained at the level of aortopulmonary window after contrast administration shows 
two strongly enhancing dots (arrows) behind the trachea, indicating enlarged bronchial artery in the same patient as a. c CT 
image on mediastinal window settings obtained at the main pulmonary artery level after contrast administration shows 
the proximal (arrowheads) and more distal (arrow) bronchial artery. d Left bronchial angiogram also shows an enlarged 
bronchial artery (arrowheads) with hypervascularity in its distal portion (arrows)

a

b
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Pseudosequestration is a rare condition charac-
terized by systemic arterial supply into the lung in-
stead of the pulmonary artery with normal bronchial 
connections. It can be complicated by hemoptysis. 
MDCT can provide a confi dent diagnosis of pseu-
dosequestration by using multiplanar reformatted 
images and three-dimensional volume rendering 
(Bruhlmann et al. 1998; Chabbert et al. 2002).

Hemoptysis in patients with PE is associated with 
pulmonary infarction. Careful evaluation of the 
entire pulmonary arterial tree is necessary to ex-
clude PE in patients who presented with hemoptysis 
and pleural-based wedge-shaped opacities on CT 
(Fig. 15.8). High pressure perfusion by a bronchial 
artery into the necrotic, infarcted area may result in 
hemoptysis in patients with PE. 

Underlying causes of hemoptysis mainly origi-
nating from the pulmonary artery include postcap-
illary pulmonary hypertension (e.g., mitral stenosis, 
pulmonary venoocclusive disease, fi brosing me-
diastinitis or cardiogenic pulmonary edema), pul-
monary arteriovenous malformation and pulmo-
nary artery aneurysm due to infection or vasculitis. 
Postcapillary pulmonary hypertension secondary 
to longstanding pulmonary venous hypertension 
in mitral stenosis may cause pulmonary hemor-
rhage due to pulmonary capillary oozing. Pulmo-
nary arteriovenous malformation is characterized 
by a strong enhancing mass with a feeding artery 
or arteries and a draining vein or veins on contrast-
enhanced MDCT (Fig. 15.9).
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Recognition of a pulmonary arteriovenous mal-
formation is essential to avoid performing a biopsy 
on what otherwise may appear to be a solitary pul-
monary nodule. Another rare cause of pulmonary 
arterial bleeding is pulmonary arterial aneurysm. 
Rasmussen’s aneurysm is caused by direct invasion 
of the pulmonary arterial wall by adjacent tubercu-

lous infection. Pulmonary arterial aneurysm is also 
a complication in patients with Behcet’s syndrome, 
a vasculitis characterized by orogenital ulcer, ocular 
involvement and other systemic manifestations.

The prevalence of hemoptysis of unknown ori-
gin ranges from 3% to 42% (Hirshberg et al. 1997; 
Boulay et al. 2000; Hiyama et al. 2002; Herth et 
al. 2001). However, most reports have not included 
MDCT as an investigational tool for hemoptysis so 
the true frequency is uncertain. In some instances, 
spread of aspirated blood into the alveolar spaces 
or airway may mask an otherwise detectable un-
derlying disease process, leading to a diagnosis of 
cryptogenic hemoptysis even on MDCT. Therefore, 
a follow-up MDCT performed a few weeks after the 
initial episode may be valuable to avoid overlooking 
a discrete underlying cause. 

 15.3 
Evaluation of Dyspnea

15.3.1 

Overview of Dyspnea

The etiology of dyspnea is varied. Dyspnea is most 
commonly caused by pleuropulmonary and cardio-
vascular disorders. Rarely, it results from anemia, 
metabolic conditions (e.g., acidosis), upper airway 
obstruction (e.g., relapsing polychondritis), psychi-
atric problems (e.g., hyperventilation syndrome, 
anxiety and panic disorder), neuromuscular dis-
ease (e.g., amyotrophic lateral sclerosis, myasthenia 
gravis and Guillain-Barre syndrome) or diaphrag-
matic disorders (e.g., diaphragmatic rupture). These 
rare causes of dyspnea of non-cardiac and pleuro-
pulmonary origin should be suspected in cases with 
severe dyspnea but a normal chest MDCT. Dysp-
nea of pleuropulmonary causes can be further di-
vided into those caused by airway obstruction (e.g., 
asthma or chronic obstructive pulmonary disease), 
a pulmonary parenchymal abnormality (e.g., idio-
pathic pulmonary fi brosis, pulmonary tuberculo-
sis or chronic parenchymal sarcoidosis) or pleural 
disease (e.g., pleural effusion or pleural fi brosis). 
With careful history taking, physical examination 
and other clinical data, a detailed evaluation of the 
heart as well as abnormalities of lung parenchyma 
as visualized on MDCT can determine the origin 
of dyspnea. 

Fig. 15.9. Multiple pulmonary arteriovenous malformations. 
Multiple pulmonary arteriovenous malformations (arrow-
heads) are noted in the right middle and lingular segment 
on maximal intensity projection axial CT image at the level 
of main pulmonary artery

Fig. 15.8. Hemoptysis caused by pulmonary embolism with 
pulmonary infarction. Coronal maximal intensity projec-
tion MDCT image shows multiple pulmonary emboli in both 
pulmonary arteries (arrows) and peripheral wedge-shaped 
opacity (arrowheads) in the left lower lobe, consistent with 
pulmonary infarction
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15.3.2 

Technical Aspects and Role of MDCT in the 

Evaluation of Dyspnea

Fast gantry rotation time and use of current-gener-
ation MDCT scanners enable precise evaluation of 
patients with dyspnea within a single breath hold 
in most situations. In patients with severe dyspnea, 
it is useful to initiate CT scanning from lung bases 
because the upper lobes tend to be less affected by 
respiratory motion. In addition to rapid acquisition 
of thin-slice images on MDCT, robust three-dimen-
sional reconstruction techniques, such as MIP and 
minimal intensity projection (MinP), permit MDCT 
to play a vital role in the evaluation of dyspnea. In 
a MIP image, the voxel with the highest attenuation 
value is used to represent the attenuation value of the 
entire set of voxels projected within a reformatted 
thickness, whereas in MinP image, the voxel with the 
lowest attenuation value is utilized. The MinP tech-
nique has shown benefi t in increasing the sensitivity 
in the detection of minute traction bronchiolectasis, 
thus confi rming the presence of a combined fi brotic 
process. In addition, this approach is useful to dif-
ferentiate bronchiolitis obliterans from emphysema 
(Beigelman-Aubry et al. 2005). In contrast to em-
physema, there is no evidence of architectural dis-
tortion of lung parenchyma on CT in patients with 
bronchiolitis obliterans (Fig. 15.10a,b).

Among causes of dyspnea of cardiovascular origin, 
only pulmonary edema and PE are discussed briefl y 
in this chapter. Typical MDCT fi ndings of pulmonary 

edema include thickening of interlobular and peri-
bronchovascular interstitium, perihilar ground-glass 
opacities or consolidation, enlargement of the pulmo-
nary veins and left ventricle, and bilateral pleural ef-
fusions. MIP imaging can optimize the visualization 
of enlarged pulmonary veins in the evaluation of pa-
tients with pulmonary edema, thus helping to distin-
guish pulmonary edema from the other disease en-
tities (Beigelman-Aubry et al. 2005) (Fig. 15.11a,b). 
An accurate ejection fraction to evaluate systolic 
function can be calculated with ECG-gated MDCT.

The sudden onset of dyspnea with or without chest 
pain is another scenario that suggests the diagnosis 
of PE. The typical CT fi ndings of PE are fi lling defects 
of low attenuation within the lumen of the enhanced 
pulmonary arteries (Fig. 15.12a,b). In the setting of 
PE, associated fi ndings of right ventricular enlarge-
ment and straightening or bowing of the ventricular 
septum toward the left ventricle (Fig.15.12b) due to se-
vere pulmonary arterial hypertension portend a poor 
prognosis (Oliver et al. 1998; Reid and Murchison 
1998). In patients with suspected PE, MDCT can pro-
vide alternative diagnoses for dyspnea, including 
pneumonia, pulmonary edema, pericardial effusion 
and pleural effusion, an advantage over ventilation 
perfusion scanning (Chiles and Carr 2005).

In summary, there are a large number of diseases 
that cause chest pain, hemoptysis and dyspnea. Re-
markable advances in MDCT, including EDG gating 
and the availability of a wide variety of reconstruc-
tion options, make this technique a powerful tool for 
achieving a precise diagnosis.

Fig. 15.10a,b. Bronchiolitis obliterans. a Axial CT image at the level of lung base shows diffuse multifocal mosaic attenua-
tion, suggesting small airway disease. b Coronal minimal intensity projection CT image of the same patient shows clearly 
diffuse mosaic attenuations without any architectural distortion, consistent with bronchiolitis obliterans

a b
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 16.1 
Introduction

Coronary artery disease (CAD) remains the leading 
cause of death in the Western world. Conventional 
coronary angiography (CCA) is the gold standard 
method for evaluation of the vascular lumen and 
provides excellent results in demonstrating stenotic 
lesions of CAD. However, it is an invasive procedure 
with a small risk of fatal events. Furthermore, CCA 
is a lumen-oriented technique that does not permit 
a direct visualization and evaluation of the coro-
nary artery wall. The characterization of coronary 
plaques without a signifi cant lumen narrowing is 
also not feasible with CCA. This information is rel-
evant since the comparison of angiographic stud-
ies of coronary arteries performed before and after 
non-fatal myocardial infarction has shown that 49% 
of the pre-existing lesions before MI was <50% of 
stenosis (Fishbein and Siegel 1996). The detection 
of vulnerable atherosclerotic plaques within the wall 
of the coronary arteries could represent a key factor 
for the prevention of acute events (Naghavi et al. 
2003). Hence, it appears that some potentially dan-
gerous lesions are often non-occlusive and thus dif-
fi cult to diagnose with CCA. In the early stages the 
sequence of CAD is predictable, specifi c, uniform 
and asymptomatic; advanced lesions may progress 
in different morphogenetic stages, resulting in vari-
ous lesion types and clinical syndromes. Therefore, 
patients with CAD may be asymptomatic due to the 
presence of non-signifi cant stenosis (<50% lumen) 
or collateral circle blood supply. Furthermore, as-
sociated diseases such as diabetes may hide clinical 
symptoms of CAD.

Non-invasive coronary artery imaging chal-
lenges any diagnostic modality, because the coro-
nary arteries are small and tortuous, while cardiac 
contraction and respiration cause motion artifacts. 
The availability of ECG-gated CT scanners with im-



242 F. Cademartiri et al.

proved spatial and temporal resolution has allowed 
the evaluation of coronary arteries lumen and wall. 
The present chapter summarizes the current state 
of technology and clinical relevance of cardiac CT, 
with a special emphasis on coronary and non-coro-
nary applications.

 16.2 
CT Coronary Angiography Technique

Electron beam CT fi rstly permitted the examina-
tion of moving structures, such as coronary arteries, 
but its spatial resolution allowed exploring only the 
proximal portion of the coronary arteries. The main 
application for this technique was the quantifi cation 
of coronary calcifi cations (calcium score). The de-
velopment of CT scanner technology brought more 
than a single row of detectors (2, 4, 16 and 64 detec-
tor rows) to systems and equipped them with faster 
gantry rotation speed. The resulting improvement 
in temporal and spatial resolution has placed mul-
tislice CT coronary angiography (MSCT-CA) in the 
fi eld of cardiac clinical applications. With 64-slice 
CT scanners a high temporal resolution has been 
achieved by combining a fast gantry rotation speed 
(330 ms) with a “half scan” reconstruction algorithm 
that provides a temporal resolution of half the rota-
tion time (165 ms) in the center area of the scanning 
fi eld of view (Leschka et al. 2005; Raff et al. 2005; 
Mollet et al. 2005a; Leber et al. 2005; Ropers et 
al. 2006; Schuijf et al. 2006; Ong et al. 2006). The 
recently introduced dual-source CT (DSCT) scanner 
is characterized by two X-ray tubes and two corre-
sponding detectors mounted into the rotating gan-
try with an angular offset of 90°. Regarding cardiac 
imaging capabilities, the new scanner system offers 
a high temporal resolution of 83 ms that is indepen-
dent of the heart rate of the patient (Weustink et al. 
2007; Leber et al. 2007; Scheffel et al. 2006).

Angiographic studies of coronary arteries are 
performed with a bolus of 80–100 ml contrast ma-
terial with high iodine concentration (350–400 mg 
of Iodine per ml) injected through the brachial vein 
(fl ow rate of 4–5 ml/s). Bolus tracking technique is 
used to synchronize the arrival of contrast in the 
coronary arteries with the initiation of the scan.

The scan parameters for 64-slice CT coronary 
angiography (based on Sensation 64®, Siemens, 
Germany) are: individual detector width 0.6 mm, 

gantry rotation time 330 ms, effective temporal 
resolution 165 ms, kV 120, eff. mAs 600–700, feed/
rotation 3.84 mm (11.6 mm/s; pitch factor 0.2) and 
scan direction cranio-caudal. The acquisition time 
takes 10–12 s.

The electrocardiographic (ECG) track is acquired 
during the scan, and afterwards the image recon-
struction is performed with retrospective gating. 
After acquisition of the CT data the operator may 
set the reconstruction window at any point within 
the cardiac cycle by selecting the motionless data-
set throughout the entire R-R interval. For these 
reasons, retrospective ECG gating is the standard 
scanning and reconstruction technique in cardiac 
MSCT, although the prospective ECG triggering 
may obtain data during a pre-selected phase of the 
cardiac cycle resulting in a signifi cantly lower radia-
tion exposure.

Reconstruction is performed with 0.6/0.75-mm 
effective slice thickness, medium-smooth to me-
dium-sharp convolution algorithm and the fi eld of 
view as small as possible to cover the heart and ves-
sels of interest. The reconstructed contiguous axial 
slices are stacked in a volume to generate a 3D data-
set from which any plane can be created. Currently, 
MIP (maximum intensity projection), MPR (multi-
planar reformatting), cMPR (curved multi-planar 
reformatting) and VRT (volume-rendering tech-
nique) are the tools employed to obtain a diagnostic 
three-dimensional view of the coronary artery tree. 
Furthermore, datasets obtained with a large FOV 
were reviewed in mediastinal and lung windows to 
display incidental extra-coronary fi ndings.

 16.3 
Diagnostic Performance and Applications

The results reported are robust in the fi eld of coro-
nary artery stenosis detection. Studies with 64-slice 
CT and DSCT demonstrated a high diagnostic ac-
curacy and negative predictive value for the detec-
tion of >50% coronary artery stenosis in selected 
patient populations. The negative predictive value is 
between 96% and 100% in all major CT series pub-
lished (Table 16.1) (Leschka et al. 2005; Raff et al. 
2005; Mollet et al. 2005a; Leber et al. 2005;  Ropers 
et al. 2006; Schuijf et al. 2006; Ong et al. 2006; 
Weustink et al. 2007; Leber et al. 2007; Scheffel 
et al. 2006). Hence, MSCT-CA may be used to ex-
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clude the presence of signifi cant stenosis in patients 
with low-intermediate pre-test probability because 
of the high negative predictive value. In these set-
tings, the proper use of MSCT-CA would be after an 
inconclusive or borderline stress test or in patients 
with atypical chest pain. MSCT-CA has a negative 
predictive value of 100% in patients with stable an-
gina (Mollet et al. 2004). The recent guidelines on 
stable angina of the European Society of Cardiol-
ogy have added CT to the diagnostic algorithm and, 
with a low level of evidence (IIB), suggest that the 
technique may be employed in patients with low to 
intermediate risk and with inconclusive stress test 
results or inability to undergo stress testing (Fox 
et al. 2006).

Based on current appropriateness criteria, ma-
jor coronary MSCT-CA applications are: detection 
of CAD in patients with chest pain syndrome and 
uninterpretable or equivocal stress test (exercise, 
perfusion or stress echo), evaluation of patients 
with chest pain syndrome and intermediate pre-test 
probability of CAD with equivocal ECG or unable to 
exercise, evaluation of acute chest pain in patients 
with intermediate pre-test probability of CAD with 
negative ECG and serial cardiac enzymes, and de-
tection of congenital heart disease including anom-
alies of coronary arteries, great vessels and cardiac 
chambers and valves (Figs. 16.1–16.3) (Hendel et al. 
2006).

Given the high sensitivity and negative predic-
tive value of the technique, MSCT-CA could repre-
sent an alternative to CCA in asymptomatic patients 
with dilated cardiomiopathy of unknown origin and 
prior to cardiac valve surgery or transplant and ma-
jor non-coronary cardiac surgery (Meijboom et al. 
2006).

MSCT-CA may be a possibility to rule out in-stent 
restenosis in selected cases (e.g., large-diameter 
stents in a proximal vessel segment, low and stable 
heart rate, and absence of excessive image noise). 
MSCT-CA may be also useful in very selected pa-
tients in whom only bypass graft assessment is nec-
essary (e.g., failed visualization of a graft in invasive 
angiography) (Hendel et al. 2006).

 16.4 
MSCT Coronary Plaque Imaging

There is growing interest concerning the ability of 
MSCT-CA to detect and possibly quantify and char-
acterize non-calcifi ed non-signifi cant coronary ath-
erosclerotic plaques. The identifi cation of high-risk 
plaques and related risk stratifi cation are currently 
the subject of much debate and research (Schroeder 
et al. 2001; Leber et al. 2004; Achenbach et al. 2004). 

Table 16.1. Diagnostic performance of 64-slice and dual-source CT coronary angiography as compared to conventional 
coronary angiography to detect signifi cant (�50 lumen diameter reduction) coronary stenoses on a per-segment analysis

Pop.
(n)

Excl.
(%)

Sens.
(%)

Spec.
(%)

PPV
(%)

NPV
(%)

Leschka et al. (2005) 67 0 94 97 87 99

Raff et al. (2005) 70 12 86 95 66 98

Mollet et al. (2005) 52 0 99 95 76 99

Leber et al. (2006) 55 0 76 97 75 97

Ropers et al. (2006) 81 4 93 97 56 100

Schuijf et al. (2006) 60 1.4 85 98 82 99

Ong et al. (2006) 134 9.7 82 96 79 96

Weustink et al. (2007) 77 0 95 95 75 99

Leber et al. (2007) 88 1.3 94 99 81 99

Scheffel et al. (2006) 30 0 96 97 86 99

Abbreviations: Number of patients enrolled (Pop.); number of excluded segments or branches in percentage (Excl.); sensi-
tivity (Sens.), specifi city (Spec.), positive (PPV) and negative predictive value (NPV) regarding the detection of signifi cant 
coronary stenosis
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Non-invasive MSCT-CA provides unique in-vivo in-
formation regarding coronary plaques (anatomical 
distribution throughout the coronary tree, number 
of diseased coronary segments, extent of vessel wall 
remodelling and shape) (Table 16.2) (Mollet et al. 
2005b). It has been reported that MSCT-CA has the 
potential to detect coronary plaques (calcifi ed, non-
calcifi ed and mixed plaques), quantify their volumes 
and eventually characterize their composition, based 
on the X-ray attenuating features of each structure 
measured in Hounsfi eld units (HU). Therefore, the 
overall plaque burden assessment using MSCT-CA 
represents an advance on the established calcium 
quantifi cation approach. Firstly, Schroeder et al. 
(2001) showed a correlation between the echogenic-
ity of plaques with intravascular ultrasound as com-
pared to the CT attenuation values measured in HU. 
The CT attenuation resulted in 14±26 HU for soft 
(i.e., predominantly lipid) plaques, 91±21 HU for in-
termediate (i.e., predominantly fi brous) plaques and 
419±194 HU for calcifi ed plaques. Leber et al. (2004) 

showed that lesion echogenicity correlates well with 
MSCT attenuation measurements in coronary plaque. 
MSCT correctly classifi ed 78% of sections containing 
hypoechoic plaque areas (soft plaques), 78% of sec-
tions containing hyperechoic plaque areas (fi brous 
plaques) and 95% of sections containing calcifi ed 
plaque tissue. However, a sub-classifi cation between 
lipid and fi brous plaques appears diffi cult, since a 
substantial overlap of density between hypoechoic 
(lipid-rich) and hyperechoic (fi brous) plaques was 
observed in the same study. Moreover, a sensitivity 
of only 53% to detect non-calcifi ed plaque is reported 
(Achenbach et al. 2004). Leber et al. compared the 
predominant extent and composition of coronary 
atherosclerosis (i.e., coronary plaque burden) using 
MSCT-CA in patients with acute myocardial infarc-
tion and stable angina. Non-calcifi ed plaques were 
more represented in patients with acute myocardial 
infarction as compared to patients with stable an-
gina (Leber et al. 2003). One analysis of 100 patients 
who were followed for 16 months after MSCT-CA 

Fig. 16.1a–d. Example of patient with atypical chest pain + dyspnea (55-year-old female) and diffuse coronary atheroscle-
rosis. The three-dimensional volume-rendering images (a,b) show diffuse irregularities of the coronary artery tree and an 
anatomical variant of left coronary anatomy (trifurcation with an intermediate branch). Beside the diffuse atherosclerosis 
in this patient, the multiplanar reformat (c,d) shows a very proximal border-line lesion (~50%) of the left main carrying a 
mixed eccentric plaque with positive remodeling. Ao = ascending aorta; CX = left circumfl ex; LAD = left anterior descend-
ing; IM = intermediate branch
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demonstrated a higher cardiovascular event rate 
in patients with non-obstructive plaque detected 
by MSCT compared with individuals without any 
plaque (Pundziute et al. 2007). Although these ini-
tial observations suggest that there may be a poten-
tial value of plaque imaging by MSCT-CA for risk 
prediction in asymptomatic high-risk individuals, 
several limitations must be taken into account. The 
reliable visualization of coronary plaque requires the 
highest image quality, which requires contrast agent 
and high radiation exposure. The substantial radia-
tion exposure precludes unlimited re-investigations 
in asymptomatic individuals (i.e., assessment of cor-
onary atherosclerosis progression and regression).

 16.5 
Non-Coronary Applications

Functional parameters, such as left and right ven-
tricular end-diastolic and end-systolic volumes, 
stroke volume, ejection fraction and myocardial 
mass, can be calculated from MSCT-CA datasets. 
Although CT imaging allows accurate assessment of 
left and right ventricular function, CT examinations 
in most cases will not be performed specifi cally for 
that purpose. Other diagnostic tests without radia-
tion exposure (i.e., magnetic resonance imaging) or 
need for contrast injection (i.e., echocardiography) 
are the methods of choice. However, it should be 

Fig. 16.2a–f. Example of patient with typical chest pain (58-year-old male) and severe diffuse coronary atherosclerosis. The 
three-dimensional volume-rendering images (a,b) show diffuse irregularities of the coronary artery tree. The multiplanar 
reformat (c-f) shows a proximal chronic total occlusion of the RCA (c,d), a proximal atherosclerosis of the LAD <50% and 
a chronic total occlusion of middle tract of CX. Underlying this disorder there is a dilated cardio-myopathy with reduced 
ejection fraction of the left ventricle, secondary to chronic heart disease. Ao = ascending aorta; CX = left circumfl ex; LAD 
= left anterior descending; RCA = right coronary artery
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Fig. 16.3a–h. Example of patient with typical chest pain (66-year-old female) and mild diffuse coronary atherosclerosis. 
The three-dimensional volume-rendering images (a,b) show some degree of coronary atherosclerosis. The multiplanar 
reformat (c–h) shows a proximal long signifi cant (> 50%) lesion of the RCA (c,d) due to a mixed plaque. Also, in the LAD 
there was proximal atherosclerosis with < 50% stenosis. The small CX, instead, does not show signifi cant coronary plaque 
burden. Ao = ascending aorta; CX = left circumfl ex; LAD = left anterior descending; RCA = right coronary artery
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noted that ventricular function is additional infor-
mation that can be obtained from standard MSCT-
CA (Hendel et al. 2006).

The wide availability of MSCT scanners has led 
to a constant increase of cardiac studies throughout 
the world. It is remarkable that incidental patholog-
ical changes in organs and structures, which were 
not the target of the examination, are frequently 
reported. Sometimes these extra-cardiac collateral 
fi ndings revealed during MSCT-CA are of major im-
portance for the patient’s health and correct diagnos-
tic workup. Therefore, MSCT-CA datasets obtained 
with a large FOV should be reviewed in mediastinal 
and lung windows, in order to exhaustively report 
the investigation (Cademartiri et al. 2007). Still, 
limited clinical data have documented that MSCT 
allows assessment of myocardial viability by study-
ing “late enhancement” in a similar fashion as mag-
netic resonance imaging (Mahnken et al. 2005).

The assessment of aortic or mitral valves using 
MSCT is also feasible with good diagnostic accuracy 
when other more commonly used methods, such as 
echocardiography and magnetic resonance imag-
ing, fail to provide all relevant information. MSCT 
is also the test of choice to know the exact anatomy 
of the coronary veins before cardiac resynchroniza-
tion therapy. MSCT also may be used to display left 
atrium and pulmonary veins prior to invasive elec-
trophysiology procedures or in the follow-up after 
pulmonary vein ablation (Hendel et al. 2006).

Other non-coronary applications are the evalu-
ation of cardiac masses (tumor or thrombus) and 
the evaluation of aortic (thoracic aneurysm or dis-

section, follow-up of prosthetic aortic valves) and 
pulmonary disease (embolism). However, in such 
applications a description of relevant CAD should 
be reported since heart and coronary arteries are 
included in the CT ECG-gated acquisition of the tho-
rax. In this setting, a report of signifi cant lesions of 
proximal coronary arteries is suggested.

 16.6 
Triple Rule-Out of Cardiothoracic Diseases

Acute chest pain represents a frequent cause for ad-
mission in the emergency department. Diagnosing 
the cause of acute chest pain in the emergency de-
partment remains a formidable task because of ex-
tensive etiology that ranges from benign (e.g., pneu-
monia, pneumothorax, pericarditis, esophagitis and 
gastritis) to potentially lethal pathologies (e.g., pul-
monary embolism, myocardial infarction and aortic 
dissection). These pathologies may also be associ-
ated with similar clinical symptoms. The emergency 
physician has several elements (history, physical ex-
amination, ECG, chest X-ray, cardiac enzymes and 
D-dimers) to address the patient with the correct di-
agnosis. Nevertheless, it is hard to select the appro-
priate one for an early and accurate diagnosis. Some 
myocardial infarctions may not show any signifi cant 
rise of markers in the fi rst 6 h and not-conclusive 
ECG. The D-dimers may facilitate the diagnosis of 
pulmonary embolism; however, these markers are 

Table 16.2. MSCT parameters in plaque imaging

Parameter Type

Size Lumen narrowing approach (obstructive �50%; non-obstructive <50%)
Plaque-oriented quantitative approach (thickness; volume)

Characterization 
(Hounsfi eld unit)

Calcifi ed plaques (calcium scoring software)
Mixed plaques 
Non-calcifi ed plaques 

Remodeling index Positive remodeling (outward expansion of the coronary vessel wall)
Negative remodeling (shrinking of the coronary vessel wall)

Shape Concentric plaques
Eccentric plaques

Plaque burden Anatomical distribution of plaques
Plaque size
Plaque tissue characterization
Remodeling index
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not specifi c, and only a negative value may exclude 
a thromboembolic event. The American College of 
Radiology appropriateness criteria on acute chest 
pain call for use of ECG and serum cardiac markers 
as fi rst diagnostic approach (Stanford et al. 2000). 
Further diagnostic steps, depending on the patient’s 
history, are chest X-ray, ventilation-perfusion scin-
tigraphy, resting myocardial perfusion scanning, 
echocardiography, CT and angiography. However, 
the investigation can be time-consuming and ex-

pensive; furthermore, some diseases are associated 
with sudden death. Therefore, a fast one-stop shop 
examination is highly desirable to reduce the time 
and the cost of diagnostic workup.

The latest 64-slice CT scanners may rapidly ac-
quire the entire thoracic volume with high resolu-
tion, thus allowing evaluation in the same time as 
coronary arteries, thoracic aorta and pulmonary ar-
teries (Fig. 16.4) (Johnson et al. 2007). This “triple 
rule-out” scan could provide a faster approach to the 

Fig. 16.4a–f. Example of patient with acute type A dissection of the thoracic aorta (62-year-old female). The three-dimen-
sional volume-rendering images (a–c) show the intimal fl ap in the ascending aorta. The multiplanar reformat (d–f) shows 
the involvement of the left main (proximal lesion), which is dissected by the aortic tear causing a > 50% stenosis. Ao = 
ascending aorta; CX = left circumfl ex; LAD = left anterior descending
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triage of acute chest pain (Fig. 16.5). This test may, 
thus, help to signifi cantly reduce charges and length 
of hospitalization (Hoffmann et al. 2006; Savino 
et al. 2006).

Furthermore, if CT scanners with cardiac state-
of-the-art capabilities will be installed in the emer-
gency department, the early diagnosis of acute 
coronary syndromes with still negative enzymes 
and non-diagnostic ECG alterations also would be 
allowed.

A careful selection of patients and a strong co-
operation with cardiologists and emergency physi-
cians are mandatory. Patients with frankly benign 
symptoms and with a low likelihood of lethal acute 
conditions should be addressed to hospitalization or 
discharge after the observation time. Patients with a 
high likelihood of acute myocardial infarction (ECG 
changes, positive cardiac markers) do not need fur-
ther investigations and may be addressed to the Cath-
Lab rather than MSCT. Patients may undergo MSCT 
if the origin of chest pain is unclear, with negative or 
not conclusive ECG, and equivocal clinical fi ndings. 
Then, MSCT is considered appropriate in patients 
with intermediate pre-test probability of CAD when 
ECG and cardiac enzymes are negative, while its role 
is uncertain in patients with low or high pre-test 
probability of CAD. MSCT is considered appropriate 
for the evaluation of aortic and pulmonary disease, 
while its role should be more deeply investigated for 
the “triple rule-out” purpose of excluding obstruc-
tive CAD, aortic dissection and pulmonary embo-

Fig. 16.5. Triple rule-out algorithm 
in acute chest pain

lism in patients with acute chest pain ( Hendel et al. 
2006). In this setting, the performances still needs 
to be prospectively confi rmed in larger groups of pa-
tients. However, the selection of patient candidates 
for MSCT should remain strictly based on clinical 
evidence in order to avoid an unjustifi ed risk of ion-
izing radiation, especially in young patients.

In conclusion, since the advent of MSCT scanners 
with their improved spatial and temporal resolu-
tion, CT coronary angiography has been gradually 
evolving as a promising non-invasive method for the 
assessment of patients with CAD. ECG-gated MSCT 
could represent a logistically feasible and a prom-
ising comprehensive method for evaluating cardio-
thoracic diseases. Hence, fast developments and ro-
bust results of MSCT scanner technology have led to 
a pivotal role to play for heart and coronary artery 
imaging in thoracic radiology.
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 17.1 
Introduction

Non-invasive imaging of the coronary arteries by CT 
has been the primary clinical focus for the last decade. 
Multi-detector row CT angiography of the coronary 
arteries has been compared to cardiac catheters in 
more than 40 papers for more than 2,500 patients. In 
patients particularly investigated by 64-slice CT, the 
sensitivity and specifi city of detecting stenoses as 
compared to cardiac catheter are in the range of 98% 
and 92%, respectively (Janne d’Othee et al. 2007). 
CT scanning of the heart, however, not only provides 
information about the coronary arteries, but also 
about the valves and the myocardium. Coronary 
artery wall changes and plaques may either result in 
signifi cant luminal narrowing or sudden occlusion 
of the coronary artery and therefore subsequently in 
changes of the myocardial blood fl ow.

Chronic myocardial ischemia with blood fl ow 
maintained above a certain threshold may result in 
loss of regular contractility, known as hibernating 

myocardium. Hibernating myocardium may regain 
its regular function if regular blood fl ow is restored. 
Acute myocardial ischemia on the other hand may 
result in stunned myocardium if perfusion is pre-
served above a certain threshold. However, if regu-
lar blood fl ow is restored, stunned myocardium may 
not regain its regular function although it is still vi-
able. Reversible myocardial ischemia has best been 
detected by function or perfusion imaging under 
rest and exercise.

Conversely, irreversible myocardial damage 
with reduced perfusion below a certain threshold 
may result in the loss of cell membrane integrity 
and increased permeability of small vessels within 
the myocardium. In the early phase of myocardial 
infarction, an interstitial edema is followed by an 
invasion of infl ammatory cells. Subsequently, ne-
crotic infracted myocardium is replaced by fi brous 
or fatty tissue. Myocardial wall thinning is one of 
the indirect signs of chronic and healing myocar-
dial infarction. In a longitudinal study in patients 
with myocardial infarction, the wall thickness of the 
myocardium decreased signifi cantly in the area of 
the infarction over time (Masuda et al. 1984).

Patients presenting with acute chest pain and ST 
elevation in the ECG are obviously presenting with 
a myocardial infarction (ST-elevated myocardial 
infarction = STEMI). But even in the absence of a 
typical ECG sign, elevated cardiac enzymes may be 
indicative of an acute myocardial infarction (non 
ST-elevated myocardial infarction = NSTEMI). Ide-
ally, any of these patients would undergo immediate 
revascularization to keep the extent of the infarc-
tion as small as possible. Patients with unstable an-
gina (UA) may present without elevated ST segments 
or positive cardiac enzymes. In these patients it is 
mandatory to follow them in order to detect any later 
signs of myocardial infarction or to prove the evi-
dence for coronary artery disease with subsequent 
exercise tests. In any of these scenarios of unstable 
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angina, CT may provide important information not 
only about the coronary arteries, but also about sta-
tus of the myocardium.

 17.2 
Myocardial Perfusion Imaging

Well-established techniques such as single-photon 
emission tomography (SPECT) or positron emission 
tomography (PET) are commonly used to detect im-
paired blood fl ow in the myocardium. In the last 
decade, perfusion imaging of the myocardium has 
extensively been performed with MRI. The differ-
ence between stress and rest perfusion allows the 
calculation of the myocardial fl ow reserve and sub-
sequently the determination of the hemodynamic 
relevance of a coronary artery lesion.

The pharmacological and physiological proper-
ties of contrast agent to determine the myocardial 
blood fl ow are principally the same for MRI and 

CT, respectively. Perfusion imaging by CT is a well-
established technique for the assessment of stroke 
in the brain. The infl ux of contrast media in the 
cerebral arteries may be used to calculate the input 
function for the perfusion study. In principle, CT is 
the ideal method for perfusion imaging because of 
the linear relationship between contrast volume and 
X-ray attenuation. Myocardial perfusion imaging 
by CT is based on the dynamic visualization of con-
trast agent fi rst pass through the cardiac chambers 
(Fig. 17.1). There are two techniques available for im-
aging the myocardial perfusion by CT: prospective 
ECG triggering and retrospective ECG gating, both 
without table movement during scanning. Prospec-
tive ECG triggering is the preferred method in order 
to reduce radiation exposure. Scanning should be 
performed every heartbeat to ensure suffi cient tem-
poral resolution for the evaluation. It is mandatory 
to inject a sharp and short contrast medium bolus 
that is immediately followed by a saline chaser bo-
lus. The amount of contrast media should be in the 
order of magnitude of 40 ml highly concentrated 
(>350 mg/ml) contrast media, injected at high fl ow 

Fig. 17.1. Dynamic fi rst-pass imaging of contrast media by MDCT performed at a certain level of the heart. A sharp contrast 
bolus has to be administered through a peripheral vein and followed by a saline chaser bolus
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rate (>5 ml/s) through a peripheral vein. In order 
to keep the contrast bolus compact and to allow for 
adequate post-processing, the contrast media bolus 
should be followed with a reasonable amount of sa-
line (>50 ml) injected with the same fl ow rate. Per-
fusion defi cits in the axial slice can be assigned to a 
certain territory that belongs to one of three major 
vessels (Fig. 17.2).

The underlying basic principle of fi rst-pass perfu-
sion imaging is based on indicator dilution theory 
and the Stewart-Hamilton equation (Meier and 
 Zierler 1954):

Blood volume (BV) = blood fl ow (F) × mean tran-
sit time (MTT)

Quantitative myocardial perfusion (ml min-1 g-1) 
is defi ned as myocardial blood fl ow (ml min-1) per 
myocardial mass (g). However, for the use of the in-
dicator dilution theory in clinical perfusion imag-
ing in CT or MRI, a few assumptions have to be made 
concerning the contrast agent properties and bolus 
profi les (Zierler 2000).

Unfortunately, perfusion imaging of the heart 
is far more challenging than imaging of the brain 
because of the rapid cardiac and respiratory motion 
and the complex anatomy of the heart and its posi-
tion within the chest. Furthermore, the huge amount 
of contrast media that arrives in the cardiac cham-
bers frequently results in beam-hardening artifacts 
in particular in the sub-endocardial region and the 
apex, making perfusion assessment of these partic-
ular important segments impossible (Fig. 17. 3).

Therefore, successful perfusion studies of the 
myocardium have so far only been performed by 

multi-slice CT in animal models showing good cor-
relation between perfusion defi cits and microsphere-
determined blood fl ow (Hoffmann et al. 2004). 
Numerous data are available on perfusion imaging 
with multi-detector row CT in animals (George et 
al. 2006, 2007; Lardo et al. 2006). At present there 
are only very few data available on perfusion imag-
ing of the myocardium by MDCT in humans. It has 
been shown in humans that the coronary perfusion 
reserve can be derived from MDCT data (Fig. 17.4). 
Using the Fermi function model, reasonable re-
sults concerning absolute blood fl ow quantifi cation 

Fig. 17.2. In a dominant right coronary artery supplement 
type, certain territories of the myocardium can be assigned 
to one of the three major vessels

Fig. 17.3. Infl ux of contrast media during fi rst pass may re-
sult in signifi cant artifacts in particular in the area of the 
sub-endocardial region. Assessment of the myocardial per-
fusion can be substantially affected by this artifact
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can be achieved. The resulting perfusion values 
(0.73±0.2 ml/g/min) were well in the range of what 
is known for resting myocardium (Nikolaou et al. 
2005). However, a broad application of this tech-
nique is prevented by the reasons discussed above.

A comprehensive perfusion study of the myo-
cardium would require a measurement during, i.e., 
pharmacological stress. As any stress of the heart 
goes along with an increase of the heart rate, this 
would result in impaired image quality for the as-
sessment of the coronary arteries by CT. Currently 
perfusion imaging of the myocardium would be 
limited to the range of the detector width, i.e., 4 cm 
in a 64-slice CT scanner. Complete coverage of the 
left ventricular myocardium is therefore not avail-
able yet. Furthermore, repeated X-ray scanning at 
the same location may result in a signifi cant amount 
of radiation. For all the reasons mentioned above, 
myocardial perfusion imaging is still a topic of re-
search and has not yet been applied routinely in 
clinical settings.

 17.3 
Viability imaging

Within recent years, a number of studies have fo-
cused on imaging of perfusion defi cits by CT either 
in the fi rst pass of the contrast media application or 

in the delayed phase, aiming at the visualization of 
non-vital myocardium. This approach of imaging 
represents more of a static snapshot of the blood 
volume distribution in the early phase and detection 
of interstitial leakage in the late phase rather than 
real perfusion imaging of the myocardium with as-
sessment of the wash in and out of the contrast agent 
dependent on time.

Blood volume imaging may provide unspecifi c 
information about myocardial edema or infarction 
(Fig. 17.5), but may also be found in severe local 
ischemia without infarction or hypertrophic car-
diomyopathy. Furthermore, myocardial enhance-
ment depends on a variety of different independent 
factors, such as contrast protocol or cardiac output. 
Therefore, rather than defi ning absolute attenuation 
values, relative changes in the density may allow for 
discriminating infarcted from non-infarcted myo-
cardium. If decreased attenuation and wall thin-
ning are considered myocardial infarction signs in 
CT, the sensitivity and specifi city of CT compared 
to MIR are 86% and 91%, respectively (Nikolaou et 
al. 2004). Consequently, it has been described that 
CT frequently underestimates the true extent of 
myocardial infarction (Schmermund et al. 1998). 
In principle, recent infarctions are more diffi cult to 
detect by CT than chronic infarction scars.

In several studies, a delayed contrast enhance-
ment (5 to 10 min after fi rst pass of contrast media) 
has been described predominantly in recent infarc-
tion, but also in some chronic infarction scars. Fur-

Fig. 17.4. Under certain 
circumstances myocar-
dial perfusion can be 
derived from certain 
measurements using the 
Fermi function model as 
an assumption
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thermore, CT similar to MRI may be able to detect 
the zone of microvascular obstruction in the sub-
endocardial region (Fig. 17.6). However, because of 
the lower difference between the signal intensities 
of non-vital and vital myocardium, late myocardial 
enhancement cannot be detected that consistently 
by CT compared to MRI. 

 17.4 
Myocardial Infarction Sequelae

By imaging the heart, MDCT provides comprehen-
sive information about infarct-related fi ndings, such 
as myocardial aneurysms, intramural calcifi cations, 
intra-cavitary thrombi or infarct involvement of the 

Fig. 17.5a,b. During the fi rst pass of contrast media, myocardial infarction may already become visible. a Acute myocar-
dial infarction with a region of hypo-attenuation (edema) in the posterior wall, most likely related to an occlusion of the 
circumfl ex artery or one of its side branches. b Chronic myocardial infarction scar with hypo-enhancement and thinning 
of the myocardial wall

ba

Fig. 17.6. First pass (left) and late myocardial enhancement scan (right) by MDCT. The sub-endocardial region of the lateral 
wall remains hypo-intense in both phases and therefore corresponds to the zone of micro-vascular obstruction. This zone 
is surrounded by a hyper-intense area of non-viable myocardium as seen in the delayed CT scan
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papillary muscle. Catheter-based ventriculography 
on the fi rst glance provides clinically relevant in-
formation about myocardial aneurysms and wall-
motion abnormalities. The diagnostic criterion of 
myocardial pseudo-aneurysms is protrusion of 
the left ventricular wall, which can be detected by 
MDCT similarly to catheter angiography. MDCT, 
however, furthermore provides information about 
the myocardial wall and thereby allows differen-
tiation between myocardial pseudo-aneurysms and 
diverticula (Ghersin et al. 2007).

Left ventricular thrombi are one of the most se-
vere complications of myocardial infarction. MDCT 
seems to have the advantage over catheter angiog-
raphy and echocardiography in detecting intra-cav-
itary thrombi. MDCT provides detailed informa-
tion about the surface area and border between the 
thrombus and the myocardial wall (Fig. 17. 7). Free-
fl oating or mural organized thrombi can clearly be 
distinguished by MDCT (Doepp et al. 2005).

Cardiac tamponade is a life-threatening condi-
tion that results from slow or rapid compression of 
the heart secondary to accumulation of fl uid, pus, 
blood, gas or tissue within the pericardial cavity. 
MDCT is an excellent method to detect intramural 
calcifi cation or pericardial effusion that might be 
the result of a myocardial infarction ( Restrepo et 
al. 2007).

Fig. 17.7. Partially calcifi ed thrombus formation in the apex 
of the left ventricle as a consequence of an anterior wall in-
farction and aneurysm in the apex of the heart
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 18.1 
Introduction

The bicuspid aortic valve (BAV) is the most common 
congenital cardiac anomaly, occurring in 1% to 2% 
of the general population (Fedak et al. 2002). Al-
though the physiopathology and natural history are 
not completely understood, the bicuspid aortic valve 
syndrome (BAVS) is a clinically challenging issue 
for physicians and more recently for radiologists. It 
has been demonstrated that the majority of patients 
with BAVS develop signifi cant anatomic changes 

and complications that require specifi c treatment. 
Thus, recognition of the silent disease could have 
signifi cant implications for patient management. 
This section will focus on anatomic features of the 
BAV, assessment of the bicuspidia, especially using 
relatively new cross-sectional modalities, and iden-
tifi cation of cardiac and vascular complications.

 18.2 
Anatomy and Pathology of the 
Aortic Bicuspidia

The aortic valve is a complex structure communicat-
ing between the left-ventricle out-fl ow tract with the 
ascending aorta through the aortic root. Attached to 
the sinotubular junction of the aorta, typically the 
aortic valve contains three equal-size cusps (tricus-
pid valve). Each cusp has a semilunar leafl et (freely 
moving part). The commissure is commonly used 
to describe the peripheral part of apposition of leaf-
lets and the annulus to describe their attachment 
to the proximal margin to the aortic root. During 
the cardiac cycle, the leafl ets intersect at the center 
of the annulus at 120� angles in the diastolic phase 
(closed position) demonstrating complete coapta-
tion and swing cranially in the systolic phase (open 
position), revealing a central typical triangular ori-
fi ce. The BAV, characterized by only two cusps, is 
a result from abnormal fusion of cusps during val-
vulogenesis.

The BAV is currently regarded as having the most 
frequent aberrant cusps of the complex phenotypic 
continuum in the valvulogenesis process, which 
includes unicuspid valves (severe form), bicuspid 
valves (moderate form), tricuspid valves (normal), 
and the rare quadricuspid form (Fernandez et al. 
2000). The pathogenesis of aortic valve malforma-
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tions is still debated. However, more recent evidence 
suggests genetic disorders that affect the extracel-
lular matrix and the microfi brillar proteins as fi bril-
lin and fi bulin (Eisenberg et al. 1995; Epstein et al. 
2000; Lee et al. 2000). In support of a genetic origin, 
BAV is associated with congenital abnormalities of 
the aorta (aortic coarctation and patent ductus ar-
teriosus) and coronary arteries. Whether BAV can 
be considered as a hereditary anomaly is not clear. 
The high incidence of familial BAV (Huntington 
et al. 1997; Clementi et al. 1996) is compatible with 
autosomal dominant inherence with reduced pen-
etrance.

 18.3 
Natural History of Aortic Bicuspidia

BAV is a common congenital disease that occurs in 
1% to 2% of the population, compared with 0.8% for 
all other congenital cardiac diseases (Ward 2000). 
The incidence of clinically normally functioning 
BAV is 0.6% to 0.9% (Roberts 1970). The clinical 
profi le of BAVS is heterogeneous with respect to 
morphological changes in the valve (raphé loca-
tion, presence of calcifi cations) and valve function 
(normal function, stenosis or regurgitation) as well 
as clinical symptoms. Some patients remain asymp-
tomatic and complication-free for a lifetime, while 
some have rapid and progressive valve dysfunction 
and aortic dilatation. However, the vast majority of 
patients develop complications requiring specifi c 
management. Considering that severe complica-
tions occur in more than one third of patients, the 
BAVS may be responsible for more mortality and 
morbidity than all congenital heart diseases com-
bined (Ward 2000).

18.3.1 

Valvular Complications

Valvular complications include aortic stenosis, re-
gurgitation, and endocarditis. Aortic stenosis is the 
most frequent complication. Aortic stenosis results 
directly from the valve anatomy with asymmetrical 
cusps [stenosis is more rapid in asymmetrical cup 
shape (Ward 2000)] and premature morphological 
changes due to fi brosis, stiffening, and calcium de-
posits. The calcium deposit is an active process simi-

lar to the atherosclerotic plaque calcifi cation that 
plays a signifi cant role in the disease progression 
and complications (Mohler et al. 2001). Echocar-
diography studies have shown that calcifi cations 
are an important predictive factor of the clinical 
outcome (Bahler et al. 1999; Rosenhek et al. 2000). 
Regarding the BAV, recently, using multi-detector 
CT (MDCT), Ferda et al. (2007) observed no signifi -
cant difference in the severity of valve calcifi cations 
between tricuspid and BAV in symptomatic patients 
with aortic valve stenosis. The incidence of aortic 
stenosis in patients with BAVS ranged from 15% 
to 71% (Ward 2000). The wide range is probably 
explained by the effect of age in the development 
of valve stenosis. Additionally, the risk of develop-
ing stenosis in the BAVS seems to be increased in 
patients with lipid profi les and those who smoke 
(Chan 2001).

Aortic regurgitation, a less frequent complication 
with an incidence of 1.5% to 3% (Ward 2000), usu-
ally results from prolapse of the larger cusp, fi brotic 
retraction of leafl ets, dilatation of the aortic sino-
tubular junction, or combined mechanisms. Aortic 
regurgitation induced by the BAV usually occurs in 
younger patients than aortic stenosis (Pachulski et 
al. 1993) and is probably underestimated (Stefani 
et al. 2008). The aortic regurgitation may occur as 
an isolated pathology (Roberts et al. 1981) or in as-
sociation with ascending aortic dilatation (Guiney 
et al. 1987), coarctation of the aorta, or infective en-
docarditis (Ward 2000).

Infective endocarditis is a severe complication 
that occurs in about one third of patients with BAVS, 
more frequently in those with regurgitation (Fedak 
et al. 2002). Infective endocarditis may induce cusp 
perforation and consequently aortic regurgitation. 
Subsequently, infective endocarditis is responsible 
for than 50% of severe aortic regurgitation in pa-
tients with BAVS (Roberts et al. 1981).

18.3.2 

Vascular Complications

Vascular complications in patients with BAVS 
include ascending aortic aneurysms and aortic 
dissection. The mechanism of these complica-
tions and the relationship with BAVS remain 
controversial. Some argue there are proponent 
environmental causes of aortic dilatation due to 
post-valvular hemodynamic changes that trigger 
progressive dilatation. However, even if the latest 
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mechanism may contribute to the acceleration of 
the dilatation process, an intrinsic defect in the 
aortic wall independent from the aortic valve func-
tion is regarded as the major factor inducing aortic 
dilatation in the BAVS (Keane et al. 2000; Nistri 
et al. 1999). Focal structural abnormalities have 
been identifi ed within the aortic wall in patients 
with BAVS, such as matrix disruption and smooth 
muscle loss similar to those observed in fi rillin-1-
defi cient aorta and Marfan syndrome (Niwa et al. 
2001; Fedak et al. 2003). The resulting degenerative 
process may induce weaknesses of the aortic wall 
that preclude dilatation, precursor to life-threat-
ening events such as aortic rupture and dissec-
tion. Clinical fi ndings in patients with the BAVS 
support associated intrinsic aortic wall disorder 
in patient with BAVS. Nistri et al. (1999) reported 
that the majority of young patients with normally 
functioning BAV have dilation of the ascending 
aorta on echocardiography. In addition, vascular 
complications occur also in patients in whom na-
tive BAV was replaced by prosthesis as reported by 
Yasuda et al. (2003).

 18.4 
Diagnostic Imaging

18.4.1 

Assessment of the Aortic Valve

Echocardiography, including the transesophageal 
approach, is the main imaging modality used for 
aortic valve morphology and function (Hatle et al. 
1980). Two views are usually used (long axis and 
short axis) for complete assessment (Fig. 18.1). To 
quantify the aortic area, two methods are used: the 
estimated area with a hemodynamic calculation 
based on the continuity equation and direct mea-
surement by planimetry. Morphology and function 
of the aortic valve are well evaluated with MR. More 
recently, ECG-gated multi-detector CT has demon-
strated a potential to visualize the valve anatomy as 
an integrated part not only of cardiac CT angiog-
raphy, but also of thoracic CT angiography. Thus, 
the increasing application of ECG-gated thoracic 
CTs invites more extensive discussion of this point 
in order to prepare the radiologist for systematic 
evaluation of the aortic valve. Valve assessment 
requires no real specifi c acquisition parameters. 

Standard protocols using high resolution and opti-
mal enhancement for coronary artery angiography, 
which have been described in previous chapters, 
are suffi cient for aortic valve assessment. How-
ever, multiphase reconstructions are mandatory. 
The reconstruction interval is typically every 5% 
to 10% during the RR cycle. No clear evidence sup-
ports interest in shorter intervals, particularly in 
the assessment of the aortic valve. Caution should 
be taken to keep suffi cient image quality during 
the systolic phase when the ECG-dose modulation 
program is applied, which may alter images in the 
systolic phase. The quality of aortic valve images 
during the cardiac cycle depends also on the heart 
rate, even with the latest CT scan generations. The 
aortic valve in the closed position is routinely well 
analyzed in the mid-diastole at 70% to 80% of the 
RR cycle. Due to the lack of temporal resolution 
in the current CT scanners, the open position is 
relatively instable during the temporal acquisition 
window in the systolic phase (Fig. 18.2). The open 
position is usually best visualized at 20% to 30% 
of the RR cycle. CT images provide morphologic 
analysis of the valve components. Using planim-
ety with similar principles to echocardiography, 
additional information regarding the aortic valve 
function could be obtained (Fig. 18.3). A good cor-
relation between the narrowest aortic valve area of 
the orifi ce at mid-systole and the aortic valve area 
obtained by transesophageal echocardiography has 
been reported (Alkhadi et al. 2006). Indirect esti-
mation of the severity of the aortic stenosis could 
be provided by calcium quantifi cation in the valve. 
The quantifi cation method is similar to the one 
commonly used to calculate the coronary calcium 
score. Incomplete coaptation of valve leafl ets in di-
astole is suggestive of aortic regurgitation. The re-
gurgitant orifi ce could be quantifi ed by planimetry. 
However, it is not indicative of regurgitation sever-
ity. The normal area of the aortic valve is subject to 
large inter-individual variations ranging from 2.5 
to 6 cm2 as recently established by the American 
College of Cardiology/American Heart Association 
(Bonow et al. 2006) (Table 18.1).

18.4.2 

Bicuspid Valve Features

Post-mortem studies have identifi ed three features 
that characterize the BAV: cusp asymmetry (in-
equality of cusp size), presence of a central raphé 
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Fig. 18.1a–c. Enhanced ECG-gated multi-detector CT 
scan showing a bicuspid aortic valve in long axis view 
(a,b) and short axis view (c)

a

b

c

Fig. 18.2a–c. Enhanced ECG-gated CT in a 53-year-
old obese women with aortic bicuspid valve with 
grade 2 calcifi cations and présence of raphé. The pa-
tient had a signifi cant aortic stenosis and aneurysm 
of the ascending aorta. Note motion artifacts in the 
short axis views on the aortic valve

a

b

c
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Fig. 18.3a–e. Enhanced ECG-gated CT of a heavily calcifi ed 
aortic bicuspid valve (grade 3). Maximum intensity projec-
tion view shows nicely the extension of calcifi cations. Short 
axis views demonstrate no signifi cant aortic valve stenosis 
in planimetric measurement. No associated coronary arter-
ies abnormality

a b

c d

e
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Table 18.1. Classifi cation of aortic stenosis severity

Valve area
(cm2)

Pressure gradient
(mmHg)

Normal 2.5–6.0

Mild 1.6–2.5 <25

Moderate 1.0–1.5 25–40

Severe <1.0 >40

Fig. 18.4 Typical feature of “fi sh-mouth” sign of aortic bicus-
pid valve in the open position on echocardiography (cour-
tesy of Dr. X. Jeanreneaud)

(ridge), and smooth cusp margins (Roberts et al. 
1970). The raphé is usually located in the center of 
the larger cups. The smooth margins differentiate 
the BAV from an initially tricuspid valve with sec-
ondary fusion of two cusps as a result of infl am-
matory process. Orientation of cusps is equally re-
ported in the antero-posterior and transverse axis 
(Roberts et al. 1970). Calcifi cations in the BAV are 
typically confi ned to the raphé and the base of the 
cusps. In contrast, calcifi cations are more extensive 
in post-infl ammatory diseases, and margins are se-
verely distorted and fused. Although the mechanism 
behind calcifi cation development is not known, it 
has been demonstrated that calcifi cations increase 
with age.

By defi nition, diagnostic imaging, independent 
of the imaging modality, is based on the demon-
stration of two cusps and two commissures on a 
short-axis view of the aortic valve (Figs. 18.1, 18.4, 
18.5). The BAV demonstrates a characteristic “fi sh 
mouth” sign in the open position on the short axis 
view that is different from the normal triangular 
orifi ce. Additional views could be obtained, espe-
cially on MDCT and MR as oblique sagittal or cor-
onal views. More refi nements in the BAV features 
include cusp redundancy, eccentric valve closure, 
and a single coaptation line between the cusps in 
the diastolic phase. The identifi cation of fused com-
missure (raphé) is also important, particularly in 
MDCT (Fig. 18.2). It is also important to notice the 
orientation of the BAV, which may have some bear-
ing on complication rates (Olson et al. 1984). Cal-
cifi cations can be quantifi ed using a semi-quanti-
tative scale (Table 18.2) (Rosenhek et al. 2000) or 
quantitative methods based on determination of a 
score or calculation of volume (Cowell et al. 2003; 
Morgan-Hugues et al. 2003). Typical features of 
the BAV may be obscured by severe calcifi cations 
or cases of prominent raphé that could simulate a 
third coaptation line.

Table 18.2. Classifi cation of aortic valve calcifi cations

Calcifi cations

Grade 1 (mild) Small isolated spots

Grade 2 (moderate) Multiple large spots

Grade 3 (heavy) Extensive

18.4.3 

Screening of Valvular Complications

18.4.3.1 

Aortic Valve Stenosis

It is interestingly to note that absence of clini-
cal symptoms and absence of electrocardiograhic 
changes do not exclude severe stenosis (Khalid et 
al. 2006). Three methods can assess the aortic valve 
stenosis severity: the hemodynamic method using 
the continuity equation (echocardiography and 
MR), the morphologic method using the valve area 
measurement (echocardiography, CT, and MR), and 
quantifi cation of valve calcifi cations (echocardiog-
raphy and CT).

Electron-beam CT and, more recently, MDCT 
have evaluated the amount of calcifi cations in the 
aortic valve to predict the presence of a signifi cant 
stenosis. Currently, the volumetric method used 
to quantify valve calcifi cations is derived from the 
score described initially for coronary arteries by 



  Aortic Bicuspidia, Silent Ductus Arteriosus 263

Fig. 18.5a–d. Postoperative assessment with MR of a 17-year-old woman with aortic bicuspid valve and aortic coarctation

a

c

b

d

 Agatston et al. (1990). Budoff et al. (2002) re-
ported very good reproducibility of CT using the 
volumetric method with an interscan variability 
of 6.2%, and interobserver and intraobserver vari-
ability of 5% and 1%, respectively. Compared to 
echocardiography, a volumetric score of more than 
100 had a sensitivity of 100% and a specifi city of 
77% for identifying a signifi cant aortic stenosis as 
reported by Yamamoto et al. (2003). More recent 
studies using MDCT have reported similar results 
(Cowell et al. 2003; Morgan-Hugues et al. 2003). It 

is therefore clinically relevant when identifying BAV 
with calcifi cations in CT to quantify these calcifi ca-
tions. ECG-gated images are, however, required for 
accurate quantifi cation.

Valve area can be estimated either by the ap-
plication of the continuity equation or by planim-
etry. Cine gradient echo imaging identifi es valvu-
lar stenosis as signal void. Using cine MR images, 
 Friederich et al. (2002) have reported good cor-
relation (r=0.78) between direct measurement of 
valve area and cardiac catheterization fi ndings, 
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while  Caruthers et al. (2003) found good agree-
ment (r=0.83) between cine-MR and echocardiogra-
phy regarding the valve area. MDCT demonstrates 
a high potential to provide comparable information 
(Alkadhi et al. 2006; Laissy et al. 2007). However, 
MDCT seems to overestimate the valve area com-
pared to echocardiography (Laissy et al. 2007). 
This probably could be explained by the fact that 
the two techniques do not measure exactly the same 
parameter even if the planimery method is applied. 
Echocardiography measures a “hemodynamic” or-
ifi ce, while MDCT provides a purely morphologic 
assessment. MR enables quantitative evaluation of 
the aortic valve stenosis with velocity mapping se-
quences. Good correlation has been shown between 
this technique and Doppler echocardiography and 
cardiac catheterization (Eichenberger et al. 1993). 
Looking at comparison of MDCT, cine MR imaging, 
transthoracic and transesophageal echocardiogra-
phy in aortic valve area assessment, Pouleur et al. 
(2007) found high correlation of MDCT and cine MR 
(r=0.98), transthoracic echocardiography (r=0.96), 
and transesophageal echocardiography (r=0.98). 
However, even if the assessment of valve area needs 
no additional data set than those obtained for cor-
onary arteries, MDCT using the current available 
techniques is still associated with a signifi cant radi-
ation dose ranging from 8.8 to 13.6 mSv ( Alkadhi 
et al. 2007).

18.4.3.2 

Aortic Valve Regurgitation

Echocardiography (Berkerdjian et al. 2005) and 
MR (Sechtem et al. 1988) are the best techniques 
to identify aortic valve regurgitation. Using MRI 
assessment of aortic valve regurgitation can be ob-
tained by multiple techniques: a qualitative assess-
ment of signal loss on cine MR images or a quan-
titative approach by measurement of ventricular 
volumes or by phase-contrast velocity mapping. 
The regurgitant volume can be quantifi ed either as 
an absolute value or as regurgitant fraction. The 
regurgitant volume usually defi nes the severity of 

regurgitation. Table 18.3 outlines the severity clas-
sifi cation as reported by Sechtem et al. (1988).

Recent evidence supports that the aortic valve 
regurgitation can be accurately analyzed by MDCT, 
not only to identify the regurgitation, but also to 
provide accurate quantifi cation of the regurgitation 
severity by planimetric measurements of the regur-
gitant orifi ce. Measurements are done on the image 
on which the regurgitant orifi ce had the smallest di-
ameter. Alkadhi et al. (2007) reported a good cor-
relation of MDCT planimetric area and transesoph-
ageal echocardiography in detection and classifying 
aortic regurgitations.

18.4.4 

Screening of Vascular Complications

Aortic dissection and aortic rupture are life-threat-
ening complications of the BAVS that occur with 
acute symptoms. A more interesting complication 
is aortic dilatation associated with the BAV. Aortic 
dilatation is more frequent, occurring in 50–60% 
of patients with normally functioning BAV (Ward 
2000). Screening of aortic dilatation is clinically 
relevant since it may affect patient management in-
dependently of valvular complications of the BAV 
(Figs. 18.2 and 18.6).

Diameters of the ascending aorta could be accu-
rately measured by MDCT, especially on multiplanar 
reformations or center line-based reconstructions or 
by MR imaging and echocardiography. Monitoring of 
the aortic dilatation usually uses echocardiography.

Aortic repair of the ascending aorta is recom-
mended more aggressively for patients with BAV 
(40 to 50 mm) than those with tricuspid valve (50 
to 60 mm) (Burks et al. 1998). Prevention of aortic 
dilatation progression with beta-blockers is still de-
bated, as well as the role of matrix metalloproteinase 
inhibitors and gene therapy (Fedak 2002).

18.4.5 

Screening of Cardiac Complications

Left ventricle hypertrophy (in aortic valve stenosis) 
and left ventricle dimension and function are cru-
cial in therapeutic decision making and should be 
an integrated part in the image analysis when BAV 
is identifi ed. Left ventricular assessment could be 
obtained by echocardiography and MR and more 
recently by MDCT.

Table 18.3. Severity classifi cation of aortic regurgitation

Regurgitant fraction (%)

Mild 15–20

Moderate 20–40

Severe >40
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18.4.6 

Screening of Associated Congenital Anomalies

Many cardiovascular anomalies could be associated 
with BAV. Two are of practical importance in the 
adult population: coarctation of the aorta and patent 
ductus arteriosis. Coarctation of the aorta occurs in 
20–85% of patients with BAV (Stewart et al. 1993). 
MR and CT are helpful to screen and characterize 
associated aortic coarctation (Fig. 18.5).

The ductus arteriosis is defi ned as communi-
cation between the distal arch and the proximal 
left pulmonary artery. The clinical signifi cance of 
patent ductus arteriosus in adult patients depends 
on the defect size and the resulting shunt. MDCT 
and MR could provide diagnosis and sizing of the 
patent ductus arteriosis, which facilitate therapeu-
tic procedures, particularly those using percuta-
neous vaso-occlusion with coils or vascular plug 
 devices.

Fig. 18.6a–d. Enhanced ECG-gated CT in a 45-year-old man with bicuspid aortic valve. Non-calcifi ed bicuspid aortic valve 
with no dysfunction detected at CT (and echocardiography) (a,b). Aneurysm of 52 mm of the ascending aorta (c). Normal 
coronary artery tree (d)

a b

c d
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The ductus arteriosis, even when clinically silent, 
may be associated with major complications. The 
fi rst is infective endocarditis and the second aneu-
rysmal formation. The incidence of aneurysms in the 
ductus arteriosis is not known, and its pathogenesis 
remains unclear. Aneurysms may result from infec-
tive endocarditis as mycotic false aneurysm or from 
the weakening of the aortic wall as previously dis-
cussed for the ascending aorta dilatation. The role of 
atherosclerosis is unclear. MDCT may be helpful in 
diagnosis and characterization of aneurysms of the 
ductus arteriosis.

 18.5 
BAVS Management

The generally accepted approach for BAVS with 
mild-to-moderate valvular dysfunction and nor-
mal left ventricle (dimensions and function) is reg-
ular monitoring with echocardiography (Fedak et 
al. 2002). However, early referral to surgery before 
signifi cant deterioration of the cusps for success-
ful valvular repair has been advocated by some 
authors (Ward 2000). Table 18.4 summarizes the 
current strategy for management of patients with 
BAVS.

Clinically silent BAV discovered on imaging in-
vestigations indicated for other settings should im-
plicate complete characterization of the BAV and 
associated vascular lesions and ventricular conse-
quences with the same imaging modality whenever 
possible (ECG-gated acquisition), especially in the 
era of extended non-invasive cardiac imaging in-
cluding MR and CT.

Aortic dilatation should be monitored by echocar-
diography or MR. Due to its high spatial resolution 
and 3D imaging capabilities, CT should be indicated 
in cases of discrepancies or in the pre-therapy as-
sessment.
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 19.1 
Introduction

Calcifi cations in the heart are frequent fi ndings on 
chest CT that indicate abnormal processes, such as 
atherosclerosis, degenerative or reparative change 
of the affected structures. Calcifi cations in the cor-
onary arteries are probably the most well known 
cardiac calcifi cations. They are an indirect indicator 
of the total amount of atherosclerotic plaque in the 
coronary arteries (Rumberger et al. 1995) and have 
been shown to be an independent risk factor for de-
veloping cardiovascular complications (Pletcher 
et al. 2004; Shaw et al. 2003; Taylor et al. 2005; 
Vliegenthart et al. 2005).

However, calcifi cations not only occur in the cor-
onary arteries, but also in other cardiac structures, 
such as the valves, the ventricular wall or the pericar-
dium. Many cardiac calcifi cations suggest an under-
lying disease: severe aortic valve calcifi cations, for 
example, are associated with a high probability for 
aortic stenosis (Koos et al. 2004). As a consequence, 
cardiac calcifi cations are an important incidental 
fi nding on chest CT scans; calcifi cations frequently 
indicate diseases that warrant further evaluation or 
treatment (Table 19.1).

 19.2 
Scanning Technique and Artifacts

Detection of cardiac calcifi cations is not limited to 
CT examinations that are targeted specifi cally to 
the heart. In fact, any general chest CT scan can 
detect and frequently correctly localize cardiac cal-
cifi cations. Most cardiac calcifi cations are incidental 
fi ndings that can be detected on non-contrast scans 
as well as contrast-enhanced scans. To be able to 
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differentiate calcifi cations from contrast-opacifi ed 
vascular lumen, a wide window setting is required 
(Fig. 19.1). There is a slight risk that minor calcifi ca-
tions are missed on contrast-enhanced scans if en-
hancement in the lumen is similar to the CT attenu-
ation of a calcifi cation. Apart from calcium scoring 
for the coronaries, missing such small calcifi cations 
is hardly clinically relevant.

A higher image quality is required for quantifi ca-
tion of calcifi cations in the coronary arteries or for 
the precise localization of calcifi cations relative to 

the cardiac valves. For this purpose, ECG synchro-
nization (prospective triggering or retrospective 
gating) is mandatory.

19.2.1 

Non-Gated Acquisitions

Standard chest CT does not apply cardiac syn-
chronization. Artifacts due to cardiac motion are 
therefore inevitable. The amount of artifact var-

Table 19.1. Cardiac calcifi cations: morphology and clinical signifi cance by location

Location Morphology Clinical signifi cance

Coronary arteries Small and punctate (“calcifi ed nodule”) to large 
calcifi ed plaques of several centimetres length 
(fi brocalcifi ed plaque)

Coronary calcium increases the probability of sig-
nifi cant coronary artery disease and is associated 
with increased cardiac morbidity and mortality

Valves – –

 Aortic valve Along commissural edges of leafl ets, most on 
aortic side

Moderate to severe calcifi cation is associated with 
aortic stenosis and increased mortality

 Mitral valve Annulus Extensive calcifi cation can lead to mitral regur-
gitation

Leafl ets May indicate mitral sclerosis or stenosis

Myocardium – –

 Ventricular wall Thinned or aneurysmatic ventricular wall Indicative of old transmural myocardial infarc-
tion or chronic Chagas’ disease

Interventricular septum Occur with hyperparathyroidism

Along inner border of ventricular wall May indicate endomyocardial fi brosis, a rare car-
diomyopathy 

 Papillary muscle Extensive Associated to ischemia, may lead to mitral valve 
malfunctioning

Small, near apex Common insignifi cant fi nding in elderly patients

Pericardium Linear or plaque-like, usually over right ventri-
cle, posterior surface left ventricle and atrioven-
tricular groove 

May indicate constrictive pericarditis

Calcifi ed mass – –

 Thrombus In older thrombi, common at left ventricular 
apex (aneurysm); less common in left atrial ap-
pendage or region of turbulent blood fl ow

Cardiac thrombus increases stroke risk and em-
bolism risk at cardioversion of atrial fi brillation  

 Myxoma In heterogeneous low attenuation mass in left 
atrium

Benign neoplasm. Most common primary cardiac 
tumor

 Fibroma Dystrophic calcifi cations in homogeneous ven-
tricular mass with soft-tissue attenuation

Extremely rare benign neoplasm

 Osteosarcoma Minimal speckles to dense deposits in low atten-
uation mass. Primary in left atrium, metastatic 
in right atrium

Primary cardiac osteosarcomas are aggressive and 
have poor prognosis
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ies with the heart phase at which a certain slice 
has been acquired. Artifacts are most pronounced 
in mid systole during cardiac contraction and af-
fect the right coronary more than other cardiac 
structures (Jahnke et al. 2006; Wang et al. 1999). 
Motion during mid diastole or end systole is least 
pronounced. Motion is less with reduced cardiac 
output. Scanners with faster rotation speed re-
duce artifacts during the phases with less cardiac 
motion but still suffer from artifacts during mid 
 systole.

Motion artifacts vary periodically as a helical ac-
quisition progresses through the chest. The length 
of these periods increases with faster scanners or 
slower heart rate. Since it depends on chance, it is 
impossible to predict whether a structure of inter-
est will be displayed during a phase with reduced or 
pronounced artifact, even with fast scanners.

Non-gated acquisitions therefore can provide 
valuable cardiac information, but there is no guar-
antee that all structures can be evaluated com-
pletely. Motion will blur calcifi cations, induce streak 
artifacts and reduce the CT number of a calcifi cation 
 (Horiguchi et al. 2006; Rutten et al. 2008a). Very 
small calcifi cations may be lost, but larger calcifi ca-
tions will be detectable and can usually be correctly 
localized.

19.2.2 

Prospective ECG Triggering

Prospective ECG triggering is based on a short scan 
during a pre-selected phase of the cardiac cycle with 
as little cardiac motion as possible (usually mid di-
astole). Prospective ECG triggering uses a partial 
scan technique with the shortest possible scan du-
ration.

The resulting high temporal dose effi ciency is the 
main advantage of prospective ECG triggering; de-
pending on the implementation, up to 100% of the 
radiation dose given to the patient makes it into the 
image. However, the high dose effi ciency comes at 
the price of less robustness against variations in 
heart rhythm. Since the precise timing of the ECG 
trigger has to be determined from the behavior of 
the heart rate during the previous beats, a sudden 
shortening of the RR interval, for example due to an 
extra systole or a sudden volume load due to con-
trast material injection, will lead to a suboptimum 
timing and may cause motion artifacts. For calcium 
scoring, however, the heart rate usually stays more 
stable than for coronary CTA because no contrast 
material is injected.

Prospective ECG-triggering is the only cardiac 
synchronization technique available with EBCT. 

Fig. 19.1 a, b. Extensive calcifi cation hampers stenosis evaluation in contrast-enhanced 
 image (white arrow) (a). By widening the window width from 600 (a) to 1,500 (b), stenosis 
classifi cation is improved. Stenosis classifi cation is less infl uenced by presence of mixed 
plaques (black arrow) or of calcifi ed nodules (arrowhead)

a b



272 A. Rutten and M. Prokop

With the advent of MDCT, it still remains the tech-
nique recommended for calcium scoring by the 
American Heart Association (Budoff et al. 2006), 
but motion artifacts will be increased at higher heart 
rates and for scanners with a slower rotation speed. 
As the width of the detectors of modern scanners be-
comes wider, more of the heart can be imaged during 
one heartbeat, and fewer heartbeats are necessary to 
cover the full heart. With 16-cm-wide detectors (e.g., 
the new generation of 320-slice scanners), only one 
heartbeat is necessary to image the heart. Prospec-
tive triggering then will be the technique of choice 
because of its high dose effi ciency and superior im-
age quality.

Since prospective triggering uses a step-and-
shoot (sequential) scanning mode, only multiples 
of the available section collimations can be recon-
structed. This will not always make it possible for 
MDCT scanners to acquire the 3-mm-thick slices 
used for coronary calcium scoring with EBCT. As a 
result, 2.5-mm-thick sections will have to be used 
on many 4-, 16- or 64-slice scanners of various man-
ufacturers (Table 19.2). Low heart rates will yield 
fewer motion artifacts and better reproducibility of 
calcium scores (Hong et al. 2003b). When calcium 
scores are only used for estimating cardiovascular 
risk, then beta blockade is usually not necessary. If 
follow-up scans are considered, however, a low heart 
rate is recommended. Depending on scanner speed 
the heart rate should be lower than 60–70 bpm, 
which may require beta blockade. 

For calcium scoring, low-dose protocols are used. 
We vary tube current settings by patient size with 
mGy values ranging between 2.5 and 5.0 (Rutten et 
al. 2008b). Mean estimated radiation dose is below 
1 mSv with this protocol. 

Contrast-enhanced cardiac CT with prospective 
triggering is only recommended for 64-slice scan-

ners or more. For this purpose, the thinnest possible 
collimation is used. This allows precise evaluation of 
the position of calcifi cations relative to coronaries, 
valves or the myocardium. However, low heart rates 
(less than 60–70 bpm, depending on scanner speed) 
are required for good results (Earls et al. 2008).

19.2.3 

Retrospective ECG Gating

Retrospective ECG gating is based on a continuous 
data acquisition during all of the cardiac cycle. Ret-
rospectively, the best phase for image reconstruction 
is chosen, and data from multiple heartbeats can be 
combined to increase temporal resolution well be-
yond that of partial scan techniques. Retrospective 
ECG gating is only available with MDCT.

The temporal resolution is the main advantage 
of retrospective ECG gating: depending on imple-
mentation, a temporal resolution of 50–100 ms can 
be obtained with modern scanners. Motion artifacts 
are minimized, which is why this technique has 
been the technique of choice for coronary CTA in 
the past. The retrospective choice of the optimum 
phase offers more robustness against variations in 
heart rhythm. However, the high temporal resolu-
tion comes at the price of very bad temporal dose 
effi ciency. If the tube current remains constant dur-
ing the cardiac cycle, then the temporal dose effi -
ciency decreases with increasing temporal resolu-
tion. For an 85-ms temporal resolution at a heart 
rate of 60 bpm (RR interval 1,000 ms), for example, 
the temporal dose effi ciency is only 85/1,000=8.5%. 
This means than over 90% of the dose is not used 
for image reconstruction. For this reason, retrospec-
tive ECG gating is usually combined with ECG tube 
current modulation, which reduces tube current to 

Table 19.2. Suggested section collimation (N�SC) and reconstructed section thickness (SW) for prospective calcium scoring 
with typical scanners of the various manufacturers

Detector rows General Electric Philips Siemens Toshiba

N �� SC SW N � SC SW N � SC SW N � SC SW

4 4 � 2.5 2.5 4�2.5 2.5 4 � 2.5 2.5 4 � 3 3.0

16 16 � 1.25 2.5 16�1.5 3.0 16 � 1.5 3.0 8 � 3 3.0

64* 32 � 1.25 2.5 40�0.625 2.5 2 � 32 � 0.6 3.0 20 � 3 3.0

��128* – – 2�128�0.625 3.0 2�128 � 0.6 3.0 320 � 0.5 3.0

* For cardiac CT angiography with prospective triggering the thinnest collimations are used



  Cardiac Calcifi cations 273

some 20% during those phases of the cardiac cycle 
that are not used for evaluation of the coronaries. 
Depending on heart rate, a dose reduction of up to 
50% has been demonstrated without infl uencing 
calcium scores (Jakobs et al. 2002; Poll et al. 2002; 
Rutten et al. 2008a). Even with ECG tube current 
modulation, the required dose is well above that 
with prospective triggering.

For coronary calcium scoring, the higher tem-
poral resolution of retrospective gating improves 
reproducibility and makes it a technique best suited 
when follow-up scans are intended. However, ECG 
dose modulation and low mAs technique are man-
datory in order not to require excessive dose. For 
calcium scoring, protocols with lower dose than for 
coronary CTA are used (5–15 mGy depending on pa-
tient size).

Since retrospective gating uses a helical acquisi-
tion, any section thickness that is larger or equal to 
the collimation can be reconstructed. This makes it 
always possible to obtain 3-mm-thick sections for 
coronary calcium scoring.

Contrast-enhanced scans with retrospective ECG 
gating offer excellent coronary artery visualization, 
but also allow for reconstruction of multiple heart 
phases, which is mandatory for evaluating valvular 
motion or cardiac function. With prospective ECG 
triggering, only the pre-selected phase is acquired, 
which will make evaluation of cardiac function only 
possible if at least two scans per RR interval become 
possible with future scanner generations.

 19.3 
Coronary Calcifi cations

Coronary calcifi cations are caused by atheroscle-
rosis and are not present in normal coronary ar-
teries. Atherosclerosis is an active infl ammatory 
process that induces calcifi cation due to increased 
bone-regulatory protein expression (Goldbarg et 
al. 2007). Although calcifi cations represent only 
about 20% of total plaque burden, the amount of 
coronary calcifi cation can be used as a measure of 
the extent of atherosclerotic disease (Rumberger 
et al. 1995). Coronary calcifi cations can be readily 
identifi ed on any CT that includes the heart. How-
ever, ECG synchronization (prospective triggering 
or retrospective gating) improves quantifi cation so 
that calcium scoring can be used not only to estimate 

the severity of arteriosclerosis, but also to monitor 
disease progression. While EBCT was the predomi-
nant technique in the 1990s, MDCT is the technique 
of choice today. Because of the best dose effi ciency, 
guidelines of the American Heart Association rec-
ommend prospectively ECG-triggered scanning for 
calcium scoring (Budoff et al. 2006).

19.3.1 

Basic Concepts of Calcium Scoring

CT scanning for quantifi cation of coronary cal-
cifi cations was originally performed with EBCT 
( Agatston et al. 1990). Scanning and quantifi cation 
protocols still are related to the techniques fi rst em-
ployed in the era of EBCT because the largest body 
of clinical data was acquired using this technique. 
Radiation dose with EBCT was limited and could not 
be adjusted to larger body habitus. This made it nec-
essary to choose section thickness and thresholds 
for calcium detection appropriate to accommodate 
noise levels typically found with these scanners. As 
a consequence, scoring still is commonly performed 
on 3-mm-thick sections using a threshold for cal-
cium detection of 130 HU, parameter settings that 
were found to be optimum for EBCT.

Calcium scoring always relies on two steps: iden-
tifi cation of calcifi ed plaques and quantifi cation of 
these plaques. Coronary calcium is identifi ed as any 
voxels along the coronaries with CT attenuation of 
130 HU or above, a threshold that is two standard 
deviations above the CT attenuation of blood on 
EBCT in an average size patient. In addition, a mini-
mum size of 2–4 pixels is used to distinguish true 
calcifi cation from image noise. When comparing re-
sults from calcium scoring, however, it is important 
to know precisely how the scoring was performed 
previously since thinner sections, other thresholds 
(mainly 90 HU) and varying noise fi lters may be 
used.

Current calcium scoring software provided by 
the various CT or 3D workstation manufactur-
ers highlights candidate voxels (above a certain 
threshold) and asks the user to identify calcifi ed 
coronary plaques (Fig. 19.2). By clicking on a high-
lighted plaque, all voxels that are connected to it 
are marked using a region-growing algorithm. The 
software commonly allows users to assign a plaque 
to a specifi c coronary branch so that calcium scores 
for the various coronary branches can be calculated 
separately.
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Quantifi cation techniques also vary with respect 
to how they incorporate the CT attenuation of a cal-
cifi ed plaque. There are three main techniques, the 
Agatston score (Agatston et al. 1990), the volume 
score (Callister et al. 1998) and the mass score 
(Ulzheimer et al. 2003). The Agatston score uses a 
simple weighting factor that depends on the maxi-
mum CT number within the plaque, the volume 
score neglects CT numbers altogether (except for 
the threshold), and the mass score uses a continu-
ous weighting factor and a calibration that allows 
for estimating the mass of calcium hydroxyapatite 
within a plaque.

19.3.2 

Agatston Score

The Agatston score was the fi rst technique for quan-
tifi cation of coronary calcium. The Agatston score is 
calculated by multiplying the plaque volume with a 

weighting factor that depends on the maximum CT 
number of this plaque. The weighting factor is 1 for 
a maximum CT number between 130 and 199 HU, 2 
for numbers between 200 and 299 HU, 3 for numbers 
between 300 and 399 HU and 4 for maximum CT 
numbers above 400 HU. The scores of all individual 
plaques are summed to obtain the total Agatston 
score.

The Agatston score has been used for many clini-
cal trials and is therefore the “classical” and most 
well-know calcium scoring algorithm. Most out-
come data are based on EBCT studies using the Ag-
atston score (Arad et al. 1996; Kondos et al. 2003; 
Secci et al. 1997; Shaw et al. 2003). EBCT scanning 
of the heart to determine the Agatston score was 
widely implemented for screening symptomatic 
and asymptomatic populations for the presence of 
coronary calcifi cations and for determination of the 
associated cardiovascular risk. It also allows for a 
simple categorization of results (Table 19.3) that fa-
cilitates clinical interpretation.

Because the weighting factors depend on maxi-
mum CT numbers within the plaques, however, the 
Agatston score is semi-quantitative and will vary 
abruptly if this maximum CT number changes due 
to a different choice of scanning or reconstruction 
parameters. For this reason, other scores have been 
developed that are supposed to suffer less from such 
effects and improve reproducibility.

19.3.3 

Volume Score

Callister et al. (1998) described the calcium 
volume score to provide a continuous score and 
improve reproducibility. The same threshold of 
130 HU is used. The volume of each calcifi ed plaque 
is determined by isotropic interpolation. Usu-
ally Agatston and volume scores are in the same 
range. 

The volume score has been around since the era 
of EBCT, but has not been too successful in substi-
tuting for the Agatston score. While it is slightly 
more reproducible, the improvement in reproduc-
ibility is not major, which is probably why it is still 
not widely used. Like the Agatston score the volume 
score is infl uenced by partial volume effects: as soon 
as the CT number of a portion of a plaque is reduced 
below the threshold level, it will not be counted. If 
the CT number is above the threshold, the voxel will 
be fully counted. 

Fig. 19.2. Semi-automatic coronary calcium scoring soft-
ware: an observer marks calcifi cations and assigns them 
to the main coronary arteries. The software automatically 
calculates the calcium score (here: Agatston score) per ves-
sel and in total. Note that calcifi cations at the origin of the 
left main coronary artery (arrow) may cause inter-observer 
variability because they could be assigned to either the aorta 
or the coronaries
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19.3.4 

Mass Score

To compensate for partial volume effects, the mass 
score was developed (Ulzheimer et al. 2003). It uses 
a weighting factor that is proportional to the CT 
number and makes sure that voxels that are just 
above the threshold are counted less than voxels that 
are much denser. However, in order to qualify as a 
calcifi cation, each voxel within a plaque still needs 
to have a CT number above a certain threshold, usu-
ally again 130 HU.

The calcium mass score is calibrated in milligram 
calcium hydroxyapatite. In order to do so, either a 
calibration phantom needs to be scanned together 
with the patient or a global calibration function 
needs to be provided by the scanner manufacturer 
that takes into account differences in patient size 
and resulting beam-hardening effects. Both tech-
niques are not perfect: the calibration phantom is 
usually placed under the patient and thus does not 
fully represent the conditions within the heart of the 
patient, while a global calibration factor has to use 
calculations and no actual measurements to com-
pensate for beam-hardening and other disturbing 
effects. The use of a threshold for identifi cation of 
calcifi ed plaques in addition hampers the full com-
pensation of partial volume effects.

An international consensus group has chosen the 
coronary calcium mass as the standard measure for 
the quantifi cation of coronary calcium because this 
measure is least infl uenced by technical factors and 
therefore has the best reproducibility (McCollough 
et al. 2003). The mass score is always substantially 

lower than the Agatston and volume score (Hong et 
al. 2004). With the increasing use of multidetector 
CT, the mass and volume scores are more frequently 
used, and outcome data are becoming available for 
these scores also.

19.3.5 

Accuracy and Reproducibility of 

Calcium Scoring

Studies performed on coronary calcium phantoms 
could demonstrate that the mass score is less vulner-
able to changes of scanning parameters than volume 
or Agatston score (Hong et al. 2003a). The main 
factors infl uencing accuracy and reproducibility are 
the partial volume effect, motion artifacts and im-
age noise.

The infl uence of the partial volume effect is re-
duced by using thinner sections, overlapping im-
ages and a lower threshold. The use of a threshold 
for identifi cation of calcifi ed plaques makes full 
compensation of partial volume effects impossible, 
which is why also the mass score is not perfect. In 
theory, the mass score should be independent of 
slice thickness because thicker sections will lead to 
more partial volume effects that will cause a seem-
ingly larger plaque volume, but also proportionally 
lower CT numbers. In practice, this effect is coun-
teracted by the fact that all voxels with CT numbers 
below the threshold are neglected. This will always 
lead to a systematic increase in scores (mass as well 
as volume and Agatston scores) with thinner sec-
tions (Horiguchi et al. 2007).

Table 19.3. Guidelines for interpretation of the Agatston score in asymptomatic patients (Rumberger et al. 1999). Adaped 
with permission from Mayo Clin Proc (1999) 74:243–252 Dowden Health Media

Agatston score Plaque burden Probability coronary artery 
disease

Cardiovascular risk Treatment recommendation

0 None Very low Very low Reassure

1–10 Minimal Very unlikely Low Discuss primary prevention

11–100 Mild Mild or minimal likely Moderate Counsel risk factor modifi ca-
tion

101–400 Moderate Highly likely Moderately high Institute risk factor modifi ca-
tion; exercise testing

> 400 Severe Signifi cant stenosis highly 
likely

High Aggressive risk factor modifi -
cation; exercise test or phar-
macological stress test

Calcium mass score � Agatston score × 0.83; volume score � Agatston score
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Thinner sections and a lower threshold reduce 
partial volume effects, but negatively infl uence the 
effect of image noise: more noise will make it dif-
fi cult to distinguish between true calcifi cations 
and pixels with a high CT number caused by noise 
(Fig. 19.3). Noise can be reduced by higher dose, but 
radiation dose is a limiting factor if calcium scoring 
is performed in asymptomatic individuals.

Motion leads to “smearing” of plaques. The con-
sequences are reduced CT numbers and apparently 
lower calcium content. However, the opposite may 
also happen: increased density areas may cause er-
roneously high calcium content. Good motion sup-

pression is therefore mandatory. The best phases 
are centered on the mid diastole (70–80% of the 
RR interval) for low heart rates (< 60 bpm) and on 
the end systole (around 40% of the RR interval) for 
high heart rates (> 80 bpm) (Rutten et al. 2008a) 
(Fig. 19.4). In the range between 60 and 80 bpm. ei-
ther phase can yield the least artifacts.

Agatston scores obtained with EBCT suffered 
from an inter-scan variability between 15% and 49% 
(Devries et al. 1995; Wang et al. 1996, Yoon et al. 
2000). Mean inter-scan variability for Agatston, vol-
ume and mass scores with prospectively ECG-trig-
gered MDCT was 20%, 14% and 9%, respectively, in 

Fig. 19.3. Calcium scoring is usually performed on 3-mm slices at a 130 HU threshold (upper left). Decreasing slice thickness 
and/or threshold increases plaque size and noise unless radiation dose is increased

3.0 mm

1.5 mm

130 HU 90 HU
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a study by Hong et al. (2003a). Multiple causes of in-
ter-scan variability have been suggested, including 
cardiac motion artifacts, section thickness, scoring 
algorithm, choice of threshold, ECG-trigger timing 
and variation in starting position (Callister et al. 
1998; Devries et al. 1995; Mao et al. 2001b, 2001a; 
Rutten et al. 2008a,b; Wang et al. 1996). At high 
heart rates (> 70 bpm) calcium scoring inter-scan 
variability increases since more cardiac motion arti-
facts are present in the images (Hong et al. 2003b).

Reproducibility is improved by scanning at a low 
heart rate (< 65 bpm), which requires beta-blockers 
if necessary. For prospective triggering, the choice 
of a rate-adapted ECG-trigger time point has been 
shown to improve inter-scan variability (Lu et al. 
2002, Mao et al. 2001b). For this technique, the ECG-
trigger time point is determined based on the pa-
tient heart rate before the start of the scan.

Small variations in scan starting position may ex-
plain a considerable amount of the inter-scan vari-
ability of the calcium score obtained from datasets 

with non-overlapping 3-mm-thick sections (Rutten 
et al. 2008b) because the starting position will affect 
partial volume effects for calcifi ed plaques. For this 
reason, the best option to reduce inter-scan vari-
ability caused by partial volume effects is the use of 
overlapping reconstructions. However, on most cur-
rent scanners this is only feasible if a retrospectively 
ECG-gated acquisition is performed.

19.3.6 

Calcium Score and Cardiovascular Risk

The amount of coronary calcifi cation is a measure 
of the extent of atherosclerotic disease (Rumberger 
et al. 1995). Multiple studies indicate that the cal-
cium score can be used as a risk indicator for future 
cardiac morbidity and mortality in asymptomatic 
patient groups (Pletcher et al. 2004; Shaw et al. 
2003, 2006; Taylor et al. 2005; Vliegenthart et al. 
2004). This ability applies to both sexes ( LaMonte 

Fig. 19.4. Cardiac motion causes variation in calcium scores between phases of the RR interval. The relative difference 
in calcium score compared to the most motionless score per phase of the RR interval is least in mid-diastole (70% phase) 
(Rutten et al. 2008a). Cardiac motion generally causes a decrease in score (negative relative difference) because of blur-
ring (lower right image) and thereby a decrease in density. Adaped with permission from Mayo Clin Proc (1999) 74:243–252 
Dowden Health Media
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et al. 2005) and different races (Detrano et al. 
2008) and remains at high ages (Vliegenthart et 
al. 2002). Higher calcium scores are associated with 
a higher 10-year morbidity and mortality.

Studies have shown that calcium scores can ei-
ther be used as an independent measure for risk 
stratifi cation or on top of other measures such as 
the Framingham risk score (Budoff et al. 2007; 
 Greenland et al. 2004). High calcium scores not 
only indicate a higher risk of future morbidity and 
mortality, but can also help in identifying silent myo-
cardial ischemia in an asymptomatic patient group 
(He et al. 2000). Furthermore, event-free survival af-
ter invasive coronary angiography for the evaluation 
of chest pain was signifi cantly lower with Agatston 
scores > 100 (Keelan et al. 2001).

Patients with diabetes mellitus tend to have 
higher calcium scores. In this patient group, it is the 
absence of calcifi cations that has predictive value 
since subjects without coronary calcifi cations have 
a low short-term risk of death even in the presence 
of diabetes mellitus (Raggi et al. 2004b).

In patients with atypical chest pain calcium scor-
ing shows a high sensitivity (around 95%) for de-
tecting coronary atherosclerosis at a low specifi c-
ity (20%). Sensitivity drops to around 67% for the 
detection of hemodynamically signifi cant coronary 
artery stenoses at an increased specifi city of 80% 
(Herzog et al. 2004).

19.3.7 

Guidelines for Interpretation and Use

Interpretation of coronary calcium scores is based 
on the presence of calcium, the absolute score and 
the score relative to an age- and sex-matched con-
trol. Presence of coronary calcifi cation always indi-
cates coronary arteriosclerosis. The more coronary 
calcifi cations are present, the higher the chance of 
a signifi cant coronary artery stenosis. However, the 
location of calcifi cations and coronary stenoses are 
only loosely correlated (Kajinami et al. 1997). While 
massive calcifi cations may cause stenoses, not all 
stenoses occur in the regions of calcifi cations, but 
rather are caused by non-calcifi ed plaques.

To simplify risk stratifi cation, Rumberger de-
fi ned fi ve risk groups based on the absolute Agatston 
calcium score (Table 19.3) (Rumberger et al. 1999). 
Similar risk groups have not been determined for the 
volume and mass score, but Table 19.3 gives a rough 
guideline for transforming Agatston scores into vol-

ume and mass scores. Subjects with an Agaston score 
above 300 have been shown to have a hazard ratio of 
6.84 (95% CI 2.93–15.99) for a major coronary event 
(myocardial infarction or death) and even 9.67 (95% 
CI 5.20–17.98) for any coronary event compared to 
subjects with a calcium score of 0 after adjustment 
for standard risk factors (Detrano et al. 2008).

Age- and sex-specifi c percentile scores are in-
creasingly available from independent large popu-
lation studies such as the MESA (Multi-Ethnic Study 
of Atherosclerosis) and the Heinz Nixdorf Recall 
Study (Bild et al. 2002; Schmermund et al. 2006b). 
The public websites of these studies provide online 
calculators to determine the age- and sex-specifi c 
percentile for an observed Agatston score (www.
mesa-nhlbi.org and www.recall-studie.uni-essen.
de). Such scores allow for assessing the risk of an in-
dividual relative to his or her peers and may provide 
an indicator for more aggressive risk management, 
medication or further testing. Using non-popula-
tion based data (e.g., from self-referred patients) for 
determining percentile ranks results in an underes-
timation in the individual risk compared to using 
population-based data (Schmermund et al. 2006b).

While guidelines initially recommended against 
the use of the calcium score in risk prediction, more 
recent versions of several guidelines are no longer 
against its use. The Third National Cholesterol Edu-
cation Program Adult Treatment Program (NCEP 
ATP III) as well as the Third Joint Task Force of Euro-
pean and other Societies of Cardiovascular Disease 
Prevention in Clinical Practice (European Society of 
Cardiology guidelines) and the American College of 
Cardiology Foundation Clinical Expert Consensus 
Task Force (ACCF/AHA guidelines) have suggested 
the use of coronary calcium scoring for further risk 
stratifi cation (Greenland et al. 2007; National 
Cholesterol Education Program 2001). Such 
risk stratifi cation should be performed on top of 
existing conventional risk scores [e.g. Framing-
ham (USA), HeartScore (Europe)] ( Graham 2006; 
 National Cholesterol Education Program 
2001).

Coronary calcium scoring is not recommended in 
asymptomatic subjects with a 10-year event risk of 
less than 10% or more than 20% because of the lim-
ited additional value of the results for determining 
optimal treatment. Subjects with two or more major 
risk factors and a 10–20% 10-year risk for hard car-
diac events are considered at moderately high risk 
(previously intermediate risk). Coronary calcium 
scoring can be used in these subjects for confi rma-
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tion or reclassifi cation of the individual risk as de-
rived from initial risk assessment.

A calcium score of zero confi rms a low risk. 
Healthy lifestyle habits can be recommended. Reas-
sessment in 5 years can be considered because the 
absence of coronary calcifi cation does not entirely 
exclude the presence of coronary artery disease 
( Budoff et al. 2007).

Patients reclassifi ed to a high-risk group based 
in the calcium score (��75th percentile) are strongly 
advised to change their lifestyle. Drug treatment ac-
cording to standard guidelines for primary preven-
tion is advised.

Repeated calcium-scoring scans for monitoring 
treatment of coronary atherosclerosis is disputed be-
cause treatment with statins alone has not been able 
to attenuate coronary calcifi cation progression in 
randomized studies (Redberg 2006;  Schmermund 
et al. 2006a). However, progression of coronary cal-
cifi cations may be a prognostic marker for the oc-
currence of a cardiovascular event: subjects with the 
greatest progression of coronary calcifi cations have 
the greatest risk for the occurrence of a cardiovascu-
lar event (Raggi et al. 2004a).

In patients presenting with nonspecifi c chest pain 
in the emergency department, the calcium score 
might be of use in selecting those eligible for fur-
ther examinations (Greenland et al. 2007). Pa-
tients without any coronary calcifi cations are not 
recommended to undergo further cardiac workup. 
Their chance of a cardiac cause of their chest pain is 
exceedingly low. However, one has to keep in mind 
that a zero calcium score does not entirely exclude 
the presence of (stenotic) non-calcifi ed plaques 
( Rubinshtein et al. 2007). 

 19.4 
Aortic Valve Calcifi cations

Calcifi cations of the aortic valve are a common inci-
dental fi nding on chest CT or calcium scoring scans 
in an elderly population. Aortic valve calcifi cations 
in a younger individual should raise the suspicion 
of a bicuspid aortic valve (Fig. 19.5). Aortic valve 
calcifi cation can be found as an incidental fi nding 
in around 13–18% of multi-detector row CT scans; 
in around 5% of cases calcifi cation is moderate or 
severe (Fig. 19.6) (Koos et al. 2006).

Identifi cation of aortic valve calcifi cations is im-
portant because such calcifi cations are associated 
with aortic stenosis (Koos et al. 2004). Aortic valve 
calcifi cations are usually distributed along the 
commissural edges of the leafl ets and occur most 
commonly on the aortic side of the aortic valve leaf-
lets where fl ow is most turbulent. There is a good 
correlation between the extent of aortic valve leafl et 
calcifi cation demonstrated by CT and the severity 
of aortic valve stenosis (Koos et al. 2006; Morgan-
Hughes et al. 2003). Higher aortic valve calcium 
scores are associated with increased mean gra-
dients across the aortic valve. Moderate or severe 
aortic valve calcifi cation is a strong predictor for 
adverse clinical outcomes, such as aortic valve sur-
gery or increased mortality (Rosenhek et al. 2000). 
Minor aortic valve calcifi cation, on the other hand, 
is a common fi nding on CT and is generally of no 
signifi cance.

The presence of cardiovascular risk factors or 
renal insuffi ciency is associated with a faster pro-
gression of aortic valve calcifi cations (Goldbarg et 
al. 2007). Despite multiple common risk factors for 
coronary artery disease and calcifi c aortic stenosis, 
however, only one-half of patients with severe cal-
cifi c aortic stenosis have signifi cant coronary artery 
disease, and most patients with coronary artery dis-
ease do not have aortic stenosis (Goldbarg et al. 
2007).

Defi nite diagnosis of aortic valve stenosis, how-
ever, requires contrast-enhanced scans, preferably 
with ECG gating and systolic reconstructions. The 
CT diagnosis of aortic stenosis may be made if cal-
cifi cation of the aortic valve is combined with left 
ventricular hypertrophy and mild to moderate 
(post-stenotic) dilatation of the ascending aorta. 
Limited motion and reduced systolic aortic valve 
area directly prove aortic stenosis. The opening area 
of the valve can be used as a direct measure of the 
amount of stenosis.

 19.5 
Mitral Valve Calcifi cations

Mitral valve calcifi cation can occur with rheumatic 
mitral valve stenosis or as a result of degeneration in 
elderly patients. Degenerative mitral valve calcifi ca-
tion often involves the annulus and occasionally the 
leafl ets (Fig. 19.7). 
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Fig. 19.5 a–c. Bicuspid aortic valve with early degenerative calcifi cation that limits valve opening in a 44-year-old patient. 
Non-contrast-enhanced image (a) and contrast-enhanced images in diastole (b) and systole (c)

a cb

Fig. 19.6 a–c. Three degrees of 
calcifi cation of the aortic valve 
in closed (left) and open condi-
tion (right): minor (a), moder-
ate (b) and severe (c) (three dif-
ferent patients). Opening of the 
valve is severely limited with 
severe calcifi cation compared 
to with minor calcifi cation

a

c

b
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Fig. 19.7 a–c. Small calcifi cation on mitral leafl et 
 (arrow) does not limit motion of the leafl et [unen-
hanced axial image (a) and contrast-enhanced axial 
images of opened (b) and closed mitral valve (c)]

a

c

b

Extensive degenerative calcifi cation of the mitral 
valve annulus can extend to the leafl ets and limit 
their motility (Fig. 19.8). Mitral regurgitation can be 
the result. The association between mitral annulus 
calcifi cation and mitral sclerosis and stenosis is less 
certain. There is an association between mitral an-
nulus calcifi cation and hypertrophic cardiomyopa-
thy, atrial fi brillation, stroke, and coronary artery 
calcifi cations (Benjamin et al. 1992; Boon et al. 
1997; Nair et al. 1983).

Leafl et calcifi cation may cause fusion of the 
leafl ets and, as a consequence, may lead to mitral 
stenosis. Mitral valve stenosis induces enlargement 
of the left atrium and increases the risk of atrial 
 fi brillation and atrial thrombus formation. Calcifi -
cations of the left atrial wall are a rare consequence 
(Fig. 19.9).

 19.6 
Myocardial Calcifi cations

Calcifi cations in the myocardium are usually inci-
dental fi ndings on CT of the chest or cardiac CT. 
Locating a calcifi cation in the ventricular wall or 
papillary muscles on a non contrast-enhanced scans 
is feasible, but localization is easier on contrast-en-
hanced scans.

19.6.1 

Ventricular Wall Calcifi cations

Ventricular wall calcifi cations are rare and occur in 
a number of diseases, such as hyperparathyroidism, 
myocardial infarction and chronic Chagas’ disease, 
a tropical parasitic disease. Myocardial infarction is 
by far the most common cause.

Calcifi cations in the presence of a left ventricular 
aneurysm may be the result of transmural myocar-
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dial infarction (Fig. 19.10) or chronic Chagas’ disease. 
A ventricular aneurysm presents as a bulge in heart 
contour with marked localized thinning of the myo-
cardium compared with adjacent areas. On gated con-
trast-enhanced scans, the aneurysmatic wall shows a 
paradoxical systolic expansion instead of contraction.

Patients with hyperparathyroidism have a high 
incidence of myocardial calcifi cations, mainly in 
the interventricular septum, along with valvular 
calcifi cations and an increased incidence of left 
ventricular hypertrophy. After parathyroidectomy 
the hypertrophy regresses, but calcifi cations persist 
(Stefenelli et al. 1993).

Calcifi cations along the inner border of the 
myocardium suggest endomyocardial fi brosis 
( Mousseaux et al. 1996). Endomyocardial fi brosis 
is a rare, severe and progressively restrictive form 

Fig. 19.8. Severe calcifi cation of the mitral annulus (white arrow) limits movement of the mitral annulus dur-
ing closure of the mitral valve (upper right), which induces mitral insuffi ciency. If calcifi cation extends to the 
mitral leafl et (black arrow), limited motion of the leafl et can cause stenosis

Fig. 19.9. Calcifi cations of left atrial wall (white arrows) 
in patient with artifi cial mitral (black arrow) and aortic 
valve (white arrowhead)
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of cardiomyopathy of unknown etiology. Marked 
fi brous endocardial thickening occurs of the infl ow 
tract in one or both ventricles. It restricts ventricu-
lar fi lling and causes valvular incompetence due to 
fi brosis of chordae tendinae, papillary muscles and 
posterior atrioventricular valve cusps.

19.6.2 

Papillary Muscle Calcifi cations

Small calcifi cations in the papillary muscles near the 
apex are common in elderly patients (Roberts 1986). 
Extensive calcifi cations of the papillary muscles are 
a rare fi nding, but can lead to malfunctioning of the 
mitral valve (Fig. 19.10) (Madu et al. 1997). Associa-
tion has been found between papillary muscle cal-

cifi cation, mitral regurgitation and congestive heart 
failure (Come et al. 1982). Ischemia is a likely cause 
of papillary muscle calcifi cation since an associa-
tion between coronary artery disease and papillary 
muscle calcifi cation has been described.

 19.7 
Pericardial Calcifi cations

Pericardial calcifi cations can be caused by injury 
(i.e., infarction, surgery, radiotherapy), infection, 
connective-tissue disease, uremia or occur idio-
pathically (Wang et al. 2003). Pericardial calcifi ca-
tions are associated with constrictive pericarditis, 

Fig. 19.10 a–d. Calcifi cations in a thin (c) or even aneurysmatic (b) ventricular wall after myocardial ischemia 
can be small (large black arrow) and more easily detected on unenhanced images (a), or completely line the 
scarred myocardium (black arrowheads). Papillary muscle calcifi cation (short arrow) (c,d) is associated with 
myocardial ischemia. White arrowheads point at calcifi cation in right coronary artery

a

c

b

d
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but diagnosis of constrictive pericarditis requires 
additional signs of cardiac constriction.

Constrictive pericarditis is characterized by fi -
brous thickening of the pericardium, which leads 
to restriction of heart motion and decreased fi lling 
of the ventricular chambers. Abnormal thickening 
is indicated by a pericardial thickness of 4 mm or 
more. Extensive linear or plaque-like calcifi cations 
of the pericardium are common in constrictive peri-
carditis (Fig. 19.11). Calcifi cations occur especially 
over the right ventricle, the posterior surface of the 
left ventricle and in the atrioventricular groove.

CT signs of cardiac constriction include dilation 
of the SVC and IVC, refl ux of contrast into the liver 
veins and coronary sinus, fl attening right ventricle 
and bulging of intraventricular septum to the left. 
Associated ascites and pleural effusion are an in-
dication of decompensated right heart failure. If 
no symptoms of cardiac constriction are present, 
pericardial thickening and calcifi cation are not di-
agnostic of constrictive pericarditis, but indicate an 
increased risk of developing constrictive pericardi-
tis in the future.

 19.8 
Calcifi ed Masses

Calcifi cations due to cardiac masses are a rare. Car-
diac masses that occasionally contain calcifi cations 

are either neoplasms or thrombi. Because calcifi -
cations are an important feature for the differen-
tial diagnosis of cardiac neoplasms, pre-contrast 
CT can offer additional information over echocar-
diography or MRI. Pre-contrast CT is followed by 
ECG-synchronized contrast-enhanced acquisitions 
to better determine extent and morphology of the 
mass. Echocardiography, however, remains the pri-
mary imaging modality, while MRI offers excellent 
soft-tissue contrast and delineation of the intra- and 
extracardiac extent of the lesion.

19.8.1 

Cardiac Thrombus

Thrombi are the most common intracardiac masses 
and may occasionally contain calcifi cations (Tatli et 
al. 2005). Common locations for intracardiac thrombi 
are the left atrial appendage and the left ventricular 
apex. The latter commonly occurs in the presence of 
an akinetic, aneurysmatic left ventricular apex after 
myocardial infarction. Regions of turbulent blood 
fl ow, for example in valvular disease, are also com-
mon sites. While most thrombi are not mobile, the 
presence of thrombus, primarily in the left atrial ap-
pendage, puts patients at high risk for stroke and 
embolism at cardioversion of atrial fi brillation.

Calcifi cations are a sign of older, organizing 
thrombi. They most frequently occur in the region 
of the ventricular apex (Fig. 19.12). On pre-contrast 
CT, calcifi cations at a short distance from the left 

Fig. 19.11 a, b. Extensive linear pericardial calcifi cation (arrow) in constrictive pericarditis that limits ventricu-
lar motion [axial contrast-enhanced image (a) and volume rendering of the heart (b)]

a b
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ventricular apex may be the fi rst sign of such a 
thrombus. They are rare incidental fi ndings on cal-
cium scoring scans or HRCT of the chest.

19.8.2 

Cardiac Neoplasms–Overview

Primary cardiac neoplasms are rare (0.001–0.03% 
of patients in autopsy series) and more commonly 
benign than malign (Araoz et al. 2000). Metastases 
to the heart occur 20–40 times more often (Araoz et 
al. 1999). Although benign cardiac neoplasms do not 
metastasize, they do lead to morbidity and mortality 
by affecting blood fl ow and by inducing arrhythmias 

and emboli. Usually these benign neoplasms can be 
treated successfully.

Benign cardiac neoplasms that commonly con-
tain calcifi cations are myxomas and fi bromas. Cal-
cifi cations are rare in papillary fi broelastomas and 
paragangliomas and do not occur in lipomas and 
lymphangiomas. Most malignant cardiac neoplasms 
do not contain calcifi cations. Calcifi cation is typical 
in osteosarcomas and very rare in leiomyosarcomas. 
Calcifi cation of a pericardial mass may suggest tera-
toma or old hematoma (Wang et al. 2003).

19.8.3 

Cardiac Myxoma

Cardiac myxoma is the most common primary car-
diac tumor. It is a benign neoplasm of unknown 
etiology that accounts for about 50% of the pri-
mary cardiac neoplasms. Myxomas typically occur 
in adulthood, with 90% of patients being between 
30 and 60 years old. It is slightly more frequent in 
women than in men. In younger patients cardiac 
myxoma can be present as part of the autosomal 
dominant Carney complex (myxomas, hyperpig-
mented skin lesions and extracardiac neoplasms).

The tumor most frequently arises from a narrow 
stalk with a predilection for the interatrial septum 
(i.e., fossa ovalis) (Fig. 19.13). In 75–80% of cases it 
occurs in the left atrium. Occasionally the tumor 
prolapses through the cardiac valves. Myxoma has 
a heterogeneous low attenuation at CT that can con-
tain cysts, necrosis and hemorrhage. Calcifi cation is 
present in around 16% of myxomas.

Fig. 19.12. Large thrombus with calcifi cations at left ven-
tricular apex

Fig. 19.13 a–c. Left atrial myxoma not visible on unenhanced image (a) except for small calcifi cations (white arrow) at the 
location of the mass in contrast-enhanced image (b). The myxoma typically arises from the atrial septum and in this case 
obstructs the orifi ce of a pulmonary vein (c)

a cb
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19.8.4 

Cardiac Fibroma

Cardiac fi broma (or fi bromatosis, fi brous hamar-
toma, fi broelastic hamartoma) is a collection of fi bro-
blasts interspersed among large amounts of collagen. 
It primarily occurs in infants and in utero and is ex-
tremely rare (100 cases since 1976). Fibromas appear 
as homogeneous masses with soft-tissue attenuation 
at CT. Often dystrophic calcifi cations are present. 
Mean diameter is about 5 cm, and the mass may 
either be sharply defi ned or infi ltrative. The primary 
location is the ventricles, most commonly in the ven-
tricular septum and left ventricular free wall. The 
ventricular cavity may be completely obliterated.

19.8.5 

Cardiac Osteosarcoma

Osteosarcomas are a heterogeneous group of un-
common tumors that contain malignant, bone pro-
ducing cells. Primary cardiac osteosarcomas most 
often occur in the left atrium, while metastatic os-
teosarcomas tend to occur in the right atrium. CT 
shows a low-attenuation mass with calcifi cations. 
Calcifi cations range from minimal speckles to dense 
deposits. In absence of dense calcifi cations, osteo-
sarcomas may be mistaken for myxomas. The tumor 
has a broad base of attachment with an aggressive 
growth pattern such as invasion into the atrial sep-
tum or infi ltrative growth along the epicardium. 
Primary cardiac osteosarcomas are often aggressive 
with poor prognosis.
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Summary

The left-sided superior vena cava (LSVC) is the most 
frequent abnormality of the systemic venous return, 
with prevalence of 0.1-0.5% in the general popula-
tion and up to 12.9% in patients with congenital 
heart disease. The persistence of a LSVC results from 
failure of involution of the left anterior cardinal 
vein. Right-sided SVC and LSVC co-exist together 
in 80%–90% of cases. LSVC usually drains into a 
dilated coronary sinus, but it can also drain less 
frequently into the left atrium, and thus be respon-
sible for a right-to-left shunt or even a left-to-right 
shunt with important clinical implications. MDCT 
is the method of choice to differentiate LSVC from 
other veins that may present with a vertical course 
through the left side of the mediastinum. 

 20.1 
Introduction

The fi rst description of a left-sided superior vena 
cava (LSVC) was reported by Le Cat in 1738 (cited in 
 Harris 1960). LSVC is a not rare congenital abnor-
mality of the systemic venous return that can have 
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various presentations and can be isolated or associ-
ated with congenital heart disease. The persistence 
of a LSVC results from failure of involution of the left 
anterior cardinal vein (CV) (Cha and Khoury 1972). 
In the past, this anomaly was usually detected inci-
dentally during cardiac surgery or autopsy (Winter 
1954). In most cases, LSVC has no consequence, but 
this variant is important to know in case of central 
venous catheter positioning, pacemaker insertion 
or cardiac surgery. LSVC is usually draining into a 
dilated coronary sinus (CS), but it can also drain less 
frequently into the left atrium, and thus be respon-
sible for a right-to-left shunt or even a left-to-right 
shunt with important clinical implications. 

 20.2 
Anatomy of Right Superior Vena Cava

The superior vena cava (SVC) drains the venous 
blood fl ow of the upper half of the body. The SVC 
is usually right-sided (RSVC) and receives its tribu-
taries, namely the innominate veins, also called the 
brachiocephalic veins, behind the fi rst right costal 
cartilage. Then it descends vertically along the right 
side of the mediastinum and terminates its course in 
the roof of the right atrium. The RSVC also drains 
the azygos arch in its medio-dorsal part, which con-
tributes to draining the posterior part of the body 
(Godwin and Chen 1986; Jaafar et al. 1999).

RSVC measures approximately 7 cm in length and 
1.5 cm in diameter, and is devoid of venous valves 
(Cormier et al. 1989). The intra-pericardial portion 
is about one-third of the vein course and measures 
around 2–3 cm (Herold et al. 2001). The ventral 
and lateral relations of the RSVC are to the pleura, 
thymus, right phrenic nerve and adjacent right lung. 
Posteriorly, it is related to the right brachio-cephalic 
artery, trachea, right main bronchus, right pulmo-
nary artery and right superior pulmonary vein. 
Medially, the SVC is in contact with the ascending 
aorta. It is also bordered by lymph nodes (Cormier 
et al. 1989).

 20.3 
Embryology

20.3.1 

Normal Development of RSVC

During the 4th week of embryological development, 
the venous system is formed by three pairs of veins 
draining into the sinus venosus (Fig. 20.1). They con-
sist of the umbilical veins collecting the blood of 
the chorion, the vitelline veins collecting the blood 
of the yolk sac and primitive gut, and the common 
CVs collecting the blood of the embryo (Gensini 
et al. 1959; Kellman et al. 1988). At this time, the 
sinus venosus is connected to the primitive atrium 
via a central hole and is composed of a transversal 
part and two lateral horns (Lagrange et al. 2003). 
The latter forms the future systemic venous return 
through two common CVs, also called the ducts of 
Cuvier, which are formed by the junction of an an-
terior and a posterior CVs on each side (Gensini 
et al. 1959). Anterior CVs drain the venous blood 
fl ow from the cephalic region, whereas posterior CVs 
drain the caudal region of the embryo (Kellman 
et al. 1988). The sinus venosus will gradually merge 

Fig. 20.1. Embryology during the 4th week. ACV anterior 
cardinal vein; PCV posterior cardinal vein; DC duct of Cu-
vier; PH primitive heart; SV sinus venosus; UV umbilical 
vein; VV viteline vein
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with the right atrium, and the right horn widens. 
Then a caudal traction of the heart straightens the 
common CVs, with the consequence that the com-
mon CVs present as an extension of the anterior CVs 
(Lagrange et al. 2003). 

During the 7th week of gestation, a transverse 
anastomosis between the right and the left anterior 
CVs develops and becomes the future left innomi-
nate vein (LIV) (Fig. 20.2) (Kellman et al. 1988; 
Cormier et al. 1989; Lagrange et al. 2003). As 
the LIV develops, the blood fl ow from the left side 
into the right duct of Cuvier progressively increases 
(Steinberg et al. 1953). This results in an increase in 
diameter of the right anterior CV, as the left anterior 
CV collapses caudally to LIV and eventually obliter-
ates (Fig. 20.3) (Tak et al. 2002). According to Nsah 
et al. (1991), the mechanism of the obliteration could 
be initiated by an extrinsic compression of LSVC be-
tween the left atrium and the left hilum, whereas the 
RSVC is not subject to such a pressure.

The right duct of Cuvier and lower part of the 
right anterior CV will form the SVC, whereas the 
upper portion of the right anterior CV gives rise 
to the right innominate vein (Gensini et al. 1959; 
 Kellman et al. 1988). On the left side, a small cra-
nial portion of the left anterior CV persists and be-

comes the left superior intercostal vein, and a caudal 
remnant of the left duct of Cuvier forms the CS and 
the oblique vein of the left atrium or vein of Mar-
shall (Cha and Khoury 1972; Page et al. 1990). The 
latter vein can involute and then forms the oblique 
 ligament of Marshall (Cormier et al. 1989).

20.3.2 

Persistence of LSVC

Persistence of LSVC results from the failure of in-
volution of the left anterior CV, and usually drains 
into the right atrium via a dilated CS (Fig. 20.4) (Cha 
and Khoury 1972; Webb et al. 1982; Kellman et al. 
1988; Tak et al. 2002). The lack of development of 
the LIV with the persistence of the LSVC as a con-
sequence has been hypothesized (Steinberg et al. 
1953). Nevertheless, the absence of the LIV cannot 

Fig. 20.3. Embryology at term. SVC superior vena cava; RA 
right atrium; LIV left innominate vein; CS coronary sinus; 
LSIV left superior intercostal vein; AV azygos vein

Fig. 20.2. Embryology during the 7th week: Straightening of 
ducts of Cuvier and development of transverse anastomosis. 
ACV anterior cardinal vein; PCV posterior cardinal vein; DC 
duct of Cuvier; HV hepatic vein; LIV left innominate vein; 
PH primitive heart; SV sinus venosus; UV umbilical vein; 
VV viteline vein
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Fig. 20.4a–f. Normal course of LSVC in a patient with double SVC and without left innominate vein. LSVC (arrows) passes 
laterally to the aortic arch (b), in front of left pulmonary artery (c) and left superior pulmonary vein (*) (d), in the left atrio-
ventricular groove (e), and fi nally drained into a dilated coronary sinus (f)

a

b

c

d

e f
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be considered as an explanation in all cases of LSVC. 
Ancel and Villemin (1908) have suggested com-
plementary explanations that can be found in the 
transversal orientation of the LIV; i.e., when oblique 
downwards to the left, the LIV conducts the blood 
fl ow from the right to the left, thereby maintain-
ing the function of the LSVC (Winter 1954). Other 
theories have been proposed, but none can reason-
ably explain all cases of LSVC (Winter 1954).

 20.4 
Presentation of LSVC

20.4.1 

Prevalence

The LSVC is the most frequent abnormality of the 
systemic venous return, with prevalence in the gen-
eral population of 0.1–0.5% (Bunger et al. 1981; 
Nsah et al. 1991; Tak et al. 2002). However, the real 
incidence of this anomaly is diffi cult to establish, 
considering the absence of symptom in the major-
ity of cases (Cha and Khoury 1972; Cormier et al. 
1989). The prevalence in patients with congenital 
heart disease is higher and is between 1.3 and 12.9% 
(Buirski et al. 1986; Hansell et al. 2004).

20.4.2 

RSVC and LSVC

RSVC and LSVC coexist together in 80%–90% of 
cases (Figs. 20.4 and 20.5) (Webb et al. 1982;  Jaafar 
et al. 1999). The RSVC drains normally, while LSVC 
enters the CS and drains into the right atrium 
(Cormier et al. 1989; Heye et al. 2007). When a 
LSVC coexists with a RSVC, the diameter of the 
left-sided vein rarely exceeds the right one and is 
frequently equal or sometimes smaller (Winter 
1954). In 10–20%, the LSVC is unique without RSVC 
(single LSVC) with only a 0.1% incidence rate in the 
visceroatrial situs solitus, but up to 40% in abnormal 
situs (Fig. 20.6) (Webb et al. 1982; Jaafar et al. 1999; 
Heye et al. 2007).

20.4.3 

LIV

The frequency of LIV between both SVCs varies from 
35% (Kellman et al. 1988) to 60% (Winter 1954; 
Corbisiero et al. 2003). When present, LIV can be 
oriented downwards to the right, downwards to the 
left or horizontally. The size of both SVCs depends 
on their blood fl ows resulting from the orientation of 
the LIV. Additional cross-communication between 
SVCs can exist (Godwin and Chen 1986; Cormier 
et al. 1989). 

Fig. 20.5a,b. Double SVC. MIP CT projection shows RSVC 
and LSVC (arrow) draining into the right atrium

a

b
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20.4.4 

Drainage

In 80-92% of cases, the RSVC drains into the right 
atrium, while the LSVC drains into the CS with-
out hemodynamic consequences (Schummer et al. 
2003; Ratliff et al. 2006). In 8–20% of cases, the 
LSVC drains into the left atrium and creates a right-
to-left shunt, either through an unroofed CS (see 
below) or in a straight line into the roof of the left 
atrium (Soward et al. 1986; Leibowitz et al. 1992). 
The hemodynamic consequences of this shunt will 
depend on the existence of an associated RSVC and 
communication through the LIV between both SVCs 
(Dupuis et al. 1981) (Table 20.1).

Fig. 20.6a–c. Single LSVC (arrow). Chest X-ray shows ab-
sence of RSVC shadow (arrowheads) in the right superior 
mediastinum. Correlations with frontal MPR CT reformat

a b

c

20.4.5 

Azygos System

In 25% of cases of LSVC, the left hemiazygos vein 
enters into the LSVC posteriorly, at the same level as 
the azygos arch on the right (Winter 1954). In case 
of single LSVC, the azygos system is often reversed, 
i.e., the azygos vein is left sided and the hemiazygos 
veins are on the right side, creating a complete situs 
inversus of the mediastinal venous system (Gris et 
al. 1995; Peltier et al. 2006). Nevertheless, inversion 
of the azygos system can also be found in a double 
SVC (Keyes and Keyes 1925).
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 20.5 
Anatomy of LSVC

The LSVC descends vertically, anteriorly and left 
to the aortic arch and the main pulmonary artery 
(Fig. 20.4). It is just medial to the left phrenic nerve 
and along the left mediastinal pleura. Caudally, the 
LSVC enters the pericardium, runs into the pos-
terior atrio-ventricular groove and drains into the 
CS (Cha and Khoury 1972; Cormier et al. 1989). 
The latter is frequently enlarged, particularly when 
there is no LIV or RSVC, which can be due to either 
the increased blood fl ow into the CS or to regurgi-
tant enlargement during atrial contraction (Winter 
1954; Cormier et al. 1989). 

 20.6 
Other Presentations of LSVC

20.6.1 

Absence of Shunt

Cases of LSVC draining into an obliterated CS have 
been described, in which the blood fl ow is reversed and 
then directed upwards into the right atrium through 
the LIV and the RSVC (Winter 1954;  Harris 1960; 
Sahinoglu et al. 1994; Muster et al. 1998; Bonnet 
2003). Sahinoglu et al. (1994) have reported a case of 
a LSVC emptying into the upper branch of a double 
CS that was intramural, crossed the walls of the left 
and right atria and drained into the right atrium. 
The lower branch seemed to be a more normal CS 
and received all main cardiac veins.

Brickner et al. (1990) have reported a case of a 
left-sided inferior vena cava (IVC), which commu-
nicated with LSVC via a dilated hemiazygos vein. 

This LSVC emptied into a very large CS, while a large 
hepatic vein drained directly into the right atrium. 
Sakamoto et al. (1993) have reported a case of a 
LSVC not draining into the CS and without LIV. The 
LSVC drained into the RSVC through a transverse 
anastomosis between the two azygos systems. Taira 
and Akita (1981) have reported a case of aneurysm 
of the LSVC that was complicated with rupturing af-
ter thrombosis.

20.6.2 

Right-to-Left Shunt

The drainage of a LSVC into the left atrium through 
an unroofed CS, which is an imperfect partition-
ing of the CS from the left atrium, is responsible 
for right-to-left shunt (Fig. 20.7) (Mazzucco et al. 

Table 20.1. Classifi cation of LSVC according to hemodynamic consequences

Left superior vena cava

No hemodynamic anomaly Hemodynamic anomalies

LSVC without associated
anomalies or shunt

Associated  congenital 
 anomalies

Anomalous  drainage 
of LSVC into the left 

atrium
Double SVC Single LSCV

Anastomosis 
through LIV

No anastomosis

Fig. 20.7. Unroofed coronary sinus. Posterior-view volume-
rendering CT reformat shows a defect of partitioning (un-
roofed coronary sinus) (arrow) between the left atrium (LA) 
and the coronary sinus (CS)
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1990). A LSVC draining directly into the roof of the 
left atrium has also been described, either associated 
with a normally formed CS or without CS (Winter 
1954; Wiles 1991). Absence of CS has been observed 
with or without associated congenital anomalies. In 
these cases, the coronary veins drain directly into a 
cardiac chamber through Thebesian veins (Muster 
et al. 1998). LSVC draining into the left superior 
pulmonary vein has also been described (Fig. 20.8) 
(McCotter 1916).

Dupuis et al. (1981) have reported a complex car-
diopathy associated with an IVC continuation to the 
hemiazygos, draining into a LSVC and terminating 
in the left atrium. As a consequence, the entire ve-

Fig. 20.8a–c. Double SVC with drainage of LSVC into the 
left atrium. The LSVC (arrows) drains directly in the left up-
per PV (a), resulting in R-to-L shunt. Frontal anterior-view 
MIP CT (b) and posterior-view volume-rendering CT (c) 
reformat. (Case courtesy of Dr. C. Deible and Dr. J. Lacomis, 
University of Pittsburg Medical Center, PA, USA)

a

cb

nous return from the IVC and the LSVC drained into 
the left atrium.

20.6.3 

Left-to-Right Shunt

Connection of LSVC with the left atrium can result 
in left-to-right shunt in some circumstances. Five 
cases demonstrated double SVCs with a large LIV, 
in which there was a higher mean pressure inside 
the left than in the right atrium. The blood fl ow was 
ascending from the left atrium into LSVC, passed 
through the LIV and the RSVC, and terminated into 
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the right atrium (Blank and Zuberbuhler 1968; 
Dupuis et al. 1981). Hipona (1966) has reported a 
case of an arteriovenous fi stula between the poste-
rior circumfl ex branch of the left coronary artery 
and a LSVC in a patient presenting with a cardiac 
murmur.

20.6.4 

Complex Cases

Cases of LSVC draining into the right atrium, associ-
ated with a RSVC draining to the left atrium and po-
tentially resulting in paradoxical emboli have been 
described (Rey et al. 1986; Pretorius and Gleeson 
2004). Otherwise, the CS can be completely incorpo-
rated to the wall of the left atrium, producing a wide 
communication between both atria, and resulting 
in a left-to-right shunt associated with a right-to-
left shunt due to the LSVC draining to left atrium 
(Mazzucco et al. 1990).

20.6.5 

Associated Congenital Diseases

When found in the fetus or the newborn, persistence 
of LSVC should raise suspicions about potentially 
associated cardiac and extra-cardiac malforma-
tions, particularly in case of single LSVC (Godwin 
and Chen 1986; Heye et al. 2007) (Table 20.2). The 

Table 20.2. Congenital anomalies potentially associated with LSVC (Gensini et al. 1959; Cha 
and Khoury 1972; Bjerregaard and Laursen 1980; Postema et al. 2007)

Cardiac abnormality
Atrial septal defect
Atrioventricular septal defect
Bicuspid aortic valve
Ventricular septal defect
Common atrioventricular canal
Cor univentriculare
Dextrorotation of the heart
Ebstein anomaly
Levocardia
Single atrium
Tricuspid atresia
Underdeveloped left ventricule
Truncus arteriosus

Abdominal abnormality
Esophageal atresia
Asplenia
Partial transposition of the viscera

Vascular abnormality
Absent right superior vena cava
Anomalous pulmonary venous return
Aortic stenosis
Coarctation of aorta
Persistent ductus arteriosus
Pulmonary atresia
Transposition of the great arteries
Pulmonary stenosis

Multi-organ syndrome
VACTERL association
Eisenmenger’s complex
Fibroelastosis
Situs inversus
Tetralogy of Fallot
Trisomy

most common associated cardiac anomalies are 
atrial septal defect (ASD) and ventricular septal de-
fect (Cha and Khoury 1972; Postema et al. 2007). 
Tetralogy of Fallot, aortic coartaction, transposition 
of great vessels and anomalous connections of pul-
monary veins have also been reported (Gensini et 
al. 1959; Heye et al. 2007). The most frequent asso-
ciated extra-cardiac anomaly is esophageal atresia. 
Multi-organ syndromes have also been reported, 
including VACTERL or trisomy 21 (Postema et al. 
2007).

 20.7 
Clinical Presentation

There is no clinical symptom in about 75% of cases 
with double SVC or single LSVC (Cormier et al. 
1989). When the blood fl ow returns to the venous 
systemic circulation, there is no hemodynamic con-
sequence (Gensini et al. 1959; Godwin and Chen 
1986; Pahwa and Kumar 2003). In patients with as-
sociated congenital anomalies, the clinical, electro-
cardiographic and radiological fi ndings are actually 
related to these associated abnormalities (Gensini 
et al. 1959).

When the LSVC drains into the left atrium, the 
patient can present with variable cyanosis, short-
ness of breath or pleuritic chest pain (Bonnet 2003; 
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Pretorius and Gleeson 2004). This anatomical 
presentation is frequently associated with an ASD 
(Mazzucco et al. 1990). When both SVCs coexist, 
they communicate through the LIV, and the cyano-
sis may or may not be present, depending on the 
volume and the direction of the blood fl ow through 
this anastomosis (Rey et al. 1986; Pretorius and 
Gleeson 2004). Persistent LSVC draining into the 
left atrium has the same risks as other right-to-left 
shunt anomalies, i.e., paradoxical embolism with 
stroke or intracranial abscess (Fig. 20.9) (Rey et al. 
1986; Troost et al. 2006).

 20.8 
Imaging

20.8.1 

X-Ray

Routine chest X-ray performed after insertion of a 
central venous catheter or cardiac pacemaker can 
suggest a diagnosis of LSVC (Fig. 20.10) (Heye et 
al. 2007). LSVC can also produce a widening of the 
left superior mediastinum or a crescentic vascular 

Fig. 20.10a,b. Intravascular material. Chest X-ray shows central venous catheter (a) and pacemaker (b) inside LSVC

a b

Fig. 20.9a,b. Paradoxical emboli. CT shows a left frontal brain abscess in a patient with double SVC. 
Note a clot in the RSVC (arrowheads). The LSVC (arrow) was draining into the left atrium and pro-
duced a R-to-L shunt, responsible for paradoxical emboli

a b
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shadow extending from the left superior margin of 
the aortic arch to the left clavicle (Jaafar et al. 
1999; Ratliff et al. 2006). A widening of the aortic 
shadow or of the vascular pedicle, paramediastinal 
bulging under the aortic arch or a specifi c strip of 
low density along the upper left cardiac margin can 
also be observed (Cha and Khoury 1972;  Sarodia 
and Stoller 2000; Pahwa and Kumar 2003). The 
RSVC opacity can also be missing in case of single 
LSVC (Fig. 20.6) (Lenox et al. 1980; Heye et al. 
2007).

20.8.2 

Computed Tomography

Non-enhanced acquisition can provide useful in-
formation, but defi nite visualization of the SVCs 
requires the use of intravenous contrast medium. 
The left mediastinal smooth tubular formation has 
a route that is symmetrical to the RSVC, descend-
ing on the lateral border of the aortic arch, and then 
joining the hilum ahead of the left main bronchus. 
Finally, the vein terminates into a dilated CS, but, 
since LSVC enters the pericardium, it may no longer 
be well visualized (Huggins et al. 1982; Jaafar et 
al. 1999; Peltier et al. 2006). 

Contrast medium injection should be bi-brachial 
as often as possible. Otherwise, left-sided is prefer-
entially used. To minimize artifacts of beam hard-
ening and laminar fl ow, the volume of injected me-
dium should be important (100–150 cc), with a low 
concentration and a fl ow of 2 ml/s (Lagrange et al. 
2003). Thus, CM should be injected simultaneously 
in both arms by one injector through an Y-adapter 
at 4 ml/s (2 ml/s for each side). The contrast medium 
amount will be about 30–40 ml (300 mg I/ml) diluted 
in 80–120 ml of saline. Scanning should begin after 
15 s, and a fl ush of additional saline can be adminis-
tered after the acquisition.

Multiplanar reformatting at workstations offers 
an excellent opportunity to produce venography-
like images and helps in the assessment of the anom-
aly using cine viewing, maximum intensity projec-
tion and volume-rendering techniques (Fig. 20.5) 
( Herold et al. 2001).

20.8.3 

Other Explorations

20.8.3.1 

Conventional Venography

Conventional venography has been the gold stan-
dard for diagnosis of LSVC before the advent of 
CT. Contrast medium has to be injected through 
a left venous access and the fi lm taken in the an-
tero-posterior position to demonstrate its drain-
age (Fig. 20.11) (Gensini et al. 1959). Nevertheless, 
contrast medium must be simultaneously injected 
through a bi-brachial access to investigate the entire 
upper systemic venous system.

20.8.3.2 

Echocardiography

A dilated CS suggesting LSVC and sometimes the 
LSVC itself can be visualized at echocardiography 
(Ratliff et al. 2006; Heye et al. 2007). Contrast-
enhanced echocardiography can be performed to 
explore a dilated CS and possibly associated cardiac 
abnormalities (Boussuges et al. 1997).

Fig. 20.11. Single LSVC. Single LSVC draining into coronary 
sinus on conventional venography
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20.8.3.3 

MRI

LSVC can be evidenced by MRI with or without 
the use of contrast medium (Fisher et al. 1985; 
 Boussuges et al. 1997; Jaafar et al. 1999). MRI 
also supplies precise demonstration of the venous 
anomaly, fl ow direction, its drainage and associated 
cardiovascular malformations (Fisher et al. 1985; 
White et al. 1997). 

 20.9 
Diff erential Diagnosis

20.9.1 

Left Mediastinal Veins

LSVC must be distinguished from other veins that 
may present with a vertical course through the left 
side of the mediastinum (Figs. 20.12 and 20.13) (Gris 
et al. 1995):

Fig. 20.12a–d. Infra-aortic left innominate vein. CT shows the left innominate vein (arrows) passing laterally to (a) and then 
below (b) the aortic arch, before joining the right innominate vein to form the SVC (c). Frontal MPR CT reformat (d)

a b

c d
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aortic arch (Fig. 20.12) (Bonnet 2003). Then the 
LIV joins the SVC between the azygos arch and 
the superior cavo-atrial junction. In most cases, 
the subaortic LIV runs anterior to the arterial liga-
ment or a patent arterial duct (Mill et al. 1993).
This anomaly is particularly found in association 
with the tetralogy of Fallot with a right aortic arch 
(Bonnet 2003). 

20.9.4 

Left Paramediastinal Catheter Position on 

Frontal Chest X-Ray

A lateral chest X-ray obtained during injection of 
contrast medium through the catheter is a fast, eco-
nomical and reliable method for differentiating a 
correct position in a LSVC from a left-sided extra-
vascular or an intravascular mal-positioning along 
the left border of the mediastinum (Schummer et 
al. 2003) (Table 20.3). 

20.9.5 

Dilated Coronary Sinus

The dilatation of the CS is frequent in presence of 
a LSVC, but can also be found in other anomalies 
(Table 20.4).

Fig. 20.13a,b. Pericardiophrenic vein. CT shows a dilated pericardiophrenic vein (arrow) descending vertically into the 
left anterior mediastinum in a patient presenting with occlusion of the left innominate vein. Frontal volume-rendering CT 
reformat shows the usual course lateral to and below the left ventricle, and fi nally drainage into the IVC (b)

a b

Left vertical vein �
Left infra-aortic innominate vein �
Hemiazygo-caval continuation �
Dilated pericardiophrenic vein �
Dilated left superior intercostal vein �

20.9.2 

Left Vertical Vein

LSVC has not to be confused with a left vertical 
vein. Even if both veins may share some common 
embryologic origins, they should be differentiated 
in terms of anatomy and blood fl ow. The left vertical 
vein drains a partial or total anomalous pulmonary 
venous return into the LIV (see Chap. 21) (Cha and 
Khoury 1972; Cormier et al. 1989; Wiles 1991). 
Usually the blood fl ow in the left vertical vein is di-
rected upwards, whereas in the LSVC the blood fl ow 
is directed downwards. Nevertheless, as previously 
mentioned, inversed blood fl ow in a LSVC has also 
been reported.

20.9.3 

Anomalous Route of the Left Innominate Vein

The LIV can present with a more vertical course 
than usual and cross the mediastinum below the 
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 20.10 
Complications and Implications

20.10.1 

Clinical

The attitude to adopt towards a catheter localized in 
a LSVC remains controversial. Most authors suggest 
leaving the catheter in place, but others advise plac-
ing a new central venous catheter in another location 
(Marret et al. 2000). Furthermore, the placement 
of a central venous catheter, cardiac catheteriza-
tion or cardiac pacemaker leads may pose diffi cul-
ties when LSVC has not been suspected previously 
( Corbisiero et al. 2003; Schummer et al. 2003; 
Heye et al. 2007). Procedure of pacemaker leads 
implantation via the transvenous approach is more 
diffi cult and makes instability of leads more com-
mon (Corbisiero et al. 2003). Ineffective pacemaker 
activity up to sudden death has also been reported 
(Soward et al. 1986). A case of fatal perforation of 
the innominate vein by venous catheter has been 
described in a patient having a LSVC without RSVC 
(Schummer et al. 2003).

Occasionally LSVC can be associated with cardiac 
arrhythmia (ventricular fi brillation and conduction 
troubles), probably due to the stretching of the atrio-
ventricular node and bundle of His, as consequences 
of the enlargement of the CS that is located just near 
the nodal tissue (Momma and Linde 1969; Lenox 
et al. 1980; Pugliese et al. 1984; Huang 1986; Page 
et al. 1990; Ratliff et al. 2006; Paval and Nayak 
2007).

20.10.2 

Cardiac Catheterism

During cardiac catheterization of patients with 
LSVC via the anomalous vein, chest pain, angina, 
increased risk of arrhythmia, cardiac arrest or even 
electrocardiographic changes consistent with myo-
cardial ischemia have been reported (Colman 1967; 
Godwin and Chen 1986; Peltier et al. 2006). Such 
complications seem to occur with higher frequency 
than in the normal population with RSVC (Huggins 
et al. 1982). Supraventricular tachycardia has been 
reported in 38% of patients catheterized through a 
LSVC, compared to 7.9% in patients catheterized 
through a RSVC (Bunger et al. 1981). Rare cases 
of fatal outcome have been reported after repeated 
manipulations or vigorous effort during the cardiac 
catheterization (Gensini et al. 1959). 

20.10.3 

Surgical

LSVC is important to known before cardiothoracic 
surgery, as it requires special handling when a car-
diopulmonary bypass or an intra-operative pace-

Table 20.4. Differential diagnosis of dilated CS (Tak et al. 
2002; Bonnet 2003)

LSVC
Isolated atresia or stenosis of the CS
Partial anomalous hepatic venous connection to CS
Partially unroofed CS
Anomalous pulmonary venous return to CS
Coronary arterio-venous fi stula
Aneurysm of the CS

Table 20.3. Intravascular and extravascular positioning of catheters on the left side of the 
mediastinum (Marret et al. 2000; Kazerooni and Gross 2004; Konvicka and Villamaria 
2005; Ratliff et al. 2006)

Intra-vascular positioning Extra-vascular positioning

Left superior vena cava
Left superior intercostal vein
Left pericardiophrenic vein
Left internal thoracic vein
Left subclavian or carotid artery
Descending thoracic aorta
Left thymic vein
Left-sided small mediastinal vein
Thoracic duct

Pleural space
Pericardium 
Mediastinum
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maker implantation is necessary (Horwitz et al. 
1973; Huggins et al. 1982; Heye et al. 2007). Appro-
priate cannulation techniques should be applied to 
eliminate the large amount of systemic venous blood 
that enters the heart through the CS (Schummer et 
al. 2003). Furthermore, the presence of anastomosis 
between both SVCs or the rare absence of the RSVC 
has to be investigated, otherwise ligation of the 
LSVC would result in a SVC syndrome ( Schummer 
et al. 2003; Peltier et al. 2006). The retrograde car-
dioplegia through an unexpected LSVC can lead to 
inadequate myocardial perfusion and so be inef-
fective (Sarodia and Stoller 2000; Ratliff et al. 
2006). The surgeon must also pay attention to cases 
of ostial atresia of the CS that drains the LSVC, 
which implies that the LSVC cannot be interrupted 
due to the risk of myocardial ischemia and necrosis 
(Sarodia and Stoller 2000).

 20.11 
Treatment

20.11.1 

LSVC into the Right Atrium

LSVC draining into right atrium is not a cyanog-
enous malformation and does not require surgery 
(Page et al. 1990). Catheter ablation using radiof-
requency is possible and safe in patients with ar-
rhythmia (Okishige et al. 1997). The region of the 
CS ostium and the postero-inferior area of Koch’s 
triangle are suggested sites of successful ablation 
(Katsivas et al. 2006). 

20.11.2 

LSVC into the Left Atrium

Various surgical treatments have been described, 
based on associated vascular and cardiac anomalies. 
LSVC can be tunnelled into the right atrium together 
with a simultaneous closure of the ASD, or the LSVC 
can be reimplanted into the right atrium or the left 
pulmonary artery (Dupuis et al. 1981; Pugliese et 
al. 1984; Rey et al. 1986). Unroofed CS can be treated 
by a running suture (Mazzucco et al. 1990). The 
LSVC can be ligatured only in cases when a RSVC 
and a LIV co-exist. Nevertheless, in case of CS os-
tium atresia, the only outlet of the blood fl ow is the 

LSVC. Its ligation or division results in severe, acute 
coronary venous hypertension (Muster et al. 1998). 
Percutaneous closure of a persistent LSVC draining 
into the left atrium has been reported with occluder 
devices (Troost et al. 2006; Abadir et al. 2007). 
Heng and De Giovanni (1997) have reported a case 
of a large LSVC draining into an unroofed CS suc-
cessfully occluded by a transcatheter delivery of a 
vena cava fi lter packed with detachable coils.
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Summary

Anomalous pulmonary venous returns (APVRs) 
are congenital malformations in which a portion 
or the entirety of the pulmonary veins drains into 
the right atrium or one of its tributaries, result-
ing in left-to-right (L-to-R) shunt. Partial APVR 
(PAPVR) is found in 0.4–0.7% of routine necropsy 
and in 10–15% of patients with atrial septal defect. 
PAPVRs occur on the right side twice as often as 
on the left. PAPVRs can be classifi ed in four groups 
based on their drainage: into supracardiac veins 
(SVC, azygos vein, vertical vein, left SVC, etc.), into 
right atrium or coronary sinus, into infradiaphrag-
matic veins (IVC, portal vein, etc.), and as mixed 
patterns. PAPVRs may be completely asymptomatic 
and incidentally discovered, but some will present 
with large L-to-R shunt requiring surgery. MDCT is 
currently considered as a fi rst-line technique in the 
work-up of PAPVRs, as it evidences the anomalous 
vein and its drainage and shows associated tra-
cheobronchial, lung or vascular abnormalities.
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 21.1 
Introduction

Congenital anomalies of the pulmonary veins (PV) 
can be conveniently classifi ed into the following cat-
egories: (1) anomalous pulmonary venous return 
(APVR) with or without abnormal course in the lung, 
(2) anomalous pulmonary venous route without ab-
normal connection, or (3) abnormal venous diameters, 
including varicosities, stenoses, and atresia (Remy-

Jardin and Remy 1999). This classifi cation, however, 
fi ts with more complex congenital malformations if we 
accept overlapping conditions between categories.

Anomalies in central and pulmonary venous anat-
omy can result in signifi cant cardiopulmonary abnor-
malities, including shunts and paradoxical emboli. 
Moreover, when unrecognised on preoperative chest 
CT, such variations can lead to intra- or postopera-
tive complications (Galetta et al. 2006). APVRs are 
defi ned as congenital malformations in which a por-
tion or the entirety of the pulmonary venous drainage 
drains into the right atrium or one of its tributaries 
instead of the left atrium, resulting in a L-to-R shunt. 
In partial anomalous pulmonary venous return 
(PAPVR), the shunt can vary from less than 10% when 
only a segmental PV is concerned to more than 75% 
when all but one lobes are involved (Fish et al. 1991).

The fi rst report of APVR was made by Winslow as 
early as 1739 (cited in Brody 1942). PAPVRs repre-
sent 70% of all APVRs (Snellen et al. 1968). PAPVR 
is found in 0.4–0.7% of routine necropsy, in 10–15% 
of patients with atrial septal defect (ASD) and al-
most all patients with sinus venosus type of ostium 
secundum defect (Healey 1952; Blake et al. 1965; 
Gotsman et al. 1965; Kalke et al. 1967; Schatz et 
al. 1986). PAPVRs occur on the right side twice as 
often as on the left (Brody 1942).

Blake et al. (1965) and Snellen et al. (1968) de-
scribed more than 30 patterns of APVRs. APVRs can 
be classifi ed into four groups based on their drainage: 
(1) into supracardiac veins, (2) into the right atrium 
or coronary sinus, (3) into infradiaphragmatic veins, 
and (4) mixed patterns (Darling et al. 1957). APVRs 
are recognized with increasing frequency at chest or 
cardiac CTs and are probably more common than 
previously thought. MDCT is the method of choice 
in the assessment of congenital anomalies of the 
pulmonary venous return, enabling a non-invasive 
evaluation of the associated tracheobronchial, lung 
parenchyma and pulmonary arterial malformations 
in the same examination.

 21.2 
Embryology

21.2.1 

Normal Development

PVs originate from a single common PV during the 
4th week of gestation before the separation of the 
right and left atrium. The common PV progresses 
inside the dorsal mesenchyma of the mesocardium, 
bridging the heart and the mediastinum, towards 
concomitantly forming lung buds. The common PV 
ostium is then displaced to the left by the develop-
ment of the left valve of the sinus venosus and is 
located on the left side of the septum primum initiat-
ing atrial septation. Subsequently, as the apex of the 
heart rotates to the left, the left atrium being placed 
into the dorsal midline position and the right atrium 
becoming anterior and further positioned to the 
right, the common PV is incorporated into the left 
dorsal atrium. This complex remodelling of the heart 
occurs until the 7th week of gestational age. Further 
incorporation is gained with continuous growth of 
the atrial chamber (Bliss and Hutchins 1995).

On the other hand, pulmonary venous blood is 
drained via the primitive pulmonary splanchnic 
plexus into the primordium of the systemic venous 
system, including the anterior and posterior cardinal 
veins (CVs) and the umbilicovitelline veins (Fig. 21.1). 
By the 4th week of gestation, connections develop be-
tween the common PV and the pulmonary venous 
plexus, while most connections with the splanch-
nic plexus, CVs and umbilicovitelline veins are lost 
(Healey 1952; Neill 1956; Zylak et al. 2002).

21.2.2 

PAPVR

It is probable that multiple pathogenic mechanisms 
are needed to explain all anatomic variations of 
PAPVRs. First, failure of connections between the 
primitive pulmonary splanchnic plexus and the 
common PV may result in persistence of embry-
onic anastomosis between the primitive pulmonary 
splanchnic plexus and the CVs (SVC and tributaries, 
left SVC), cardiac (right atrium, coronary sinus) or 
umbilicovitelline (IVC, portal vein) veins (Brody 
1942; Healey 1952; Neill 1956; Darling et al. 
1957). According to some authors, bronchial veins 
could play a key role in the occurrence and course 
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of PAPVRs (Okamoto et al. 2004). Similarly, CT 
opacifi cation of PVs through a reverse fl ow resulting 
in a R-to-L shunt have been described in patients 
with SVC syndrome (Grayet et al. 2001).

Second, any shift of the common PV with regard to 
the atrial septum during rotation of the sinus veno-
sus to the right may result in part of the common PV 
being incorporated into the right side of the primi-
tive atrium and may explain APVR into the right 
atrium or in the nearby located SVC, IVC and coro-
nary sinus (Brody 1942; Healey 1952; Neill 1956). 
Depending on the degrees of shift and of incorpo-
ration of the common PV in the atrial wall, it may 
result in partial or total APVR in the right atrium or 
closely located structures (Snellen et al. 1968).

 21.3 
Normal Pattern of the 
Pulmonary Venous Return

Modal anatomy is found in around 70% of indi-
viduals and consists of four PVs, two superior and 
two inferior veins. Anatomical variations of num-

ber and branching patterns are related to under- or 
over-incorporation of the common PV into the left 
dorsal atrium, occurring during embryological de-
velopment ( Healey 1952; Ghaye et al. 2003). Un-
der-incorporation, which can occur asymmetrically, 
may result into a confl uence, either of both PVs on 
the same side, the most common variation found in 
12–25% usually on the left side, or of both superior 
or inferior PVs (Healey 1952). The extreme situation 
is related to the rare persistence of the former com-
mon PV, eventually leading to cor triatriatum in case 
of narrowing of the common chamber opening into 
the left atrium (Grondin et al. 1964). On the other 
hand, over-incorporation beyond the fi rst division is 
responsible for supernumerary or accessory PVs. An 
increase in number of PVs occurs more frequently on 
the right side (Budorick et al. 1989). Variations of 
the right middle lobe PV connection may also be fre-
quently encountered, draining into the right superior 
PV in 53–69%, into the left atrium with an indepen-
dent ostium in 17–23%, and into the right inferior PV 
in 3–8% (Tsao et al. 2001; Yazar et al. 2002). In the 
latter, pulmonary oedema or infarction of the middle 
lobe could result when ligation of  right lower PV is 
performed during lower lobectomy (Remy-Jardin 
and Remy 1999). Similarly, the lingular vein has been 
reported to drain into the left inferior PV in 2.5% of 
cases (Sugimoto et al. 1998). More than three PVs 
and up to seven by side have been rarely reported, 
but one or more of these PVs usually present with an 
APVR in most cases (Healey 1952).

 21.4 
Global Anomalous Pulmonary 
Venous Return

In global or total APVR, no PV drains into the left 
atrium. PVs join directly behind the heart and drain 
into supracardiac veins (50%), cardiac structures 
(30%), infradiaphragmatic veins (15%), or mixed 
pattern (5%) (Healey 1952; Darling et al. 1957). 
ASD or patent ductus arteriosus is necessary for sur-
vival (Brody 1942; Healey 1952; Kalke et al. 1967). 
Cyanosis frequently occurs at birth or in early child-
hood. Blockage of APVR is a surgical emergency 
in the newborn. Other cardiovascular abnormali-
ties are present in 36% of cases (Nakib et al. 1967). 
Mortality is around 40% during infancy, even after 
surgical correction (Fraser et al. 1999).

Fig. 21.1. Embryological anastomoses between the pulmo-
nary plexus and the systemic veins (stars). BB bronchial 
buds, ACV anterior cardinal vein, PCV posterior cardinal 
vein, PP pulmonary plexus, LIV left innominate vein, VV 
vitelline vein, UV umbilical vein, SV sinus venosus, CPV 
common pulmonary vein, SP splanchnic plexus
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 21.5 
Partial Anomalous Pulmonary 
Venous Return

In PAPVRs, one or many PVs drain(s) into other 
 structures than the left atrium. The number of anom-
alous PVs is variable. In two series of 28 and 43 pa-
tients, 53–71% had a single, 11–42% had two, 2–14% 
had three, 2% had four and 4% had six anomalous PVs 
(Ammash et al. 1997; Hijii et al. 1998). PAPVR usually 
drains into a reservoir located in the proximity, i.e., 
into (a) right-sided collector(s) for right lung PVs and 
into (a) left-sided for left lung PVs, but “cross-medi-
astinal” drainage may be occasionally seen. Similarly, 
upper PVs tend to drain into superiorly located res-
ervoirs, while lower PVs drain in inferiorly located 
structures (Snellen et al. 1968). The left lower lobe 
shows the lower rate of PAPVR (Healey 1952).

Sixty to ninety percent of PAPVRs involve the right 
lung. Right-sided PAPVR usually drains into the SVC 
(18–59%), the azygos vein (1–3%), the right atrium 
(20–46%), or the supradiaphragmatic part of the IVC 
(1–5%). Left-sided PAPVR usually drains into the left 
innominate vein (LIV), either directly or via a vertical 
vein (15–21%), a persistent left SVC (LSVC) (8%), the 
coronary sinus (1–3%), a pericardiophrenic vein, or 
the hemiazygos vein. Exceptionally PAPVR can drain 
into the subclavian vein, left ventricle and thoracic 
duct. PAPVRs can drain into infradiaphragmatic 
structures (2–4%), including the IVC, hepatic veins 
and portal vein (Brody 1942; Healey 1952; Blake et 
al. 1965; Kalke et al. 1967; Ammash et al. 1997).

 21.6 
Types of PAPVR

21.6.1 

Right Lung

21.6.1.1 

PAPVR in the SVC or the Azygos Vein

PAPVR in the SVC or azygos vein concerns more fre-
quently the right upper PV than the right lower PV 
(Fish et al. 1991). The most frequent is the connec-
tion of the right upper PV at the junction between 
the SVC and right atrium, directly above a sinus 
venosus type ASD (Blake et al. 1965). This type of 

PAPVR may be underdetected on CT, as fi ndings are 
more subtle than for PAPVR in other locations, and 
as part of the corresponding PV may still be visible 
in the hilum ( Haramati et al. 2003; Galetta et al. 
2006). Similarly, differentiation between anomalous 
drainage into the azygos arch and the posterior as-
pect of the SVC may be diffi cult, particularly in the 
presence of streak artefacts due to dense contrast 
medium (CM) in the SVC (Fig. 21.2). When drainage 
occurs into the azygos vein, the azygos arch shadow 
is enlarged on frontal chest  X-ray (Fig. 21.3) (Schatz 
et al. 1986; Thorsen et al. 1990; Posniak et al. 1993). 
Flow reversal in the SVC at the level of PAPVR and 
subsequent drainage via the LIV and a persistent 
LSVC has been reported (Fish et al. 1991).

21.6.1.2 

PAPVR in the Right Atrium

PAPVR draining into the right atrium is usually a 
consequence of abnormal development of the sep-
tum secundum, which is shifted to the left. In con-
sequence, one or both right-sided PVs drain into the 
right atrium (Hijii et al. 1998). PAPVR in right atrium 
is frequently associated with ASD (Kalke et al. 1967; 
Gustafson et al. 1989; Pucelikova et al. 2007).

21.6.1.3 

PAPVR in the IVC

Anomalous drainage into the IVC represents 1–5% 
of all PAPVRs and concerns the whole right lung 
in 60–80% or one to two right lobe(s) in 20–40% 
(Mathey et al. 1968; Dupuis et al. 1992). Most 
cases are sporadic, but genetic factors have been 
suggested as familial cases are reported (Fraser 
et al. 1999). PAPVR in the IVC is also known as 
the Halasz syndrome or as the scimitar syndrome 
due to the demonstration of the “Turkish curved 
sword” aspect of the anomalous PV on frontal chest 
X-ray (Fig. 21.4) (Halasz et al. 1956). Nevertheless, 
the anomalous PV may be thin, straight or mul-
tiple (Godwin and Tarver 1986). Exceptional cases 
occur on the left side (D’Cruz and Arcilla 1964; 
Mardini et al. 1981). Drainage is either into the 
infra-diaphragmatic part of the IVC (76%) or at the 
junction between the IVC and right atrium (24%) 
(Dupuis et al. 1992). Accessory areas of drainage, 
including SVC, coronary sinus, right or left atrium, 
hepatic vein, portal vein and azygos vein have been 
reported in 37% (Mathey et al. 1968; Woodring et 
al. 1994; Schramel et al. 1995).
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The scimitar syndrome often, but not always, in-
cludes a spectrum of associated anomalies includ-
ing (Halasz et al. 1956; Mathey et al. 1968; Dupuis 
et al. 1992):

abnormal lobation of the right lung with medi- �
astinal shift to the right, also called hypogenetic 
right lung syndrome
“dextrocardia” – dextroposition – dextroversion  �
of the heart
pulmonary arterial anomalies (small ipsilateral  �
pulmonary artery in half of patients)
systemic arterial supply originating from the  �
abdominal aorta and less frequently from thoracic 
descending aorta, which is responsible for further 
increase of the L-to-R shunt (48%)
other tracheal or bronchial malformations (cysts  �
or diverticula, bronchiectasis in up to 14%)
accessory hemidiaphragm, diaphragmatic even- �
tration

horseshoe lung �
other cardiovascular anomalies in 25%, most fre- �
quently interatrial communication

The scimitar sign on chest X-ray may be absent 
or overlooked in more than 50% of the patients 
at initial presentation, particularly in children 
( Gazzaniga et al. 1969; Dupuis et al. 1992; Brown 
et al. 2003).

21.6.1.4 

Others

Cases of right PAPVRs have been rarely reported in 
the subclavian vein, innominate vein, pericardio-
phrenic vein, hepatic vein, and portal vein or one 
of its tributaries (Brody 1942; Snellen et al. 1968; 
Mardini et al. 1981).

a b

Fig. 21.2a–d. PAPVR at the junction between azygos vein and the SVC (arrows). The junction between PAPVR 
and systemic reservoir may be diffi cult to evidence due to high contrast in SVC (stars). Note dilatation of venous 
structures in the anomalous area compared to the other side on MIP reformatting (c,d). Three other right-sided 
PVs are draining into the left atrium (d)

c d
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21.6.2 

Left Lung

21.6.2.1 

PAPVR in the Left Innominate Vein

PAPVR into the LIV directly or via a vertical vein is 
one of the most commonly recognized PAPVRs on 
CT (Fig. 21.5) (Pennes and Ellis 1986). The vertical 
vein is generally believed to represent the persist-
ence of the embryonic left anterior CV. Usually it 
passes anteriorly to the aortic arch to terminate at 
the proximal part of the LIV. Sometimes the verti-
cal vein courses more posteriorly, having a risk of 
compression between the left pulmonary artery and 

the left main bronchus (Nakib et al. 1967; Kastler 
et al. 2002). The expected part of the correspond-
ing PV in the hilum is not found or is smaller. The 
anomalous drainage can concern the culminal vein 
(the lingular drainage being orthotopic), the left 
upper PV, or the whole left lung (Moes et al. 1967; 
Kissner and Sorkin 1986; Pennes and Ellis 1986; 
Van Meter et al. 1990).

21.6.2.2 

PAPVR in a Persistent LSVC

Cases of PAPVR in a true persistent LSVC draining 
into the coronary sinus have been reported, usu-
ally from left lung PVs (Winter 1954; Peel et al. 

a

c

b d

Fig. 21.3a–d. PAPVR of the right upper PV into the azygos vein. CT topogram and CT slices show a horizontal anomalous 
PV (arrows) draining into a dilated azygos arch (arrowhead). CT section shows associated tracheal bronchus ventilating 
the anomalous area (thin arrow). Note the absence of the right upper PV in the expected area in front of the right interlobar 
artery (arrow in d)
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1956; Snellen and Dekker 1963; Blake et al. 1965; 
Fish et al. 1991). PAPVRs in LSVC having simulta-
neous connections to the left atrium and LIV (most 
correctly called the levoatrio-cardinal vein in this 
condition) have been reported (Nakib et al. 1967; 
 Snellen et al. 1968). Obstruction of venous return 
may be seen when the LSVC passes posteriorly in-
stead of anteriorly to the left pulmonary artery as 
usually seen (Blake et al. 1965).

21.6.2.3 

PAPVR in the Hemiazygos Vein

PAPVR in the hemiazygos vein is rare. A case of 
total anomalous drainage draining partially into 

the hemiazygos vein has been described (James et 
al. 1994).

21.6.2.4 

PAPVR in the Coronary Sinus

PAPVR into the coronary sinus seems to occur more 
frequently from the left than the right lung (Blake 
et al. 1965; Snellen et al. 1968; Van Meter et al. 
1990; Ammash et al. 1997). Infrequently the cor-
onary sinus failed to drain into the right atrium. 
In atresia of the coronary sinus ostium, blood fl ow 
drains retrogradely into the left atrium through per-
sistent Bochdalek foramen, or through LSVC into 
the right atrium (Blake et al. 1965).

Fig. 21.4a–d. PAPVR draining into the IVC (arrows) (scimitar syndrome). Chest topogram shows the scimitar sign (arrow 
in a). Note a relative dextrocardia related to small right lung, accessory fi ssures (b and c), and systemic arteries arising from 
abdominal aorta (arrowheads). (Courtesy of Dr. A. Khalil, Hôpital Tenon, Paris)

a

c

b d
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21.6.2.5 

Others

Left PAPVRs can drain into the IVC (D’Cruz and 
 Arcilla 1964; Mardini et al. 1981), pericardiophrenic 
vein (Mardini et al. 1981), subclavian vein, portal 
vein, or gastric vein (Brody 1942; Kalke et al. 1967).

21.6.3 

More Complex PAPVR

“Cross-mediastinal” drainages have also been re-
ported, i.e., PAPVR of the left lung draining in the 
right atrium while the right PVs connect normally 
to the left atrium (Blake et al. 1965;  Hijii et al. 

Fig. 21.5a–e. PAPVR of the left upper PV in the vertical 
vein. The left upper PV drains via a vertical vein (arrows) 
into a dilated LIV. Note that no vein is demonstrated in front 
of the left upper lobe and left main bronchi (star) (c)

a

d

c

e

b
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Fig. 21.6a–c. Complex PAPVR (acquired with ECG-gating). 
One right-sided PV (thin arrow) and two left-sided PVs 
( arrowheads) drain via a vertical vein (arrow) into a dilated 
LIV. Pulmonary arteries are coloured in blue in the poste-
rior-view VRT reformat (c). (Courtesy of Dr. C. Deible and 
Dr. J. Lacomis, Pittsburg Medical Center, PA)

a

c

b

1998), PAPVR of left lung PVs in the IVC (D’Cruz 
and  Arcilla 1964; Mardini et al. 1981), or PAPVR 
of right lung into LSVC (Blake et al. 1965). Anoma-
lous PVs can also originate from both lungs in a 
single patient in up to 7%, connecting together or 
separately to right or left systemic collectors of the 
mediastinum or to IVC (Fig. 21.6) (Blake et al. 1965; 
Nakib et al. 1967; Kalke et al. 1967; Snellen et al. 
1968;  Ammash et al. 1997; Hijii et al. 1998).

21.6.4 

Connection of PV to Both Left Atrium and 

Right Atrium or Systemic Veins

In some cases a PV can join the left atrium normally, 
but in addition an anomalous connection exists be-
tween this PV or the left atrium and the right atrium 

or its systemic venous tributaries (Nakib et al. 1967). 
Such a connection is called a levoatriocardinal vein 
as it joins the left atrium to a derivate of the cardinal 
system, most frequently the LIV. Mitral atresia may 
be associated.

 21.7 
Diff erential Diagnosis of PAPVR

21.7.1 

Abnormal Pathway of 

Segmental Pulmonary Vein

Segmental PVs can present with abnormal course 
that may simulate PAPVR. The most common ex-
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ample is the PV draining the posterior segment of 
the right upper lobe (right V3), passing posteriorly 
to the bronchus intermedius, and draining into the 
upper part of the right upper PV or directly into the 
left atrium (Fig. 21.7). The PV draining the superior 
segment of the right lower lobe (right V6) can also 
present a similar course.

21.7.2 

Meandering Vein

Any dilated PV showing an anomalous course in the 
lung does not represent a PAPVR. In particular, any 
scimitar-shaped opacity located in the right para-
cardiac area is not pathognomonic of APVR in the 
IVC (Blake et al. 1965). The whole right pulmonary 
venous return may present as a varicose venous dila-
tation with anomalous scimitar-like course before 
entering the left atrium. Such abnormality results in a 
dilated vessel that may simulate vascular malforma-
tion or nodule on chest X-ray (Fig. 21.8). It has been 
called pseudo-scimitar syndrome, but should be 
better termed meandering vein to avoid confusion. 
Such anomaly may nevertheless be associated with 
other malformations, as also found in the scimitar 
syndrome ( Goodman et al. 1972; Rey et al. 1986; 
Agarwal et al. 2004; Furuya et al. 2007). There-
fore, scimitar syndrome and meandering vein can-

not be differentiated by means of chest X-ray alone. 
The extreme situation is a PV presenting a scimitar 
course and connected both to the left atrium and the 
IVC (sometimes called pseudo-pseudo-scimitar syn-
drome) (Mohiuddin et al. 1966; Takeda et al. 1994; 
Tansel et al. 2006). Association with cor triatriatum 
has also been described (Becu et al. 1955; Grondin 
et al. 1964; Tansel et al. 2006).

Similarly, cases of meandering vein on the left side 
have been reported (Benfi eld et al. 1971;  Tretheway 
et al. 1974). Cases of right-sided meandering vein 
crossing the mediastinum and draining into the left 
side of the left atrium have been reported ( Goodman 
et al. 1972; Furuya et al. 2007). Possible embryologic 
explanation of meandering vein consists of atresia 
of a PV, the blood draining through intrapulmonary 
collaterals into another PV (Rey et al. 1986).

21.7.3 

Left Superior Vena Cava

The vertical vein and the LSVC are generally believed 
to share a common embryonic origin, namely the 
persistence of a part of the left anterior CV. This ac-
counts for radiographic and CT similarities between 
both entities. They should be easily differentiated. 
First, in LSVC two vessels are demonstrated imme-
diately anterior to the left main bronchus (Chap. 20). 

Fig. 21.7a,b. Variant of the course of RV3. Retrobronchial course of the PV draining the posterior segment of the right upper 
lobe (RV3) (arrows) into the roof of the junction of the right upper PV and left atrium. VRT reformat is a posterior view (b)

a b
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Fig. 21.8a–f. Meandering vein a–f. A scimitar vein (arrows) is seen in the right perihilar region and a rounded opac-
ity in right paracardiac area (arrowhead) (a). The anomalous vein drains into the left atrium (b,c,d).The volume of 
the right lung is smaller than the left one (a,e) and shows a mirror left pattern of bronchial division in lungs (left 
isomerism) (e,f). Right lobar bronchi are slightly hypoplastic when compared to the left ones (f). LA left atrium, SVC 
superior vena cava

a b

c d

e f
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In PAPVR of the left upper PV, no or sometimes only 
one small vessel is seen in that location (Fig. 21.5). 
Second, blood fl ow is directed cranially in the verti-
cal vein and caudally in LSVC. Third, when LSVC 
drains into the right atrium, the size of the coronary 
sinus will be dilated, which is not found in PAPVR 
of the left upper PV in the vertical vein.

21.7.4 

Infra-Aortic Course of the Left Innominate Vein

In 0.015% of necropsies, the LIV can present with a 
vertical course paralleling the left border of the me-
diastinum, similar to the vertical vein and the LSVC 
(Chap. 20). The anomalous LIV, however, curves into 
the aorticopulmonary window, crosses the mediasti-
num to join the right innominate vein, and forms the 
SVC at the level of or caudal to azygos arch (Takada 
et al. 1992; Kim et al. 1994). Anomalous LIV can also 
be duplicated, one vein being in normal position 
and the other vein being infra-aortic (Takada et 
al. 1992). Infra-aortic LIV crossing the mediastinum 
below the pulmonary artery has also been described 
(Gerlis and Ho 1989). Infra-aortic LIV by itself has 
no clinical signifi cance, but associated congenital 
heart diseases are reported in 33–85% (Gerlis and 
Ho 1989; Takada et al. 1992).

21.7.5 

Others

The vertical vein must be distinguished from other 
veins that may present with a vertical course through 
the left side of the mediastinum, including the di-
lated pericardiophrenic vein, dilated left superior 
intercostal vein, or rare hemiazygo-caval continu-
ation (Chap. 20).

 21.8 
Detection of PAPVR

21.8.1 

Chest X-Ray

Chest X-ray appearance will depend on the confi gu-
ration of the APVR and degree of L-to-R shunt. In 
minor forms, chest X-ray may be normal or shows 

the uncommon course, often crescent-shaped, of 
the anomalous vein and the increased diameter of 
vessels in the anomalous area (Fig. 21.3) (Aldridge 
and Wigle 1965). Venous dilation may be explained 
by two factors. First, the abnormal vessels may drain 
a larger blood fl ow than usually. Second, PVs drain-
ing into the right atrium may have an increased 
blood fl ow, as they are subject to less resistance from 
atrial pressure and ventricular distensibilities than 
PV draining into the left atrium. In consequence, 
the arterial fl ow towards the anomaly is increased 
(Alpert et al. 1977; Saalouke et al. 1977). Abnor-
mal mediastinal contour due to dilation of the vein 
collecting the PAPVR, i.e., the azygos arch or SVC, 
may be demonstrated (Pennes and Ellis 1986; Pos-

niak et al. 1993; Haramati et al. 2003). Larger 
shunts may result in signs of right heart and pulmo-
nary artery enlargement and pulmonary conges-
tion (Kalke et al. 1967; Saalouke et al. 1977).

21.8.2 

Computed Tomography

A more precise characterization of chest X-ray fi nd-
ings of PAPVR is achieved with CT (Thorsen et 
al. 1990; Haramati et al. 2003). In a series of 29 
patients, cardiomegaly was seen in 48%, right atrial 
and right ventricle enlargement in 31%, enlarged 
central pulmonary arteries in 14%, and pulmonary 
venous congestion in 7% (Haramati et al. 2003). 
CT is currently considered as a fi rst-line technique 
in the work-up of PAPVR, as it evidences the anoma-
lous vein and its drainage, and shows associated 
tracheobronchial, lung or vascular abnormalities 
(Godwin and Tarver 1986; Dupuis et al. 1992; 
Remy-Jardin and Remy 1999).

Although examination should be performed 
with CM injection, the detectability of PAPVR is 
not greatly affected on non-enhanced CT acquisi-
tion (Haramati et al. 2003). PAPVR from the left 
lung is easier to recognize than from the right lung. 
This is due to the high proportion of left PAPVR 
draining via a vertical vein into a dilated LIV. On 
the contrary, right PAPVR draining into the SVC or 
azygos vein may be diffi cult to evidence, due to close 
anatomic relationships of vascular structures in this 
area, absence of intrapulmonary abnormal course 
of the anomalous PV, and frequent artefacts from 
dense contrast in the SVC and the right atrium.

Parameters of injection include high iodine con-
centration, i.e., 300–350 mg/ml and fl ow rate of 
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4–5 cc/s, with a bolus trigger placed in the ascend-
ing aorta or a fi xed minimal start delay of 12–15 s. 
Saline fl ush helps reduce artefacts in the central PV 
from dense contrast in the SVC and the right atrium. 
Multiplanar and 3-D reformatting also helps in 
elucidating the course of abnormal vessels (Remy-

 Jardin and Remy 1999). In patients with complex 
malformation, an ECG-gated acquisition may be 
helpful (Fig. 21.6).

21.8.3 

MRI

MR is able to provide the same morphological fi nd-
ings as CT (Thorsen et al. 1990). MR imaging may 
be helpful to assess direction of the fl ow inside ves-
sels, severity of the shunt, and associated cardiac 
diseases (Fig. 21.9) (Masui et al. 1991; Vesely et al. 
1991; White et al. 1997). Quantifi cation of pulmo-
nary to systemic fl ow ratio and L-to-R shunt can be 
assessed using fl ow-sensitive sequences (Marco de 

Lucas et al. 2003).

21.8.4 

Digital Pulmonary Angiography

In the past, pulmonary angiography has frequently 
been required to confi rm the diagnosis (Sider et al. 
1984). Nevertheless, global pulmonary angiography 
may fail to demonstrate the number of anomalous 
PVs or their connections in up to 21%, and therefore 
selective injection should be obtained (Masui et al. 
1991; Hijii et al. 1998).

21.8.5 

Others

Endoesophageal and transthoracic echocardiog-
raphy are complementary for the evaluation of 
PAPVR (Mehta et al. 1991; Ammash et al. 1997). 
Although it provides accurate assessment of right 
heart repercussions and detection of associated car-
diac anomalies, it has been shown to have lower 
sensitivity in the detection of PAPVRs when com-
pared to MR or angiography (Vesely et al. 1991, 

Fig. 21.9a–c. PAPVR and ASD. In a patient with PAPVR of 
the right upper lobe (arrow) into the lower part of SVC (ar-
rowhead) and ASD (star), chest X-ray shows a severe cardio-
megaly, increased pulmonary vasculature, signs of pulmo-
nary hypertension, and decreased vascular pedicle related in 
part to a small-sized aortic arch. MR demonstrates a large 
sinus venosus-type ASD and, as a consequence, signs of se-
vere cor pulmonale

a

b

c
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Masui et al. 1991). Similar to MR, transoesophageal 
echocardiography estimates pulmonary to systemic 
fl ow ratio, but with a smaller fi eld of view and of-
ten at the expense of general anaesthesia or heavy 
sedation (Marco de Lucas et al. 2003). In complex 
cases cardiac catheterization may still be useful be-
fore considering operative repair (Kalke et al. 1967; 
Saalouke et al. 1977; Fish et al. 1991; Brown et al. 
2003). Oxygen saturation is always higher in col-
lectors than in other systemic venous structures. 
Pulmonary artery pressures, resistances, and am-
plitude of the shunt can be measured. 

 21.9 
Consequences of PAPVR

As demonstrated in some studies using the dilution 
method, abnormal connection of vessels does not 
necessarily mean abnormal drainage (Becu et al. 
1955; Blake et al. 1965). Anomalous PVs can present 
with dual connections in the systemic vein and left 
atrium (Gazzaniga et al. 1969; Forbess et al. 1998; 
Peynircioglu et al. 2005). PAPVRs may be com-
pletely asymptomatic and incidentally discovered 
at CT. Most PAPVRs are similar to uncomplicated 
ASD, both resulting in L-to-R shunt (Kalke et al. 
1967; Moes et al. 1967). PAPVRs result in elevated 
oxygen content in the collector and right heart cavi-
ties. Depending on their complexity, some PAPVRs 
may be symptomatic in children or adults.

Consequences of PAPVR will depend on many 
factors:

presence of associated disease of the heart  �
presence of associated broncho-pulmonary or  �
vascular disease in the anomalous area
number of anomalous PV �
site of connection of anomalous PV �
proportion of the cardiac output affected by the  �
L-to-R shunt
functional status of the normally draining pulmo- �
nary circulation
associated disease of the normally draining lung �
surgical resection in the normally draining lung �
presence and degree of obstruction of PAPVR  �
age of the patient �
The most important factor is associated disease 

of the heart that is reported in 25–82% and should 
be systematically searched (Hijii et al. 1998). ASD, 
mainly of the sinus venosus type and inter-atrial 

communication, is found in up to 70% of patients, 
particularly in patients with PAPVR draining into 
the SVC or right atrium. Therefore, when present, 
symptoms, signs, and electrocardiogram fi ndings 
are identical to those of ASD (Kalke et al. 1967; Van 

Meter et al. 1990; Ammash et al. 1997). The second 
sound is often widely split, and there are usually 
systolic and diastolic murmurs due to relative pul-
monary and tricuspid stenoses (Fraser et al. 1999). 
Other cardiac anomalies, reported in up to 20% of 
patients, and associated lung and vascular anoma-
lies are presented in Table 21.1.

Without associated cardiac anomalies, tolerance 
will depend on the proportion of the cardiac output 
affected by the L-to-R shunt. Most frequently, the ab-
normal PV drains around 25% of the cardiac output, 
which is generally asymptomatic (Black et al. 1992). 
In PAPVR of a whole lung, the abnormal drainage 
may represent 50% of the cardiac output and be as-
sociated with clinical symptoms (Brody 1942).

PAPVRs are also well-tolerated provided that 
there is no disease or surgical resection in the re-
maining lung (Kissner and Sorkin 1986). When not 
recognized before contralateral surgery, PAPVR of a 
single PV may result in life-threatening right heart 
failure in the early postoperative period (Black et al. 
1992). In such circumstances, reimplantation of the 
abnormal PV should be simultaneously performed 
during or before major lung resection (Takei et al. 
2002; Sakurai et al. 2005).

Whereas symptoms are generally absent in child-
hood, adults may develop fatigue and exertional dysp-
noea. Depending on the severity of L-to-R shunt, pul-
monary arterial hypertension, ranging from mild to 
occasionally severe, may rarely develop, particularly 
in adults with intact interatrial septum (Saalouke 
et al. 1977). This in turn may result in atrial arrhyth-
mias and uncommonly right heart failure.

PAPVRs are also known to be associated with 
cardiac arrhythmias, such as atrial fi brillation and 
atrial tachycardia, particularly in PAPVR draining 
into SVC (Tse et al. 2003). Similar to total anomalous 
venous return, mild PAPVR may produce symptoms 
in case of compression or stenosis of the anomalous 
PV (Blake et al. 1965; Chanoine et al. 1988; Brown 
et al. 2003).

PAPVR may be responsible for asymmetric pul-
monary oedema. In case of severe compression of the 
anomalous PV, pulmonary oedema may develop in the 
area with anomalous drainage. The same pattern can 
appear in right heart failure, due to direct transmis-
sion of elevated right venous pressure (Kissner and 
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Sorkin 1986). On the other hand, PAPVR may protect 
the area with anomalous drainage from pulmonary 
oedema in patients with left heart failure (Aldridge 
and Wigle 1965). Patients with scimitar syndrome 
may have additional symptoms, such as pulmonary 
infection or hemoptysis, due to the spectrum of as-
sociated anomalies (Mathey et al. 1968; Dupuis et al. 
1992; Schramel et al. 1995; Brown et al. 2003).

 21.10 
Treatment

Medical treatment using vasodilators, digitalis and 
diuretics has limitations in PAPVRs, and surgical 
repair is the defi nite therapy (Kissner and Sorkin 
1986; Brown et al. 2003). Surgical decision depends 
on two factors: the hemodynamic status and the as-
sociated cardiac malformations. In patients without 
associated anomalies, non-operative management is 
suitable, provided that clinical, echocardiographi-
cal and radiologic hemodynamic fi ndings suggest a 
low-grade shunt (pulmonary to systemic fl ow ratio 
of less than 1.5) (Fish et al. 1991). A pulmonary to 
systemic fl ow ratio of more than 1.5:1 or 2:1 has been 
considered for surgical correction, regardless of as-
sociated cardiac defects (Saalouke et al. 1977; Van 

Meter et al. 1990; Hijii et al. 1998). Patients with 
scimitar syndrome and presenting with recurrent 
pulmonary infections may require surgical resec-
tion of the anomalous area (Schramel et al. 1995).

Some PAPVRs may be left uncorrected, when found 
as part of a complex cardiac malformation (Black et 
al. 1992). However, after correction of ASD, the resid-
ual shunt may worsen if the left heart is hypoplastic 
(Hijii et al. 1998). Therefore, surgical treatment is fre-
quently designed to both exclude the L-to-R shunt and 
redirect the anomalous PV to the left atrium. Surgical 
treatment usually consists inredirecting pulmonary 
fl ow towards the left atrium trough patches, fl aps or 
anatomical partitioning, or in end-to-side anasto-
mosis of anomalous PV with left atrial appendage 
or left atrium (Gustafson et al. 1989; Van Meter et 
al. 1990; Brown et al. 2003). The main complication 
is thrombosis of the anomalous PV or systemic col-
lecting vein that may be responsible for pulmonary 
infarction, pulmonary hypertension, or severe he-
moptysis (Gustafson et al. 1989; Dupuis et al. 1992; 
Schramel et al. 1995; Hijii et al. 1998). Arrhythmias 
have also been reported as a complication (Kalke et 
al. 1967; Gustafson et al. 1989; Hijii et al. 1998). In 
rare conditions (dual drainage of the anomalous PV 
into both systemic veins and left atrium), percutane-
ous closure of an anomalous connection using coils 
or endograft has also been reported (Forbess et al. 
1998; Peynircioglu et al. 2005).

Table 21.1. Malformations associated with PAPVRs

Heart malformations Lung malformations

Atrial septal defect
Cor triatriatum
Common atrium
Valves stenosis or atresia
Ventricular septal defect
Dextrocardia
Truncus arteriosus
Tetralogy of Fallot

Pulmonary sequestration
Abnormal lung lobation
Lung hypoplasia
Bronchial stenosis
Tracheal stenosis
Bronchiectasis
Horseshoe lung
Cystic adenoid malformation

Vascular malformations Others

SVC stenosis
Left SVC
Patent ductus arteriosus
Peripheral pulmonary stenosis
Aorta stenosis
Meandering pulmonary vein
Anomalies of aortic arch
Anomalies of IVC 
Pulmonary artery atresia
Transposition of great vessels
Pulmonary arteriovenous fi stula

Eventration of hemidiaphragm
Hydrocephaly
Vertebral malformations
Bochdalek hernia
Accessory diaphragm
Hepatic herniation
Situs inversus
Spleen anomalies
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The three main causes of pulmonary valvular 
stenosis are (Amplatz and Moller 1993): com-
missural fusion of the pulmonary cusps causing 
a thickened, dome-like pulmonary valve, bicuspid 
pulmonary valve and valvular dysplasia. Previously 
known as trilogy of Fallot, two elements of this tril-
ogy, hypertrophy of the right ventricle and right-
to-left shunt through a patent foramen ovale, are 
the consequences of the pulmonary arterial stenosis 
(PVS). When the stenosis is limited to the pulmo-
nary valves, and depending on the stenosis inten-
sity, right ventricular systole causes a post-stenotic 
dilatation of the main pulmonary artery extending 
in the left main pulmonary artery (Fig. 22.1) due to 
their common leftward and backward orientation.  
Elevated pressure leads to muscular hypertrophy of 
the right ventricle, most marked in the outfl ow tract. 
Hypertrophy of the right ventricle leads to counter-
clockwise rotation of the heart. These changes in the 
orientation cause the post-stenotic jet to impact pri-
marily on the left main pulmonary artery. PVS may 
be asymptomatic or associated with fatigue caused 
by decreased cardiac output. The stenosis can trig-
ger a systolic murmur in the pulmonary outfl ow 
tract and electrocardiographic signs of right ven-
tricular hypertrophy.

From a hemodynamic viewpoint, when the steno-
sis is minimal, there is neither post-stenotic dilata-
tion nor right ventricular consequence. When the 
stenosis is narrow, there is no post-stenotic dilata-

tion because the post-stenotic jet is poor, but the 
right ventricular hypertrophy is marked. When the 
stenosis is moderate, the post-stenotic jet dilates the 
pulmonary trunk far from the pulmonary annulus.

In cases of commissural fusion, the pulmonary 
valves appear moderately thickened and dome-
shaped and can be identifi ed even without ECG 
gating. The leafl ets are more thickened in valvu-
lar dysplasia, which is usually not associated with 
post-stenotic dilatation. When performed with ECG 
gating, short axis views of the right ventricle show 
the thickened myocardium mainly in the right ven-
tricular outfl ow tract during systole. Without ECG 
gating, the muscular wall of the right ventricular 
outfl ow tract can appear falsely thickened due to 
motion artifacts. Systolic reformations in the right 
ventricular short axis views allow for an analysis of 
the valves and of their dome-shaped appearance. 
Rarely, they may be calcifi ed. The pulmonary annu-
lus and the main pulmonary artery are moderately 
hypoplastic in case of valvular dysplasia.

Post-stenotic dilatation of the pulmonary artery 
contributes to the left hilum and may simulate a 
hilar or a mediastinal mass of non-vascular origin, 
such as thymic tumor, lymphadenopathy, mediasti-
nal pleural mass or pericardial congenital defect 
(Cole et al. 1995).

Idiopathic aneurysm of the main PA with pulmo-
nary valve regurgitation, important dilatation of the 
pulmonary trunk, up to 10 cm in diameter, dilatation 
of the annulus and normal pulmonary valves is one 
of the differential diagnoses of PVS (Shimokawa et 
al. 1997).

Watson syndrome is composed of mild mental re-
tardation, short stature, PVS, café-au-lait spots and 
other signs of type I neurofi bromatosis (Foster et 
al. 2006). Pulmonary hypertension is an important 
factor in the pathogenesis of pulmonary arterial an-
eurysm, dissection and rupture. Pulmonary valve 
agenesis or congenital or acquired insuffi ciency di-
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lates the pulmonary trunk. Structural arterial wall 
abnormalities either congenital (Marfan syndrome) 
or acquired (systemic lupus erythematosous) may 
be responsible for PA aneurysm. Massive embolus or 
left PA tumor can also massively dilate the hilar PA. 
The treatment of PA aneurysm implies the follow-up 
to detect a progressive increase in arterial diameter 
prior to its rupture or dissection, which represents 
an indication for surgery (Mastroroberto et al. 
1997).

Fig. 22.1a,b. Typical right ventriculography of a pulmonary valvular stenosis (a). Moderate stenosis of the right ventricular 
outfl ow tract. Dome-shaped valvular stenosis with jet phenomenon responsible for the left pulmonary artery dilatation. In 
another patient, the selective dilatation of the left pulmonary artery is depicted, extending in the proximal part of the left 
descending PA (b). This acquisition should be performed with cardiac gating and systolic and diastolic short-axis reforma-
tions of the valvular apparatus

a b

Reference

Amplatz K, Moller JH (1993) Radiology of congenital heart 
disease. Mosby Year Book Inc, St. Louis

ColeTJ, Henry DA, Jolles H, Proto AV (1995) Normal and ab-
normal vascular structures that simulate neoplasms on 
chest radiographs: Clues to the diagnosis. RadioGraphics 
15:867–891

Foster JL, Bradley SM, Ikonomidis JS (2006) Pulmonary ar-
tery aneurysm and coronary artery disease in the clini-
cal presentation of Watson syndrome. Ann Thorac Surg 
82:740–742

Mastroroberto P, Chello M, Zofrea S et al. (1997) Pulmonary 
artery aneurysm. Ann Thorac Surg 64:585–586

Shimokawa S, Komokata T, Moriyama Y, Taira A (1997) Aneu-
rysm of pulmonary trunk. Ann Thorac Surg 64:586–587



  Right-to-Left Shunts 327

Right-to-Left Shunts 23

Loic Boussell, Philippe Douek, and Brett Elicker

L. Boussel, MD

P. Douek, MD, Professor
Service de Radiologie, Hôpital Louis Pradel, 28 Avenue du 
Doyen Lépine, 69677 Bron Cédex, France
B. Elicker, MD, Assistant Professor
Department of Radiology, University of  California, 505 
 Parnassus Avenue, San Francisco, CA 94122, USA

C O N T E N T S

23.1 Introduction 327

23.2 Intra-Cardiac Shunts 327
23.2.1 Direct Right-to-Left Shunts 327
23.2.1.1 Tetralogy of Fallot 327
23.2.1.2 Pulmonary Atresia 328
23.2.1.3 Double-Outlet Right Ventricle 329
23.2.1.4 Complete Transposition of the 
 Great Vessels 329
23.2.1.5 Truncus Arteriosus 330
23.2.1.6 Other Congenital Anomalies 331
23.2.2 Inversion of Left-to-Right Shunts 331

23.3 Para-Cardiac Shunts 331
23.3.1 Congenital Abnormal Systemic Venous 
 Connection 331
23.3.2 Post-Surgical Systemic to 
 Pulmonary Connection 332

23.4 Vascular Pulmonary Shunts 332
23.4.1 Introduction 332
23.4.2 Congenital Pulmonary Arteriovenous 
 Malformations (PAVMs) 333
23.4.3 Acquired Vascular Pulmonary Shunts 333
23.4.3.1 Hepatopulmonary Syndrome 333
23.4.3.2 Vascular Metastases 334
23.4.3.3 Rasmussen Aneuryms 334
23.4.3.4 Traumatic Arteriovenous Fistula 334
23.4.3.5 Septic Emboli 334

23.5 Parenchymal Shunts 334
23.5.1 Introduction 334
23.5.2 Atelectasis 335
23.5.3 Rounded Atelectasis 335
23.5.4 Pneumonia 335
23.5.5 Bronchioloalveolar Cell Carcinoma 335
23.5.6 Tracheal or Bronchial Obstruction 336

23.6 Conclusion 336

 References 336

 23.1 
Introduction

A right-to-left shunt is defi ned as a cardiac shunt 
that allows deoxygenated blood to fl ow from the 
right heart to the left heart. The shunt may occur 
at different levels, and we will schematically dis-
tinguish among intra-cardiac, para-cardiac, related 
great vessel and intra-pulmonary shunts. They can 
be related to a congenital lesion (Higgins and Ross 
2006; Baert et al. 2005) or post-surgical sequelae. 
CT scanners recently have made great progress in 
the evaluation of these shunts since cardiac imaging 
can now accurately be performed using cardiac gat-
ing. Indeed, even if the CT scanner does not allow 
quantifying the shunt, it can contribute to presurgi-
cal evaluation by providing some useful information 
about the location of the shunt and other cardiac- 
and vascular-associated lesions.

 23.2 
Intra-Cardiac Shunts

23.2.1 

Direct Right-to-Left Shunts

23.2.1.1 

Tetralogy of Fallot

Tetralogy of Fallot represents 10% of congenital heart 
disease (Hoffman and Kaplan 2002) and occurs in 
approximately 800 per 1,000,000 births. It is caused 
by an anterior misalignment of the conal septum, 
leading to the combination of a ventricular septal 
defect (VSD), a pulmonary stenosis and an aorta 
overriding the VSD. Right ventricular hypertrophy, 
which results from this combination, causes resis-
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tance to blood fl ow from the right ventricle to the 
narrowed pulmonary artery. The most frequently 
associated lesions are stenosis of the left pulmonary 
artery, bicuspid pulmonary valve, right-sided aortic 
arch, atrial septal defect (pentalogy of Fallot), par-
tial or total anomalous pulmonary venous return 
and coronary artery anomalies. Tetralogy of Fallot 
can be part of other syndromes such as diGeorge 
syndrome (Lu et al. 2001).

Tetralogy of Fallot is easily diagnosed by CT 
scanner (Fig. 23.1). Indeed CT scanners allow visu-
alizing the septal defect, measuring the size of the 
proximal aorta (which is larger than normal) and 
its position, and mostly estimating the narrowing 
of the pulmonary tract and the hypertrophy of the 
right ventricle. Surgical repair of tetralogy of Fallot 
consists of VSD closure associated with a complete 
release of infundibular stenosis and an enlarge-
ment of narrowed pulmonary artery. Careful pre-
operative assessment of coronary artery origin is 
required, in particular the search for a main coro-
nary artery crossing anteriorly to the right ventric-
ular outfl ow in the site of potential surgical repair. 
This mainly may happen in case of aberrant origin 
of the left main anterior interventricular coronary 
artery originating from the right coronary artery. 
The second important point is to provide detailed 
analysis of the pulmonary tract and pulmonary 

artery narrowing and look for additional stenosis 
on the pulmonary branches. Narrowing on the pul-
monary arteries may indicate additional treatment, 
such as balloon angioplasty, and the presence of a 
coronary artery crossing the infundibulum may 
lead to changing the intervention into a Rastelli 
procedure.

After surgery, CT may be useful to assess early 
postoperative complications (pericarditis, remain-
ing stenosis on the pulmonary arteries, etc.) and de-
layed complications such as aneurismal dilatation 
of the infundibular repaired area. Pulmonary valve 
regurgitation (PVR) and its long-term deleterious 
consequences on right ventricular function occur 
frequently and may impair long-term prognosis. 
Quantitative measurement of PVR cannot be per-
formed with CT, but with MRI (phase-contrast im-
aging), which actually represents the current gold 
standard in this area.

23.2.1.2 

Pulmonary Atresia

Pulmonary atresia is characterized by the absence 
of or a very narrow connection between the right 
ventricle and the pulmonary arteries. Pulmonary 
atresia can be separated into two groups depending 
on the presence or not of VSD.

Fig. 23.1a,b. Tetralogy of Fallot. Three-dimensional reconstruction in sagittal (a) and oblique (b) views. The pulmonary 
stenosis (long arrow), the ventricular septal defect (star) with the overriding aorta and the right ventricular hypertrophy 
(small arrows) are well identifi ed on the cardiac CT with EGC gating

a b
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23.2.1.2.1 

Pulmonary Atresia with Ventricular Septum Defect

Pulmonary atresia with VSD is the extreme form 
of tetralogy of Fallot. It represents 2% of congenital 
heart defects. The atresia can be focal, located at the 
valve level or more extensive, involving the pulmo-
nary artery and its proximal branches. The aorta 
is markedly large, overriding the VSD. Lung perfu-
sion is provided by systemic-to-pulmonary collat-
erals (major aorto-pulmonary collateral arteries or 
MAPCAs) mainly originating from the descending 
aorta (through bronchial or intercostal arteries), in-
ternal thoracic arteries or even diaphragmatic and 
other abdominal branches (Norgaard et al. 2006). 
These MAPCAs generally present multiple stenoses 
and anastomoses between them and with the native 
pulmonary arteries.

CT scanners with 3D reconstruction are of partic-
ular interest to estimate the extension of the steno-
sis on the pulmonary tract, to measure the size of 
the native pulmonary arteries and to visualize the 
MAPCAs, their origin, size and position in the me-
diastinum. This information is required to make 
decisions about surgical strategies, as the complex-
ity of the pulmonary tract and MAPCAs often leads 
to staged surgical procedures (staged focalization of 
MAPCAs to native pulmonary tract or complete one-
stage unifocalization of the MAPCAs, establishment 
of a right ventricular outfl ow tract to pulmonary 
artery continuity with an homograft and repair of 
the VSD) and/or palliative systemic-to-pulmonary 
shunts (Blalock-Taussig anastomosis).

After surgery, CT can assess long-term compli-
cations, such as stenosis and calcifi cation of the 
homograft. Whenever a new surgical procedure is 
planned, CT can assess the position of the homograft 
relative to the sternum (which can be injured during 
the sternotomy), the permeability of the previous 
palliative shunts and the anatomy of the coronary 
arteries. As in tetralogy of Fallot, pulmonary regur-
gitation and its long-term consequences cannot be 
properly assessed by CT.

23.2.1.2.2 

Pulmonary Atresia with Intact Ventricular Septum

Pulmonary valve atresia with intact ventricular sep-
tum is a rare congenital lesion. Diagnosis always 
occurs early in life, either in newborns or at the 
fetal stage. It has a wide spectrum of anatomic het-
erogeneity and invokes a wide variety of treatment 

strategies. It is associated with a variable degree of 
right ventricular hypoplasia. The type of surgical 
repair depends on the size and shape of the right 
ventricle and goes from palliative shunts and total 
cavopulmonary derivation (Fontan operation) to a 
biventricular repair. As for pulmonary atresia with 
ventricular septum defect, a CT scanner can be used 
at the early diagnosis stage to study the systemic-to-
pulmonary collaterals, but it often fails to properly 
estimate the size of the right ventricle. When a re-
intervention is planned, the CT scanner provides 
reliable assessment of the palliative shunt perme-
ability and of the mediastinum anatomy.

23.2.1.3 

Double-Outlet Right Ventricle

Double-outlet right ventricle is a congenital heart 
defect with both great vessels arising for more than 
50 percent of their orifi ce over the right ventricle. A 
VSD is associated in most of the cases. A CT scanner 
can help in the pre-surgical evaluation of the disease 
(Uehara et al. 2007) by showing:

The relative position and the size of the great  �
vessels, generally side by side, but sometimes the 
aorta is in the anterior position.
The position of the VSD relative to the great ves- �
sels: a subaortic position is most common and is 
usually surgically corrected by the creation of a 
intraventricular tunnelization from the VSD to 
the aorta; a subpulmonary position (“Taussing-
Bing heart”), an intermediate position close to 
the great vessel (“doubly committed”) or one dis-
tant from it (“non committed”) is less frequent 
and leads to more complex surgical repair.
The potential associated anomalies, including  �
coarctation of the aorta or pulmonary vein steno-
sis, or even abnormal origin of coronary  arteries.

23.2.1.4 

Complete Transposition of the Great Vessels

Complete transposition of the great vessels (TGV) is 
achieved when the aorta arises anteriorly from the 
right ventricle and the pulmonary artery posterior 
from the left ventricle. Its frequency is 800 per mil-
lion of live births (Hoffman and Kaplan 2002). It 
results in a complete separation between systemic 
and pulmonary circulation, causing severe neona-
tal hypoxia. A VSD and/or an atrio-septal defect 
(ASD) are associated to allow blood oxygenation. 
According to the position of the aorta relative to the 
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pulmonary artery, TGV is called D-TGV (the aorta is 
positioned anterior and on the right of pulmonary 
artery) or L-TGV (the aorta is positioned anterior 
and on the left of pulmonary artery). An abnormal 
origin of coronary arteries is associated in more 
than 50% of the cases. “Corrected TGV,” currently 
called “double discordance,” is a different cardiac 
disease, where the left atrium communicates with 
the right ventricle and with the aorta, whereas the 
right atrium communicates with the left ventricle 
and with the pulmonary artery. Despite its complex 
anatomy, it results in an absence of symptoms un-
less other lesions are associated (such as VSD or 
pulmonary stenosis).

Current repair of complete TGV consists in the 
arterial switch procedure: the roots of the great ar-
teries are transected and reattached to the opposite 
ventricle (Fig. 23.2). VSDs and/or ASDs are closed 
concomitantly. In the presurgical evaluation, CT 
can confi rm the transposition and its type. Careful 
analysis of the position and potential anomalies of 
coronary arteries is highly recommended preopera-
tively. Size and thickness of the left ventricle are im-
portant predictors of post-surgical outcome.

23.2.1.5 

Truncus Arteriosus

The truncus arteriosus is thought to result from 
incomplete or failed septation of the embryonic 
truncus arteriosus. The anomaly is characterized 

by a single arterial trunk arising from the normally 
formed ventricles by means of a single semilunar 
valve (i.e., truncal valve). The common trunk typi-
cally straddles a ventricular defect in the outlet 
portion of the interventricular septum (i.e., conal 
septum). Four anatomical variants were described 
by Collette and Edwards (1949):

Type I truncus in which the pulmonary trunk  �
originates from the common trunk and gives rise 
to right and left pulmonary branches
Type II truncus in which the pulmonary vessels  �
arise independently from the posterior part of 
the ascending common trunk
Type III truncus in which the pulmonary vessels  �
arise farther laterally from the truncus
Type IV truncus, which is now recognized to be a  �
form of pulmonary atresia with VSD rather than 
truncus arteriosus. 

Various abnormalities may be associated with 
and have an impact on management and outcome. 
Structural abnormalities of the truncal valve, in-
cluding dysplastic and supernumerary leafl ets, are 
frequently observed, with truncal valve regurgita-
tion (moderate or severe) being present in at least 
20% of patients. Similarly, proximal coronary artery 
abnormalities may be present, like a single coronary 
artery or an intramural course. The other major 
anomaly associated with truncus arteriosus is inter-
ruption of the aortic arch, which occurs between the 
left common carotid and subclavian arteries.

Fig. 23.2a,b. Correction of a transposition of the great vessels: the switch procedure. MPR reconstruction in axial view (a) 
and 3D reconstruction in coronal views (b). Aorta (star) is in posterior position relative to the pulmonary arteries (large 
arrows). The two pulmonary arteries are surrounding the aorta. Coronary arteries (small arrows) are well visualized

a b
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A CT scanner allows analyzing the relationship 
between aorta and pulmonary arteries and thus per-
forming the Collette and Edwards’ classifi cation. It 
can also visualize the size of the pulmonary arteries, 
the origin of the coronary arteries and the associ-
ated anomalies. After surgery (which consists of the 
placement of a Rastelli tube between the right ven-
tricle and the pulmonary arteries, previously sepa-
rated from the truncus, and the closure of VSD), a 
CT scanner can assess focal stenosis of the pulmo-
nary arteries or within the tube (due to thrombosis 
and/or endothelial proliferation).

23.2.1.6 

Other Congenital Anomalies

Several other congenital disorders can lead to a situ-
ation similar to a right-to-left shunt. For example, in 
case of large ASD with a unique atrium aspect, blood 
coming from the pulmonary and the systemic cir-
culation is mixed and leads to a cyanosis. A unique 
ventricle due a large VSD or to a mitral or tricuspid 
atresia can produce a similar situation. Similarly, a 
complete atrio-ventricular canal is also associated 
with a right-to-left shunt.

23.2.2 

Inversion of Left-to-Right Shunts

Intra-cardiac left-to–right shunt can be reverted and 
become a right-to-left shunt when the pressure in the 
right cavities or in the arterial pulmonary system 
increases. In patients presenting with a large sep-
tal defect, with initial left-to-right shunting, Eisen-
menger’s syndrome (Benisty and Landzberg 1999) 
consists of an inversion of the shunt due to a second-
ary pulmonary hypertension. This hypertension re-
sults from the permanent overload of the pulmonary 
vascular bed, which causes a progressive elevation 
of the pulmonary blood pressure, leading to vascu-
lar injury and eventually irreversible elevation of 
pulmonary vascular resistances. It represents the 
fi nal and dramatic evolution of untreated signifi cant 
left-to-right shunts.

More frequently, an inversion of an ASD shunt oc-
curs when arterial pulmonary pressure increases af-
ter a pulmonary embolism or during the evolution of 
chronic bronchitis. These shunts are often small and 
very diffi cult to assess by CT scanner (transesopha-
geal echocardiography is a more reliable tool to ad-
dress this issue).

Patency of the foramen ovale (PFO) is a particu-
lar type of ASD frequently occurring in the general 
population. Indeed, PFO can result in right-to-left 
shunt at the atrial level, even in the absence of ele-
vated right heart pressure. In some situations, direc-
tional fl ow from the right atrium to the left atrium 
can cause paradoxal embolism and/or positional 
hypoxia. For example, the platypnea-ortodeoxia 
syndrome is characterized by severe hypoxia occur-
ring in the supine position and due to PFO right-to-
left shunt. Contrast transesophageal echocardiogra-
phy, but not CT scanners, can evidence the shunt. 
Percutaneous closure of PFO is then performed in 
symptomatic patients.

 23.3 
Para-Cardiac Shunts

A right-to-left shunt can result form congenital or 
post-surgical anastomosis of either the systemic 
vein system or the pulmonary artery with the left 
atrium.

23.3.1 

Congenital Abnormal Systemic Venous 

Connection

Persistent left superior vena cava is a common ab-
normality observed in 0.3% of the general popula-
tion (Hoffman and Kaplan 2002). Generally, this 
left superior vena cava is connected to the coro-
nary sinus, which is enlarged, and does not lead to 
a shunt. But in 10% of the cases, it is connected to 
the superior part of the left atrium (Fig. 23.3). The 
importance of the observed right-to-left shunt will 
then depend on the rest of the superior systemic 
venous system anatomy: it can go from a total su-
perior systemic abnormal venous return if the right 
vena cava is absent to a less signifi cant shunt if the 
left vena cava is small and the left innominate vein 
is patent.

Connection of the coronary sinus in the left 
atrium is rare and can be isolated or part of a more 
complex congenital heart anomaly. Abnormal con-
nection of the inferior vena cava is very rare, but is 
more specifi cally associated with abnormal situs. 
In this situation, the inferior vena cava or some he-
patic veins may directly connect to the left atrium. 
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Finally, some embryological veins, like the levoat-
riocardinal vein between left pulmonary vein and 
the innominate vein (Jaecklin et al. 2003), may be 
patent, spontaneous or result from other major sys-
temic vein obstruction (Ho et al. 1999) and create a 
right-to-left shunt.

CT scanners are of particularly high interest in 
the study of abnormal venous connections. The 
protocol may require a bi-brachial contrast injec-
tion, but it is best to perform a unilateral injection 
followed by two acquisitions: one at the end of the 
bolus injection and another 5 min later. In our expe-
rience this method allows to obtain some dynamic 
information since it visualizes the path of the high-
contrast-fi lled vessel on the fi rst pass and the rest 
of the venous anatomy on the second pass. We rec-
ommend using a 50 percent dilution of the contrast 
in order to limit blooming artifacts. The side of the 
injection depends on which structure has to be ana-
lyzed (the left arm to study a left superior vena cava, 
for example).

23.3.2 

Post-Surgical Systemic to Pulmonary 

Connection

Surgically created right-to-left shunts can be nec-
essary in some particular situations and lead to a 

de facto right-to-left shunt. For example, the uni-
ventricular correction of an obstruction on the left 
outfl ow tract (Damus procedure) leads to a com-
plete mixing of blood from the right and left cir-
culation.

 23.4 
Vascular Pulmonary Shunts

23.4.1 

Introduction

Extra-cardiac vascular shunts result in an abnor-
mal connection between arterial and venous pul-
monary vessels. Congenital arteriovenous fi stulas 
are much more common than acquired; however, 
all arteriovenous fi stulas (AVFs) demonstrate direct 
connections between pulmonary arteries and veins. 
Since blood bypasses the pulmonary capillaries, mi-
crobubble contrast echocardiography is an impor-
tant modality used for detection. Agitated saline 
is injected intravenously. As the microbubbles are 
absorbed within the lung, they should not be visual-
ized in the left-sided cardiac chambers in a normal 
patient. If an intracardiac shunt is present, contrast 
is typically seen in the left heart soon after injection. 

Fig. 23.3a,b. Abnormal connection between left superior vena cava and the left atrium. MPR reconstruction in sagittal 
(a) and coronal (b) views. The left superior vena cava (arrow) is directly connecting with the upper part of the left atrium, 
creating a direct right-to-left shunt

a b



  Right-to-Left Shunts 333

If an intrapulmonary shunt is present, contrast is 
seen in the left heart, but after a short delay. CT is 
a complimentary modality for identifi cation of the 
cause of a shunt.

23.4.2 

Congenital Pulmonary Arteriovenous 

Malformations (PAVMs)

Approximately 40–60% of patients with PAVMs have 
Osler-Weber-Rendu (Dines et al. 1983), otherwise 
known as hereditary hemorrhagic telangiectasia 
(HHT). The classic trio of HHT includes telangi-
ectasia, epistaxis and family history. However, the 
defi ning abnormality is multi-organ involvement by 
arteriovenous malformations. Of all patients with 
HHT, 5–15% have PAVMs. The majority of PAVMs 
are simple, with one feeding artery and one draining 
vein. PAVMs usually present as a round or lobulated 
subpleural nodule demonstrating a feeding artery 
and draining vein (Fig. 23.4). Complications include 
pulmonary hemorrhage, pleural hemorrhage, sys-
temic arterial embolization and abscess formation. 

PAVMs are typically treated with coil embolization 
when they are symptomatic or when the feeding ar-
tery is > 3 mm, regardless of symptoms.

23.4.3 

Acquired Vascular Pulmonary Shunts

23.4.3.1 

Hepatopulmonary Syndrome

Hepatopulmonary syndrome (HPS) is characterized 
by vasodilatation of the pulmonary arteriolar bed 
in association with cirrhosis or any other cause of 
portal hypertension (e.g., Budd-Chiari). The liver 
dysfunction results in a cascade whose end result is 
the over-production of vasoactive substances, par-
ticularly nitrous oxide. As many as 20% of patients 
presenting for orthotopic liver transplant will meet 
criteria for this syndrome. Hypoxemia may result 
because of V/Q mismatching and intrapulmonary 
shunting. This shunting is exacerbated by the pres-
ence of intrapulmonary vascular malformations in 
some patients, also associated with HPS. The CT 

Fig. 23.4a–c. A 30-year-old female with hereditary hemor-
rhagic telangiectasia with multiple AVMs. Axial CT through 
the lung base (a) shows a large saccular AVM in the me-
dial right middle lobe. Oblique MIP (b) in the same region 
demonstrates two AVMs (arrows). Both are simple with one 
feeding artery and one draining vein. Volume-rendered im-
age (c) nicely demonstrates the morphology and vascular 
supply to the AVM in the right middle lobe

a

c

b
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fi ndings of HPS are vascular dilatation of small dis-
tal arteries in the periphery of the lung extending 
near to the pleural surface (McAdams et al. 1996) 
(Fig. 23.5).

23.4.3.2 

Vascular Metastases

Highly vascular metastases may be associated with 
shunting, primarily because of small arteriovenous 
fi stulas. These are rarely symptomatic; however, 
large arteriovenous fi stulas may occasionally be as-
sociated with signifi cant shunting and subsequent 
hypoxemia. The most common tumors to demon-
strate pulmonary arteriovenous fi stulas include re-
nal cell carcinomas, thyroid carcinomas, sarcomas 
and choriocarcinoma. The rare triton tumor, a ma-
lignant neurogenic tumor with rhabdomyoblastic 
differentiation, has been described as a cause of 
intrapulmonary shunting. Extra-pulmonary arte-
riovenous fi stulas, as seen with osseous metastases 
from renal cell carcinoma, are more common and 
may result in high-output cardiac failure.

23.4.3.3 

Rasmussen Aneuryms

One of the rare complications of pulmonary tuber-
culosis is the Rasmussen aneurysm. In one review of 
autopsy fi ndings, the prevalence of this complication 
was approximately 4–5% in patients with chronic 
cavitary disease. Cavitary tuberculosis adjacent to 

a pulmonary artery branch may cause weakening 
of the arterial wall from deposition of granulation 
tissue and fi brosis. This may eventually rupture with 
the typical clinical presentation being hemoptysis. 
Rarely, an arteriovenous communication may form 
from direct extension to a pulmonary vein.

23.4.3.4 

Traumatic Arteriovenous Fistula

Direct arteriovenous communications in the set-
ting of penetrating trauma are very rare, with only 
approximately ten reported cases in the literature 
(Dairywala et al. 2005). The most common asso-
ciated injuries are gunshot wounds. Patients may 
present with acute hypoxemia, but a delayed pre-
sentation remote from the traumatic injury is not 
uncommon.

23.4.3.5 

Septic Emboli

Septic embolization to the lung is a rare cause of 
an acquired arteriovenous fi stula. This is most fre-
quently seen in intravenous drug users with right-
sided endocarditis (Stagaman et al. 1990). Embo-
lization to a pulmonary arterial branch results in 
weakening of the wall and pseudoaneurysm forma-
tion. This may eventually erode into a pulmonary 
vein producing a direct connection. As with other 
direct arteriovenous communications, this compli-
cation may result in systemic arterial embolization, 
particularly in the setting of recurrent or untreated 
endocarditis.

 23.5 
Parenchymal Shunts

23.5.1 

Introduction

Intrapulmonary shunting is a common cause of im-
paired blood oxygenation. To understand the im-
pact of intrapulmonary shunts, knowledge of lung 
physiology is essential. In an ideal situation, alveolar 
ventilation (Va) and lung perfusion (Q) are matched 
(1:1) so that there is maximum transfer of oxygen 
and carbon dioxide between the alveolar airspace 
and pulmonary capillary. In the normal upright pa-

Fig. 23.5. A 56-year-old male with cirrhosis and hepatopul-
monary syndrome. CT through the lung bases demonstrates 
very dilated arteries extending to the immediate supleural 
lung regions
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tient, there is proportionally more ventilation than 
perfusion in the upper lungs (Va/Q >1) and less ven-
tilation than perfusion in the lower lungs (Va/Q <1). 
This results in a baseline ventilation/perfusion mis-
match and a small physiologic shunt, as not all blood 
is able to fully participate in gas exchange.

Reductions in alveolar ventilation will result in 
an increase in this shunt. This may occur because of 
either airway obstruction or an alveolar fi lling pro-
cess. Both serve to decrease the amount of oxygen 
and increase the amount of carbon dioxide within 
alveoli. The normal response to hypoxia is vasocon-
striction in an attempt to redirect blood fl ow away 
from diseased regions; however, this mechanism 
can only incompletely compensate.

Clinically shunting may present with dyspnea 
and respiratory failure in addition to an elevated 
systemic arterial pCO2 and decreased pO2. If the 
shunt is severe enough, increasing the inspired oxy-
gen content will not result in an increase in arterial 
pO2 because there is little to no gas exchange at the 
alveolar level.

23.5.2 

Atelectasis

Atelectasis is the most common cause of an intra-
pulmonary shunt. As the alveoli are airless, there is 
no gas exchange between the alveoli and pulmonary 
capillaries. The degree of shunt will be proportional 
to the extent of collapse (Hedenstierna et al. 1986). 
Shunting may occur with any of the types of atelecta-
sis (obstructive, passive, adhesive and cicatricial); 
however, passive atelectasis is the most commonly 
encountered form in clinical practice. Some of the 
most frequent clinical scenarios include anesthesia 
during surgery and patients who are supine for long 
periods of time.

On both chest X-rays and CTs, it is easy to under-
estimate the amount of lung affected by atelectasis 
because of volume loss. The radiographic fi ndings 
of atelectasis are segmental regions of opacity with 
displacement of fi ssures and other signs of volume 
loss. With obstructive atelectasis, the lung typically 
appears airless as bronchial obstruction eventually 
results in complete resorption of air in both alveoli 
and bronchi. Air bronchograms are frequently seen 
on CT in patients with passive atelectasis as the air-
ways are not obstructed.

23.5.3 

Rounded Atelectasis

Signifi cant shunting related to rounded atelectasis 
is very rare. Since it is a focal process associated 
with an adjacent pleural abnormality, the degree 
of lung affected is typically relatively small. This 
is evidenced by the fact that rounded atelectasis is 
rarely symptomatic and is typically discovered as an 
incidental fi nding in the evaluation of a patient with 
signifi cant asbestos exposure.

23.5.4 

Pneumonia

Pneumonia is a very common cause of intrapulmo-
nary shunting. There are two main elements that 
may contribute to this shunt. First, infl ammatory 
infi ltrates replace normal air within the alveoli, pre-
venting gas exchange between the alveolar spaces 
and pulmonary capillaries. Second, certain infec-
tions, particularly viruses, may produce airway in-
fl ammation and narrowing. This can result in de-
creased alveolar ventilation even when alveoli distal 
to the obstructed bronchi are normally aerated. As 
with atelectasis, the degree of shunting is propor-
tional to the volume of lung affected.

23.5.5 

Bronchioloalveolar Cell Carcinoma

Bronchioloalveolar cell carcinoma (BAC) spreads 
via lepidic growth, disseminating via the surfaces 
of alveolar septa and bronchial walls. The muci-
nous subtype of BAC often is associated with exten-
sive mucin production that fi lls the alveolar spaces 
and further prevents normal gas exchange. Despite 
this alveolar fi lling process, perfusion to regions 
involved by tumor is typically normal, creating a 
signifi cant shunt in larger tumors (Fishman et al. 
1974). This is in contrast to other lung tumors and 
infl ammatory processes in which perfusion tends to 
decrease because of refl ex vasoconstriction. Bron-
chioloalveolar cell carcinomas that produce large 
shunts present with large regions of consolidation 
that are often multi-focal. Centrilobular nodules 
may also be seen, refl ecting endobronchial spread 
of the tumor (Fig. 23.6).
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23.5.6 

Tracheal or Bronchial Obstruction

Any cause of decreased alveolar ventilation may cause 
a ventilation/perfusion mismatch. The processes al-
ready described prevent gas exchange through al-
veolar fi lling or complete airway obstruction with 
alveolar collapse. However, incomplete obstruction 
of airways may also produce decreased ventilation 
and an associated V/Q mismatch. The end result 
is a lower oxygen level and higher carbon dioxide 
level within the alveolar spaces and thus within the 
blood. As opposed to the processes above, patients 
with incomplete airway obstruction have some re-
sidual ventilation, albeit decreased. Because of this, 
increasing the inspired oxygen tends to improve 
the patient’s hypoxemia except in severe cases. Ra-
diographically incomplete airway obstruction may 
present with varying degrees of segmental opacity or 
lucency depending upon the severity of obstruction 
and whether air trapping is present.

 23.6 
Conclusion

Although it cannot directly quantify the shunt, the 
CT scanner provides useful information about the 
origin of a right-to-left shunt and the anatomy of 

the involved structure to properly guide surgical 
options. However, MRI is often preferred to CT scan-
ners for its ability to quantify fl ows and measure 
ventricular function, and because of the absence 
of irradiation. Nevertheless, CT has several advan-
tages. First, its excellent spatial resolution allows 
analysis of small arterial structures, such as MAP-
CAs and coronary arteries. Then, the examination 
time is much shorter in CT (a few seconds) than in 
MRI (20 to 30 min). This last element is particularly 
important in young children in whom prolonged 
anesthesia time can hardly be achieved. Finally, 
MRI fails to identify intra-pulmonary shunts and 
to evaluate the impact of the underlying pathology 
(tetralogy of Fallot, for example) on lung perfusion 
and development. Therefore, cardiac CT should 
not be considered concurrently with MRI or other 
techniques in right-to-left shunt imaging, but as an 
alternative method with specifi c indications.
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 24.1 
Introduction

The clinical mainstay of diagnostic imaging of the 
pericardium is transthoracic or transesophageal 
echocardiography. However, when imaging of the 
pericardium with echocardiography is hampered 
by a restricted acoustic window or when there is 
discrepancy between the clinical and the echocar-
diographic fi ndings, magnetic resonance imaging 
(MRI) is considered as a second-line imaging mo-
dality. MRI has the advantage of providing superior 
soft tissue contrast as compared to all other imaging 
modalities. In addition, MRI is not operator-depen-
dent and relies less on the patients’ constitution than 
echocardiography.

The advent of multi-detector row computed tomog-
raphy (CT) with increased temporal and spatial resolu-
tion has considerably improved the imaging capabili-
ties of this technique. Because the isotropic data enable 
images in any arbitrary plane and orientation, even 
complex anatomic structures can be visualized. Tra-
ditionally, CT has not been used as a primary imaging 
modality of pericardial disease, but as an alternative 
to echocardiography when MRI was contraindicated. 
The strengths of CT derive from its capability to image 
the entire mediastinum, including the pericardium in 
a short time period with a high spatial resolution. As 
compared to echocardiography, CT provides a larger 
fi eld of view, allowing the examination of the entire 
chest and the detection of associated abnormalities in 
the mediastinum and lungs. With multi-detector CT 
technology, the anatomy of the pericardium is rou-
tinely clearly displayed even when images are acquired 
without electrocardiography (ECG) gating. In recent 
years, images of the pericardium have been acquired 
as an adjunct to the increasingly performed cardiac 
CT examination. This requires that the radiologist is 
familiar with the normal anatomy and with the most 
common imaging features of pericardial disease. This 
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chapter describes the normal anatomy of the peri-
cardium along with its appearance in CT and lists 
the imaging features of the most relevant pericardial 
diseases, such as pericarditis, effusion, neoplasms, as 
well as congenital anomalies.

 24.2 
CT Anatomy

24.2.1 

General Anatomy and Physiology of the 

Pericardium

The pericardium is composed of the visceral and the 
parietal layer. The visceral pericardium is a serous 
membrane consisting of a single layer of mesothelial 
cells that are adherent to the epicardial surface. The 
parietal pericardium is composed of a largely acel-
lular, fi brous layer about 2 mm in thickness. The 
parietal pericardium forms a fl ask-shaped outer sac 
that surrounds most parts of the heart. Much of the 
ascending aorta, pulmonary trunk, short segments 
of pulmonary veins and the caval veins are located 
intra-pericardially. The phrenic nerves are the only 
non-cardiac macrostructures that are enveloped by 
the parietal pericardium.

As the visceral pericardium refl ects near the ori-
gins of the great vessels, it forms the inner layer of 
the parietal pericardium (Fig. 24.1). The pericardial 
cavity lies in between and contains up to 50 ml of 
serous fl uid, which provides lubrication between the 
layers. The exact amount may vary among different 
individuals.

The parietal pericardium has attachments to the 
diaphragm, sternum, costal cartilage and dorsal 
spine. Ventral insertions to the sternum are present, 
while only some patients show attachments to the 
dorsal spine. These attachments ensure a relatively 
fi xed position of the heart regardless of respiration 
phase and body position.

Another important function of the parietal peri-
cardium is provided by bundles of collagen and elas-
tic fi bres that are stretched during each single car-
diac cycle. Thereby, the pericardium yields a higher 
stiffness at end-diastole, which has a restraining 
effect on cardiac volume (Hamilton et al. 1994). 
Furthermore, the pericardium functions as a barrier 
to infection. Although the pericardium serves these 
many important functions, it is not essential for life.

24.2.2 

CT Anatomy of Pericardial Structures

The pericardial cavity lies between variable amounts 
of epicardial and pericardial adipose tissue, which 
provides a natural tissue contrast. On CT, the ventral 
and caudal portions of the pericardium are gener-
ally visualized best (Fig. 24.2). The normal parietal 
pericardial is seen as a pencil-thin curvilinear line 
of 1 to 2 mm of thickness, but can focally appear 
thicker at the sites of its major attachments.

The ventral parts of the fi brous parietal peri-
cardium are regularly visualized, while the dorsal 
aspects of the parietal pericardium are primarily 
seen at the caudal insertions and occasionally at the 
level of the left atrium and ventricle. The cephalad 
portion is usually not visualized because of lacking 
fat in this area. It can be identifi ed with abnormal 
thickening or when a pericardial effusion displaces 
it ventrally (Vesely et al. 1986).

As described above, the inner serosal layer re-
fl ects at the great vessels and forms the pericardial 

Fig. 24.1. Pericardial cavity and refl ections of serosal layers 
(scheme, view from anterior). The pericardium encloses the 
ascending aorta (AA), the main pulmonary artery (MPA), 
the superior (SVC) and the inferior vena cava (IVC), and the 
pulmonary veins (PV). The transverse sinus (TS) is posterior 
to the left atrium, the oblique sinus (OS) inferiorly



  MDCT: Evaluation of Congenital and Acquired Diseases of the Pericardium 343

recesses (Fig. 24.1). These serosal refl ections sur-
round two complex tubes. The fi rst tube encloses 
the aorta and pulmonary trunk. The second en-
closes both the superior and the inferior vena cava, 
and additionally contains the four pulmonary veins. 
The transverse sinus is located above and posterior 
to the left atrium and represents the transition zone 
of the two tubes. It is divided into the superior aortic 
recess (anterior and posterior portion), the inferior 
aortic recess, the right pulmonic recess and the left 
pulmonic recess (Vesely et al. 1986). Finally, the 
oblique sinus proper includes the postcaval recess 
and the left and right pulmonary venous recesses. 
Misinterpretation of these pericardial recesses as 
mediastinal abnormalities may have an important 
clinical impact (Vesely et al. 1986, Batra et al. 
2000) (see Sect. 2.2.3).

24.2.2.1 

The Transverse Sinus

Superior Aortic Recess

The transverse sinus is situated above the left atrium 
and behind the aorta and the pulmonary trunk 
(Fig. 24.3). The superior division of the transverse 
sinus represents the superior aortic recess, which 

normally is divided into two parts, the anterior and 
the posterior portion. The anterior superior aortic 
recess lies in front of the ascending aorta, whereas 
the posterior superior aortic recess lies behind 
(Fig. 24.4a,b). Both are connected. The anterior su-
perior aortic recess passes anteriorly to the aorta and 
the pulmonary trunk and forms a fi ssure between 
these vessels. Fluid in this pericardial recess has 
a well-circumscribed contour with a snout-shaped 
extension. It may drape in front of the aorta and 
pulmonary artery.

The posterior portion of the superior aortic re-
cess is seen on CT as a half-moon-shaped fl uid col-
lection adjacent to the posterior wall of the ascend-
ing aorta, usually at the level of the right pulmonary 
artery.

Inferior Aortic Recess

The inferior aortic recess of the transverse sinus 
extends between the aortic root and the right atrium 
(Fig. 24.5). This recess is subdivided into a right and 
a left pulmonic recess. The left pulmonic recess lies 
laterally to the left pulmonary artery and extends 
posteriorly to the proximal right pulmonary artery. 
The right pulmonic recess extends posteriorly below 
the right pulmonary artery (Groell et al. 1999).

Fig. 24.2. Normal anterior pericardium. The pericardium 
appears as a thin line in the anterior mediastinum (white 
arrows)

Fig 24.3. Transverse sinus of the pericardium (arrowheads). 
CT inferior to the RPA at the level of the left atrial appendage 
(ap). Ascending aorta (AA), main pulmonary artery (MPA), 
the superior vena cava (SVC), left superior pulmonary vein 
(LSP), right pulmonary artery (RPA)
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24.2.2.2 

The Oblique Sinus

The oblique sinus lies posterior to the left atrium and 
to the left pulmonary artery (Groell et al. 1999). 
The superior portion of this sinus is called the pos-
terior pericardial recess. This pericardial cavity is 
separated from the transverse sinus by a double 
refl ection of serous pericardium and includes the 
post-caval recess as well as the left and right pulmo-
nary venous recesses. These extensions may reach 
the subcarinal region.

Pulmonary Venous Recess

The left and right pulmonary vein recesses are be-
tween the superior and inferior pulmonary veins on 
each side (Fig. 24.6).

Postcaval Recess

The postcaval recess is posterior and lateral to the 
superior caval vein and between the inferior vena 
cava and the coronary sinus. The postcaval recess 
is bounded by the superior caval vein and the right 
superior pulmonary vein.

Fig. 24.4a,b. Pericardial sinuses and recesses. (a) Cross-sectional drawing of the ascending aorta (AA), right bronchus (RB), 
left bronchus (LB), esophagus (E), left superior pulmonary vein (LSP), main pulmonary artery (MPA), right pulmonary 
artery (RPA), anterior superior aortic recess (a), posterior superior aortic recess (b), posterior pericardial recess of oblique 
sinus (c). (b) Corresponding CT. The anterior portion of the superior aortic recess is ventrally (white arrow) and the posterior 
portion dorsally of the ascending aorta (black arrow). The posterior recess of the oblique sinus is posterior to the RPA and 
between the RB and LB (white arrowhead)

a b

Fig. 24.5. Inferior aortic recess. The inferior aortic recess 
(black arrowhead) extends behind the ascending aorta (AA) 
and the right atrium (RA)
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24.2.2.3 

Modality-Specifi c Anatomic Pitfalls

Pericardial fl uid can collect in the various above-
described sinuses of the pericardial refl ections. As 
these collections may mimic dissection fl aps, bron-
chogenic cysts or adenopathy, they can be mistaken 
as pathologies (Choi et al., 2000). Especially in onco-
logic imaging, misinterpretation of pericardial fl uid 
as adenopathy can lead to inaccurate clinical staging 
and inappropriate patient management and therapy 
(Fig. 24.7).

Rarely, the extensions of the superior recess may 
lie more cranially in a right paratracheal location 
(Aronberg et al. 1984). This ectopic location has been 
defi ned as a high-riding pericardial recess (Choi et al. 
2000). Knowledge of this anatomic variant prevents 
mistaking it for a right para-tracheal lymph node 
(Truong et al. 2003). The prevalence of a high-riding 
superior pericardial recess is 2%. Differentiation of 
this recess from aorto-pulmonary window adenopa-
thy is possible based on the typical location and ap-
pearance: since fl uid in the sleeve can be seen anterior 
and posterior to the vein, adenopathy typically occurs 
only on one side of the vein, with possible concomi-
tant narrowing of the vein (Batra et al. 2000).

On the other hand, fl uid in the oblique sinus can 
imitate abnormalities in the posterior mediastinum, 

such as pathologies of the esophagus or descending 
thoracic aorta. Fluid in the oblique sinus may also 
be mistaken for subcarinal or bronchopulmonary 
lymph nodes. Also, at the level of the inferior pul-
monary vein recess, pericardial fl uid in this sleeve 
can be misinterpreted as adenopathy.

In order to differentiate between these fl uid col-
lections, the radiologist has to determine carefully 
the allocation. Fluid in the sleeves can be seen ante-
rior and posterior to the vein, whereas adenopathy 
typically occurs only on one side of the vein. The 
reverse, narrowing of the vein, is most frequently 
caused by lymph nodes.

 24.3 
CT Techniques for Diagnosis of 
Pericardial Disease

During early stages of CT application, cardiac CT 
interpretation was limited by the effects of motion 
artifacts. With the introduction of ECG gating, 
image reconstruction may be synchronized to the 
movements of the heart. Newer scanners provide a 
high temporal resolution of up to 83 ms allowing the 
accurate depiction of coronary arteries without mo-

Fig. 24.6. Pulmonary vein recess. The pulmonary vein re-
cess (black arrow) is between the superior and inferior pul-
monary veins. Left atrium (LA)

Fig. 24.7. Transverse CT of a patient with infracarinal ad-
enopathy (white arrowhead). The small fl uid collection in 
the transverse sinus (white arrow) could be mistaken for 
another lymphadenopathy
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tion artifacts. On the other hand, the pericardium 
can be visualized consistently with high accuracy 
without ECG gating. This is facilitated by the isotro-
pic spatial resolution allowing multiplanar reforma-
tions in any arbitrary plane.

CT scanning of the pericardium should cover the 
full range from the tracheal bifurcation to the dia-
phragm. In the routine clinical setting, patients are 
examined in the supine position. Views in the lateral 
decubitus position may be of additional value when 
encapsulated effusions are suspected. When exam-
ining the pericardial recesses, it may be of value 
to reconstruct thin-section CT images that permit 
reformatted images in coronal, sagittal or oblique 
planes (Kodama et al. 2003).

The use of contrast media is recommended in 
patients with suspected pericarditis, encapsulated 
pericardial effusions and cardiac or intra-pericar-
dial masses (Gross et al. 1983).

Although echocardiography is the most widely 
used technique for pericardial imaging, MRI and 
more recently CT allow for the detection of practi-
cally all diseases of the pericardium. Consequently, 
three-dimensional studies are of high value in the 
accurate determination for percutanous puncture 
sites. Information about the adjacent lung anatomy 
in order to avoid a pneumothorax and measure-
ments of distances (i.e., between the skin and the 
pericardial sac) may routinely be obtained.

 24.4 
Classifi cations and Detection of 
Pericardial Disease in CT

24.4.1 

Congenital Diseases of the Pericardium

Congenital anomalies of the pericardium are rare. 
They are classifi ed as congenital absence or defects 
of the pericardium, pericardial cysts and develop-
mental tumors of the pericardium.

24.4.1.1 

Congenital Absence or Defects of the Pericardium

A compromise of the vascular supply to the pleuro-
pericardial membrane during embryologic devel-
opment is associated with congenital absence or 
defects in the pericardium. Congenital absences of 

the pericardium can be classifi ed into three groups 
(Moore et al. 1953):

Left-sided absence, meaning the left heart and  �
lung are in the same cavity with preservation on 
the right (60%).
A foramen-like defect, mostly on the left side  �
(20%).
Total absence or rudimentary development  �
(20%).

Absence or defects occur with a frequency of 
1:10,000 in autopsies and are three times more of-
ten in males (male to female ratio 3:1) (Maisch et 
al. 2004). The variation in size is wide. Defects of the 
pericardium are frequently associated with large de-
fects in the parietal pleura through which the lung 
can herniate (Hipona et al. 1964) or other congenital 
anomalies of the heart. Patients may present with a 
patent ductus arteriosus, a defect of the interventric-
ular septum, a tetra- or pentalogy of Fallot, as well as 
with a lung sequestration in around 30% (Maisch et 
al. 2004, Rao et al. 1981).

Absence or defects of the left pericardium usually 
cause no symptoms. Vague chest pain may occur 
and increase in the left lateral position due to vol-
ume loading of the cardiac chambers. Several stud-
ies described a herniation of the atrium (Robin et al. 
1975) or of the ventricle through a congenital peri-
cardial defect. A herniation of the atrium  or of the 
ventricle may also be found in postoperative patients 
(Fig. 24.8) (Dober et al. 2006). Acute symptoms oc-
casionally occur during exercise when the append-
age or the apical ventricle herniates. However, ab-
sence or defects of the pericardium are commonly 
an incidental fi nding. Contrast-enhanced CT and 
MRI are the modalities of choice for the diagnosis. 
The evidence of an interruption of the pericardial 
continuity may be directly seen or may be denoted 
by the recognition of a direct contact between the 
heart and the lungs.

24.4.1.2 

Pericardial Cysts

Pericardial cysts are a benign congenital anomaly 
in the middle mediastinum. They may also be ac-
quired after cardiothoracic surgery. Pericardial 
cysts are caused by an incomplete coalescence of 
fetal lacunae forming the pericardium and result 
when a portion of the pericardium is isolated dur-
ing embryonic development. Histological examina-
tions have shown pericardial cysts and diverticula 
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to be fl uid-fi lled outpouchings of the parietal peri-
cardium (Feigin et al. 1977). Therefore, they are 
thought to emerge from persistent blind-ending 
ventral pericardial recesses. Pericardial cysts occur 
at a rate of 1 per 100,000 persons. They represent 
6% of mediastinal masses and 33% of mediastinal 
cysts (Wang et al. 2003). Fifty-one to 71% percent 
of congenital cysts are located at the right cardio-
phrenic angle, 28–38% at the left and 8–11% in the 
superior mediastinum (Patel et al. 2004). Seventy-
fi ve percent of the cysts cause no associated clini-
cal symptoms. Most commonly they are depicted 
incidentally during routine chest X-ray or echocar-
diography. The size of pericardial cysts varies from 
1 to 5 cm. It is unknown whether a particular size 
or position of the cyst is associated with a higher 
complication rate. Symptomatic patients most com-
monly complain about chest pain, persistent cough 
and dyspnea, which are usually due to compres-
sion of adjacent organs (Feigin et al. 1977). Cardiac 
tamponade, obstruction of right main stem bron-
chus and sudden death represent life-threatening 
emergencies. Cardiac tamponade is secondary to an 
intra-pericardial rupture of the cyst or spontane-
ous hemorrhage into the cyst. Other complications 
include obstruction of the right ventricular out-
fl ow tract, infl ammation and infection, pulmonary 
stenosis, partial erosion into adjacent structures, 

atrial fi brillation and congestive heart failure. A few 
pericardial cysts resolve spontaneously, likely from 
rupture into the pleural space. The rates of spon-
taneous resolution or complications have not been 
reported so far (Feigin et al. 1977).

Contours of these cysts are usually well defi ned 
and round. On CT, they present as unilocular or 
multilocular low-attenuation and thin-walled 
space-occupying lesions (Maisch et al. 2004). Their 
attenuation is slightly higher than water density and 
does not enhance after intravenous contrast admin-
istration (Fig. 24.9a,b).

Since cysts may also be located in the superior 
mediastinum, the differential diagnoses should 
include intrapericardial, bronchogenic cysts and 
cystic teratomas. The management of pericardial 
cysts includes follow-up, percutaneous drainage or 
resection. Follow-up is performed with repeated CT 
scans, MRI or echocardiography.

24.4.2 

Acquired Diseases of the Pericardium

24.4.2.1 

Pericarditis

Pericarditis is defi ned as a state of infl ammation of 
the pericardium that is secondary to infection (viral, 
fungal or bacterial), myocardial infarction, radio-
therapy, uremia, systemic autoimmune diseases or 
drug-related (Maisch et al. 2004).

Viral pericarditis is the most common infection 
and results from a direct viral attack and antiviral 
immune response. The entero-, echo-, adeno-, Ep-
stein-Barr, herpes simplex, infl uenza, parvo B19 or 
hepatitis C virus may be causative. The cytomega-
lovirus is most often seen in immunocompromised 
hosts (Campbell et al. 1995). The treatment consists 
of resolving the symptoms and preventing recur-
rences.

Fungal pericarditis mainly occurs in immuno-
compromised patients or in the course of endemic-
acquired fungal infections. Histoplasma and Coc-
cidioides are mainly causative in endemic areas, 
whereas Candida, Aspergillus and Norcardia are 
non-endemic. The clinical picture varies and in-
cludes the full spectrum of pericardial diseases. 
Antifungal medication represents the treatment of 
choice.

Bacterial pericarditis is a rare entity and usually 
manifests as a purulent effusion or empyema. Again, 

Fig. 24.8. Partial herniation of the right atrium (black 
 arrowheads) bulging dorsolaterally (transverse oblique mul-
tiplanar CT reconstruction). This 22-year-old previously un-
derwent a Fontan procedure for tetralogy of Fallot repair
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a wide variety of organisms, such as staphylococ-
cus, pneumococcus and streptococcus, can be caus-
ative (Sagrista-Sauleda et al. 1993). In patients 
with proven tuberculosis, tuberculous pericarditis 
is likely. Often, purulent pericarditis is fatal if un-
treated. Open surgical drainage and pericardectomy 
are required in patients with dense adhesions, locu-
lated and thick purulent effusion, or progression to 
constriction (Maisch et al. 2004).

Postinfarction pericarditis may occur as an early 
(pericarditis epistenocardica) or as a delayed form 
(Dressler’s syndrome). Dressler’s syndrome mani-
fests within weeks to several months after myocar-
dial infarction. Postsurgical pericarditis usually de-
velops within days after cardiac/pericardial injury 
(Maisch et al. 2004).

Radiation-induced pericarditis is seen in 3–20% 
of patients who have received mediastinal radiother-
apy. This complication most often occurs months or 
years after treatment (Adams et al. 2003).

Uremia is a common cause of pericarditis, pro-
ducing large pericardial effusions. Six to ten percent 
of patients with acute or chronic renal failure are 
affected. Pericarditis results from infl ammation of 
the visceral and parietal pericardium and correlates 
with the degree of azotemia. Dialysis-associated 
pericarditis is present in 13% of patients who un-
dergo dialysis and is due to inadequate dialysis and/
or fl uid overload (Maisch et al. 2004).

Autoreactive pericarditis can be a sequela of a 
variety of systemic autoimmune diseases, e.g., rheu-
matoid arthritis, systemic lupus erythematosus, 
progressive systemic sclerosis, dermatomyositis, 
mixed connective tissue disease and vasculitides, 
and sarcoidosis. It manifests with a high number of 
lymphocytes and mononuclear cells, the presence of 
antibodies against heart muscle tissue and infl am-
mation of the epi- or endomyocardium. The exclu-
sion of an infective pericarditis is needed for the 
diagnosis. The management consists of intensifying 
the treatment of the underlying disease.

Drug-related pericarditis is rare. Management is 

based on the discontinuation of the causative agent 
and symptomatic treatment. Pericarditis can remain 
clinically silent or present with a sudden onset of 
typical signs and symptoms, including chest pain, 
dyspnea, fever, friction rub, ST-segment and T-wave 
changes, and decreased QRS voltage. A prodrome of 
fever, myalgia and malaise is common. Acute peri-
carditis can be dry, fribrinous, but most commonly 
manifests with effusion, and pericardial thickening 
may be seen in chronic states (>3 months) (Maisch 
et al. 2004).

Acute Pericarditis

Acute pericarditis may be a self-resolving benign 
disease. The associated fl uid can be a transudate 

Fig. 24.9a,b. Pericardial cyst. Transverse CT (a) and sagittal oblique multiplanar CT reconstruction (b). Pericardial cyst 
(white arrowhead) at right cardiophrenic angle with adherence to the pericardium (white arrows)

a b
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or an exsudate depending on the underlying cause. 
Transudates are most frequently found in post-surgi-
cal pericarditis, uremia, connective tissue disorders 
or after myocardial infarction, whereas exudates 
mainly occur in infective pericarditis (Maisch et al. 
2004). On plain fi lms of the chest, a sudden increase 
of the cardiac silhouette suggests the presence of a 
pericardial effusion. Echocardiography is the most 
often used technique in this clinical setting, while 
CT and MRI similarly show a smoothly thickened 
pericardium (Table 24.1). CT acquisition in the ve-
nous phase after contrast-administration better vi-
sualizes the hyper-attenuating pericardium than an 
acquisition during the arterio-venous phase that is 
usually performed in standard thoracic CT studies 
(Fig. 24.10a,b). However, there is so far no literature 
analyzing the best contrast enhancement phase for 
diagnosing acute pericarditis.

Chronic Pericarditis

An irregular pericardial thickening is the hallmark 
of chronic pericarditis. The normal thickness of the 
pericardium is less than 2 mm and a thickness of 
more than 4 mm is considered abnormal. Chronic 
pericarditis may be associated with calcifi cations 
(Table 24.1) (Fig. 24.11). CT will show pericardial en-
hancement after intravenous contrast administra-
tion. Occasionally, the differentiation on CT between 
a small effusion from pericardial thickening may be 
diffi cult. A pericardial thickening accompanied by 
clinical fi ndings of heart failure is highly suggestive 
of constrictive pericarditis (Wang et al. 2003).

Constrictive Pericarditis

Constrictive pericarditis is a clinical syndrome 
characterized by a hampered expansion of the heart 
because of a rigid, chronically infl amed and thick-

ened pericardium that limits diastolic fi lling of the 
ventricles. The most frequent causes are idiopathic 
conditions, cardiac surgery, tuberculosis and other 
infectious diseases, neoplasms, radiation therapy, 
renal failure and connective tissue diseases.

The clinical symptoms resemble congestive states 
that are caused by myocardial or chronic liver dis-
eases. Decompensation may lead to venous conges-
tion, hepatomegaly, pleural effusions and ascites. 
Patients complain about fatigue, peripheral edema, 
breathlessness, weight gain, abdominal discom-
fort, nausea, edema and abdominal swelling (Hoit 
2007).

The CT demonstration of an irregularly thick-
ened pericardium without or with calcifi cations in 
the proper clinical setting is essentially diagnostic 
(Table 24.1) (Fig. 24.12). A thickened pericardium 
without an impaired diastolic fi lling is indicative 
of acute or chronic pericarditis, but not necessarily 
of constrictive pericarditis. Although absence of a 
thickened pericardium argues against the diagnosis 
of constriction, it does not rule out constrictive peri-
carditis. In these patients microstructural changes 
predominantly cause chronic constriction. How-
ever, the presence of any pericardial calcifi cation in 
a patient suspected of constriction should be consid-
ered as signifi cant (Wang et al. 2003).

Additional imaging fi ndings in constrictive peri-
carditis include distorted contours of the ventricles 
and tubular-shaped ventricles. Dilatation of the 
atria, the coronary sinus, the inferior caval vein and 
the hepatic veins may also be present (Table 24.1) 
(Wang et al. 2003).

Pericardiectomy is the defi nitive treatment in 
constrictive pericarditis, but is unwarranted in any 
state of disease when the risk of surgery is increased 
(30% to 40% mortality) (Seifert et al. 1985). The 
defi nition of the location of the focal pericardial 
thickening facilitates the surgical approach.

Table 24.1. CT features in pericarditis

Pericardium Enhancement 
of pericardium

Additional fi ndings

Acute pericarditis Smoothly th ickened +++ Effusion

Chronic pericarditis Irregularly thickened,
ev. calcifi cations

+++ Effusion

Constrictive pericarditis Irregularly thickened,
ev. calcifi cations

+/– Distorted contours and tubular-shaped 
ventricles, dilatation of atria, coronary sinus, 
inferior vena cava and hepatic veins
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24.4.2.2 

Pericardial Eff usion

The pericardial cavity normally contains 50 ml of 
serous fl uid. Pericardial effusion defi nes the pres-
ence of an abnormal amount and/or composition 
of fl uid. It can be caused by a variety of local and 
systemic disorders and may appear as a transudate 
(hydropericardium), exudate or pyopericardium. 
Large effusions are common with neoplastic, tu-
berculous, cholesterol (chylous) and uremic peri-
carditis, as well as in myxoedema and parasitosis. 
After heart transplantations, pericardial effusions 
are seen as a result of a small donor heart in a 
large pericardial cavity or after immunotherapy 
with cyclosporine (Maisch et al. 2004). Loculated 
effusions are more common after surgery, trauma 
or in purulent pericarditis.

Slowly accumulating effusions cause the peri-
cardium to stretch. They can exceed a liter in vol-
ume. When the fl uid is rapidly fi lling the pericar-
dial cavity, the presence of a normal pericardium 
can be detrimental by showing a limited ability to 
distend quickly (Breen 2001). For these reasons, 
slowly developing large effusions can be remarkably 
asymptomatic, whereas rapidly accumulating small 
effusions can create a tamponade, i.e., a compres-
sive disorder due to an increased intrapericardial 
pressure (Maisch et al. 2004). In large pericardial 
effusion, the heart may move freely within the peri-
cardial cavity, which is called a “swinging heart.”

Although CT can accurately detect a pericar-
dial effusion, echocardiography is considered the 
primary diagnostic tool. The volume of effusion 
is usually graded by echocardiography as small 
(echo-free space in diastole <10 mm), moderate 
(echo-free space 10–20 mm) or large (echo-free 
space >20 mm). CT measurements of the attenu-
ation of the fl uid may be useful for the determina-
tion of the etiology.

Hemopericardium

Blood within the pericardial cavity is considered 
as a specifi c entity of pericardial effusion. The 
blood may be secondary to trauma, aortic dissec-
tion (Fig. 24.13a,b), malignancy, infection, uremia 
or coagulopathy. Furthermore, a hemopericardium 
may be due to anticoagulation agents that are re-
quired after valve replacement or following open 
heart surgery.

A hemopericardium may become hemodynami-
cally signifi cant, leading to cardiac tamponade (see 
Sect. 4.2.4). Thoracotomy and immediate surgical 
repair will be necessary to stabilize the hemody-
namics.

24.4.2.3 

Pneumopericardium

A pneumopericardium is a rare fi nding and defi ned 
as the presence of air within the pericardial cavity. It 

Fig. 24.10a,b. Acute bacterial pericarditis. Cranio-caudal CT images show a circular pericardial effusion (white arrows) with 
contrast enhancement of smoothly thickened pericardium (white arrowheads) (a). A localized, purulent infection (arrows) 
of the anterior pericardium was seen intraoperativly (b)

a b
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occurs when air is trapped as a one-way valve. When 
the amount of air is increasing, it may become he-
modynamically signifi cant. A pneumopericardium 
may be traumatic or non-traumatic. High-speed 
blunt deceleration injuries represent the most fre-
quent traumatic causes (Fig. 24.14a–c).

Less common causes are thoracic procedures, 
endoscopy, or positive pressure ventilation. Non-
traumatic causes are acute asthma and esophageal 
lesions, such as peptic ulceration, carcinoma and 
spontaneous rupture (Sharma et al. 2007). Infre-
quent causes are intrapericardial perforation of a 
lung abscess or a tuberculous cavity and pericardi-
tis secondary to gas-forming organisms (Grandhi 
et al. 2004).

Fig. 24.11. Chronic pericarditis with extensive pericardial 
calcifi cations (white arrows) (coronal CT reconstruction)

Fig. 24.12. Constrictive pericarditis (transverse end-diastolic 
CT). Irregularly thickened (arrowheads), calcifi ed ( arrows) 
pericardium. The left ventricle (LV) is tubular-shaped; the 
left atrium (LA) is dilated

Fig. 24.13a,b. Hemopericardium secondary to dissection 
of ascending aorta. Transverse CT shows a large amount 
of blood within pericardial cavity (arrowheads) (a). Coro-
nal multiplanar CT reconstruction visualizes the dissecting 
aneurysm (arrows) and the concomitant hemopericardium 
(arrowheads) (b)

a

b
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The diagnosis is usually made on plain chest 
fi lms. Chest radiography will show air surrounding 
the heart and a fi ne white line representing the peri-
cardium. The cranial contour of the diaphragm may 
be visualized by air, which is referred to as the “con-
tinuous diaphragm sign” (Sharma et al. 2007). CT is 
valuable in confi rming the diagnosis and may detect 
concomitant injuries to neighboring structures.

Since a pneumopericardium is usually self-limited 
and does not require a specifi c therapy, the place-
ment of a chest tube is suffi cient in patients with a 
concomitant pneumothorax. Immediate surgery is 
necessary when the patient suffers from a tear of the 
tracheobronchial tree or the esophagus (Sharma et 
al. 2007). Endoscopy must be performed with cau-
tion as insuffl ation of air may exacerbate cardiac 

Fig. 24.14a–c. Pneumopericardium after deceleration 
trauma. Chest radiography demonstrates a rim of air (black 
arrows) below the cardiac silhouette (a). Transverse CT in 
lung window setting depicts the pneumopericardium (black 
arrow) (b). Sagittal CT reconstruction shows pneumoperi-
cardium (white arrows) and collateral sternal (black arrow) 
and vertebral fractures Th 7/8 (black arrowhead) (c)

a b

c

tamponade. Early detection of a hemodynamically 
signifi cant pneumopericardium is essential for an 
effective management.

24.4.2.4 

Tamponade

Cardiac tamponade is defi ned as a hemodynamic 
condition that is characterized by equal elevation of 
atrial and pericardial pressures, a pulsus paradoxus 
and a reduced systemic pressure.

The importance of pericardial restraint of ven-
tricular fi lling at physiologic cardiac volumes re-
mains controversial, but there is an agreement on 
the size of the pericardial reserve volume. Hence, 
pericardial effects become signifi cant when the re-
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mature endodermal, mesodermal and ectodermal 
elements. Tissues discovered in intrapericardial 
teratomas are diverse and include neuroglia, carti-
lage, skeletal muscle, liver, intestine, pancreas and 
glandular tissue. Pericardial teratomas are usually 

right-sided masses, which typically have contact to 
one of the great vessels via a pedicle (Grebenc et 
al. 2000).

On chest radiography, teratomas present with 
an enlarged cardiomediastinal silhouette. On CT, 
they frequently exhibit a multicystic appearance, 
with the cysts showing a high variability in size. The 
complex multilocular cystic mass may compress the 
heart and the great vessels. Formed calcifi ed teeth 
may also be present within the lesion (Grebenc et 
al. 2000).

Although teratomas are benign lesions, intrap-
ericardial teratoma is life-threatening due to tam-
ponade and requires urgent surgical intervention 
with pericardiocentesis in nearly all cases. Excision 
brings immediate relief of symptoms. The prognosis 

of surgically treated patients is good. In the fetus, 
tamponade due to an intrapericardial teratoma is a 
common cause of death (Aldousany et al. 1987).

Lipomas

Percardial lipomas account for approximately 10% 
of all primary cardiac tumors (Grande et al. 1998). 
Most frequently, they are found incidentally during 
imaging or at autopsy. Cardiac lipomas of the heart 
can arise from the endocardium, myocardium or 
pericardium. They are typically found in adults, al-
though patients of all ages may be affected.

The circumscribed, spherical or elliptical masses 
of homogeneous yellow fat are composed of mature 
adipocytes usually entrapped in a capsule. They are 
reported as single lesions; however, multiple lipo-
mas have occurred with congenital heart defects and 
tuberous sclerosis. The patients are usually asymp-
tomatic, although symptoms of heart disease due to 
a mass effect may occur (Grebenc et al. 2000).

Both CT and MRI are useful for the diagnosis. 
Pericardial lipomas are diagnosed on CT based on 
their low attenuation (below -70 HU) and on MRI 
on the basis of signal intensities of fatty tissue. They 
appear as predominantly homogeneous masses, but 
may display internal soft-tissue septa or scattered 
strands of higher attenuation tissue. After intrave-
nous contrast administration, lipomas demonstrate 
poor contrast enhancement. Information regarding 
the relationship of the mass to the coronary arteries 

is valuable for preoperative planning and in deter-

serve volume is rapidly exceeded. This may occur 
when there is a rapid increase of the blood volume 
or the heart size (e.g., acute mitral and tricuspid re-
gurgitation, pulmonary embolism, RV infarction). 
In contrast, chronic stretching of the pericardium 
results in “stress relaxation,” which explains why 
large, but slowly developing effusions do not pro-
duce a tamponade (Hoit 2007).

Cardiac tamponade may be acute or chronic. 
Acute tamponade may occur as a complication of 
cardiac surgery, myocardial infarction or a dissect-
ing hematoma of the ascending aorta. Occasionally, 
it represents an uncommon complication of percu-
taneous biopsy. Acute cardiac tamponade is a po-
tentially life-threatening condition resulting from a 
rapid fl uid or air accumulation within the pericar-
dial cavity.

Chronic cardiac tamponade is regarded as a con-
tinuum ranging from mild (pericardial pressure 
of <10 mmHg) to severe states (pericardial pres-
sure of >15 to 20 mmHg). Mild chronic tamponade 
is frequently asymptomatic, whereas patients with 
moderate chronic tamponade and especially severe 
chronic tamponade suffer from precordial discom-
fort and progressive dyspnea (Hoit 2007).

The removal of small amounts of pericardial fl uid 
yields a considerable improvement of the clinical 
condition. Prompt pericardiocentesis is reasonable 
if cardiac tamponade is severe.

24.4.2.5 

Neoplasms of the Pericardium

Primary benign and malignant neoplasms of the 
pericardium are infrequent. Teratomas and meso-
theliomas are the leading primary solid masses. Sec-
ondary malignancies are far more common.

CT features that may elucidate the etiology of a 
mass include location, extent, cystic or solid tissue 
composition, effect on cardiac chambers and en-
hancement pattern. An accurate assessment is of 
paramount importance with regard to surgical re-
section. Therefore, echocardiography, CT and MRI 
may all be employed.

Benign Neoplasms

Teratomas

Pericardial teratomas are benign germ cell neo-
plasms that typically affect infants and children. 
They are similar to extrapericardial teratomas and 
contain derivatives of all three germ layers, i.e., 
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mining resectability. Symptomatic cardiac lipomas 
are treated with surgical resection, and patients gen-
erally have a good outcome.

Hemangiomas

Cardiac hemangiomas account for approximately 
5%–10% of all benign cardiac neoplasms (Zeina et 
al. 2007). They may involve the endocardium, myo-
cardium or pericardium. At the time of diagnosis, 
the majority of patients are older than 50 years with 
an age range from 18 days to 76 years (Brodwater 
et al. 1996). Most patients are asymptomatic; in a 
few cases, however, atypical chest pain or symptoms 
of a hemopericardium and cardiac tamponade may 
be present.

Hemangiomas are of endothelial cell origin with 
a remaining uncertainty whether hemangiomas are 
true neoplasms or developmental vascular anoma-
lies. In general, endothelial cells form large, intercon-
necting vascular spaces divided by varying amounts 
of connective tissue. With regard to their morphol-
ogy and size, they are classifi ed as capillary, cavern-
ous or venous hemangiomas (McAllister 1979).

Pericardial hemangiomas typically arise from 
the visceral pericardium, and most of them are of 
the cavernous entity. They are usually solitary and 
well circumscribed. A true capsule is rare, and mi-
croscopic extension into the epicardium or myocar-
dium is not uncommon (McAdams et al. 1994). On 
CT, pericardial hemangiomas present as unilateral 
masses between 1 and 13 cm in size and with sharply 
marginated, smooth borders. They normally appear 
heterogeneous on native CT scans and show an in-
tense centripetal enhancement after intravenous 
contrast administration. This suggest the diagno-
sis and can assist in preoperative surgical planning 
(Brodwater et al. 1996).

Fibromas

The incidence of pericardial fi bromas is 2–3% of all 
primary cardiac tumors (Burke et al. 1994). Patients 
may present with non-specifi c symptoms, such as 
heart failure, arrhythmias, cyanosis and chest pain. 
Pericardial fi bromas may be stable in size for years, 
and sometimes even tumor regression has been ob-
served.

Fibromas are cellular, fi broblast-rich tumors with 
little collagen in infants, whereas tumors in adults 
are composed predominantly of collagen. In ap-
proximately 50% of the cases, spots of calcifi cation 
and less commonly ossifi cation may be found. Ex-
aminations of resected cardiac fi bromas reveal fi rm 

or rubbery masses. Cysts, hemorrhage or necrosis is 
not present.

On chest radiography, an enlargement of the car-
diac silhouette is the most frequent fi nding. On CT, 
pericardial fi bromas present as large, solid masses 
with scattered calcifi cations and well-circumscribed 
margins. They show a heterogeneous enhancement 
pattern after intravenous contrast administration 
(Tilling et al. 2006). Accurate assessment of the 
extent is necessary prior to surgical excision. Post-
surgical tumor recurrence is very rare (Burke et al. 
1994).

Primary Malignant Neoplasms

Mesotheliomas

Pericardial mesotheliomas are primary malignant 
neoplasms that arise from the mesothelial cells 
of the pericardium. The term is used to describe 
tumors localized to the pericardium and does not 
apply to primary pleural tumors that secondarily 
invade the pericardium. Although pericardial me-
sotheliomas represent less than 1% of all malignant 
mesotheliomas, they account for 50% of all primary 
pericardial tumors (Kaul et al. 1994). There appears 
to be some causal effect of asbestos exposure, but a 
defi nite association has not been established yet due 
to the rarity of this lesion. Patients with pericardial 
mesotheliomas show an age peak in the mid-40s, 
with males predominantly affected. Clinical symp-
toms include chest pain, cough, dyspnea and palpita-
tions. A diffuse pericardial involvement may present 
with symptoms and signs that mimic pericarditis 
or cardiac tamponade. Advanced tumors may show 
widespread metastases.

Malignant mesotheliomas are fi rm and homog-
enous in macroscopic appearance. Histology dem-
onstrates a biphasic tumor composed of epithelial 
areas, which resemble a carcinoma, and spindled 
areas similar to a sarcoma. Malignant pericardial 
mesotheliomas typically form multiple coalescing 
pericardial masses that obliterate the pericardial 
cavity and constrict the heart. Although there may 
be slight infi ltration of the outer epicardium, signifi -
cant myocardial invasion is rare (Kaul et al. 1994). 

Conventional X-ray of a pericardial mesothe-
lioma typically visualizes an enlargement of the car-
diac silhouette and an irregular cardiac contour. CT 
readily demonstrates enhancement of a pericardial 
soft-tissue mass as well as irregular, diffuse pericar-
dial thickening and pericardial effusion (Fig. 24.15) 
(Grebenc et al. 2000).
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diac chamber is involved. Also, the coronary arter-
ies may be affected. Pericardial effusion is usually 
massive. Cytologic characteristics of this pericar-
dial fl uid are diagnostic in two thirds of the cases. 
However, exploratory thoracotomy and biopsy are 
often required for a defi nitive diagnosis (Nand et 
al. 1991).

Chest radiographs of patients with primary car-
diac lymphoma usually demonstrate an enlarged 
cardiac silhouette and signs of heart failure. On 
CT, cardiac lymphomas have a nodular appearance 
(Fig. 24.16). They are iso-attenuating relative to the 
myocardium, after intravenous contrast adminis-
tration, a heterogeneous enhancement pattern is 
seen (Dorsay et al. 1993). Pericardial lymphoma 
is less likely to demonstrate necrosis or extend into 
the heart chambers when compared with sarcomas. 
Differential diagnoses include thymomas, germ-cell 
tumors, atypical teratomas and metastases.

The prognosis for patients with pericardial lym-
phoma is very poor. Surgery has not proven to im-
prove prognosis, although operative reduction of 
the tumor may be an effective palliation. However, 
early diagnosis and chemotherapy may result in re-
mission and therefore may result in longer survivals 
(Nand et al. 1991).

Sarcomas

Pericardial sarcomas are rare malignant mesenchy-
mal neoplasms. They are by defi nition confi ned to 
the heart or pericardium at the time of diagnosis 
with no evidence of extracardiac primary neoplasm. 
Various types of sarcomas may affect the heart.

Angiosarcomas

Cardiac angiosarcomas are the most common ma-
lignant primary cardiac neoplasms with a frequency 
of 37% in surgical studies and a slight predominance 
in males. Usually, clinical signs of right-sided heart 

failure or tamponade are seen. Systemic signs, such 
as fever and weight loss, may also be present in the 
clinical history.

Angiosarcomas consist of endothelial cells that 
form ill-defi ned anastomotic vascular spaces, al-
though there may also be large avascular areas of 

spindle cells. Two types of angiosarcomas can be 
differentiated:

A loculated, often polypoid tumor mass most often  �
occurs in the right atrium and shows involvement 
of the pericardium
The second morphologic type is a diffusely infi l- �
trative mass extending along the pericardium.

Fig. 24.15. Pericardial mesothelioma. Contrast enhance-
ment of right-sided soft-tissue mass (white arrow) with ir-
regular, diffuse pericardial thickening

Surgery combined with radiation therapy may 
be palliative, but the prognosis of all patients is ex-
tremely poor, even of those who are treated, with 
survivals of 6 months to 1 year after diagnosis (Kaul 
et al. 1994).

Lymphomas
Primary cardiac lymphomas involve the heart or 
the pericardium at the time of diagnosis, with no 
evidence of extracardiac manifestation. Although 
primary cardiac lymphomas are rare, they can 
be observed with higher frequencies in immuno-
compromised patients, e.g., in association with 
the acquired immunodefi ciency syndrome. This 
is important since 16%–28% of patients with pri-
mary extracardial lymphomas present with cardiac 
involvement (Grebenc et al. 2000). The mean age 
of the patients is approximately 60 years, with a 
reported age range of 13 to 90 years and a slight 

male predominance. Symptoms include unrespon-
sive, rapidly progressive heart failure, arrhythmias, 
chest pain, cardiac tamponade and superior vena 
cava syndrome.

The pathology of pericardial lymphomas is typi-
cally that of the non-Hodgkin’s type and shows mul-
tiple solid, white nodular masses with a fi sh-fl esh, 
homogeneous appearance. Sometimes foci of necro-
sis occur. In most of the cases, more than one car-
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Both types may show infi ltration of the pericar-
dium, compression of cardiac chambers and in-
volvement of the great vessels. On CT, the pericar-
dial cavity is obliterated with hemorrhagic, necrotic 
tumor debris in almost all cases. CT shows a mass of 
low-attenuation with a heterogeneous enhancement 
pattern after intravenous contrast administration.

Chemotherapy, surgery, radiation therapy, as well 
as heart transplantation are considered to be thera-
peutic options. However, prognosis is poor with 
survivals ranging from 12 to 30 months due to the 
frequently delayed diagnosis (Araoz et al. 1999).

Undifferentiated Sarcomas

Undifferentiated sarcomas represent the second 
most frequent cardiac sarcoma (Fig. 24.17a,b). These 
neoplasms lack specifi c histological or immunohis-
tochemical features.

CT is helpful in the evaluation as it demonstrates 

the broad-based tumor attachment, potential myo-
cardial and mediastinal invasion, as well as exten-
sion into the great vessels and pulmonary metastases, 
when present. Pericardial undifferentiated sarcomas 
are characterized by pericardial thickening, nodu-
larity and heterogeneous enhancement pattern after 

Fig. 24.16. Pericardial B-cell lymphoma ( cranio-caudal CT images). Broad-based, nodular and contrast-enhancing 
neoplasm (white arrows) with irregular ill-defi ned borders extending from ascending aorta to right cardio-phrenic 
angle
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intravenous contrast administration. Non-enhanc-
ing areas typically correspond to necrosis.

These highly aggressive lesions are uniformly 
fatal. The mean survivals of affected patients range 
from 3 months to 1 year. Surgery offers palliation of 
symptoms secondary to obstruction and improves 
survival (Grebenc et al. 2000).

Liposarcomas

Primary cardiac liposarcomas arise from the atria or 
the ventricles and invade the pericardium. Affected 
patients most often present with shortness of breath 

or arrhythmia; fever and weight loss may also occur 
(Rafajlovski et al. 2001).

At macroscopic examinations, tumors are usu-
ally large in size and multilobulated with areas of 

necrosis and hemorrhage. Despite the name, lipos-
arcomas show no or only little macroscopic fat. Peri-
cardial involvement may present with thickening, 
tumor nodules, or effusion. Since primary cardiac 

liposarcomas only have little macroscopic fat, this 
entity can be excluded in the differential diagnosis 
of fatty cardiac tumors. Even well-differentiated li-
posarcomas have a higher CT number than normal 
fat (Puvaneswary et al. 2000).

Fibrosarcomas

The predilection site of pericardial fi brosarcomas 
is the left atrium. Patients most often present with 

congestive heart failure. Macroscopically, the neo-
plasm presents as a lobulated and soft mass lesion 
with a gelatinous appearance and necrotic areas. 
Microscopic examination will demonstrate fi bro-
blasts. On CT, pericardial fi brosarcomas show low-
attenuation values with possible areas of necrosis 
and may mimic mesotheliomas. Prognosis is very 
poor (Lionarons et al. 1990).

Secondary Malignant Neoplasms

Secondary malignant neoplasms of the pericardium 
are more common than primary. About two thirds 
of all cardiac metastases involve the pericardium. 
Malignancies metastasizing to the pericardium are, 
in order of decreasing frequency: mesotheliomas of 
the pleura, carcinomas of the lung, ovarian tumors, 
cancer of the stomach and of the prostate (Bussani 
et al. 2007). The pericardium can be involved by 
hematogeneous or lymphatic spread or by contigu-
ous invasion. Clinical presentations of pericardial 
metastases are highly variable. Pericardial effusion 
is common and may be the sole symptom of an un-
recognized metastasizing cancer.

Nearly all cardiac metastases manifest in patients 
with a known advanced extra-cardiac primary neo-
plasm (Fig. 24.18a,b). Hence, the distinction between 
primary and secondary cardiac neoplasms can be 
made only on the basis of the clinical history.

Fig. 24.17a,b. Undifferentiated high-grade sarcoma of pericardium. Transverse CT (a) and coronal oblique multiplanar 
reconstruction (b) show a low-attenuating inhomogeneous neoplasm (black arrows) in the anterior mediastinum

a b
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 24.5 
Conclusions

Since the pericardium is well displayed in a large  �
number of routine CT examinations, knowledge 
of its normal anatomy as well as of the most rel-
evant pericardial diseases, such as pericarditis, 
effusion, neoplasms and congenital anomalies, is 
important for their correct interpretation.
Although echocardiography is the reference imag- �
ing modality regularly used to examine the peri-
cardium, CT allows for the detection of practically 
all diseases of the pericardium because of high 
soft tissue contrast and demonstration of pericar-
dial calcifi cations.
CT imaging should be used when fi ndings at  �
echocardiography are non-conclusive or in confl ict 
with clinical fi ndings, and when MRI is contraindi-
cated. Intravenous contrast administration is rec-
ommended in patients with suspected pericarditis, 
encapsulated pericardial effusion and neoplasms.
CT and MRI provide a larger fi eld of view than  �
echocardiography and clearly depict adjacent 
structures. Therefore, three-dimensional studies 
are of high value in the surgical planning and for 
the accurate determination for percutanous punc-
ture sites.
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25.1 
Part I: Technical Introduction

In this section we will discuss the use of contrast-
enhanced CT techniques to assess pathological 
changes of pulmonary parenchymal perfusion. 
Perfusion strictly defi ned is “blood fl ow per unit 
volume or mass” of tissue. We will see that this 

quantity is not easy to measure directly for the lung. 
In a looser sense the term perfusion is often used 
as a synonym for any parameter (quantitative or 
qualitative) related to tissue hemodynamics such as 
relative blood volume or simply regional level of 
tracer enhancement.

Perfusion measurements usually are based on 
injecting a tracer into the blood circulation and fol-
lowing its dilution and distribution in vessels and 
tissues. Perfusion scintigraphy and SPECT, for in-
stance, use radiolabeled macroaggregated albumin 
as tracer. These tracer particles are large enough to 
eventually get stuck in the pulmonary parenchy-
mal capillaries after intra-venous injection. As their 
distribution rate is approximately proportional to 
blood fl ow, measuring the number of particles re-
gionally retained in the capillaries by one static 
measurement is a measure of gross perfusion, i.e., 
fl ow per unit of aerated lung tissue. The small tracer 
particles of the typical iodine contrast media used 
for CT, contrastingly, quickly traverse lung paren-
chyma with a typical transit time of not much more 
than 5 s. Calculating quantitative perfusion values 
based on indicator dilution theory therefore re-
quires multiple dynamic acquisitions with a tempo-
ral resolution in the order of 1 s. The feasibility of 
this approach has been shown in a pioneering EBT 
study (Schoepf et al. 2000), but has not made it into 
wider clinical use. This might be due to the limited 
availability of EBT, the only partial lung coverage, 
and the relatively high radiation exposure due to 
multiple expositions. If this will change with the re-
cent availability of whole lung dynamic acquisitions 
by 4D spiral techniques remains to be seen.

In the meantime relatively simple techniques that 
rely on a semi-quantitative analysis of parenchymal 
iodine distribution and can often be performed as 
an easy adjunct to standard CTA-type examinations 
have emerged. Their methodological basis and their 
clinical value will be the topic of this chapter.
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25.1.1 

Analysis of Iodine Enhancement

In the following we will try to describe with rela-
tively simple mathematics which effects infl uence 
the quantifi cation of enhancement after the injection 
of iodine contrast media and how enhancement can 
alternatively be determined with dual-energy CT. 
We will only describe a static analysis. This corre-
sponds to scans taken at an approximately constant 
level of enhancement in the pulmonary vasculature. 
Such relative plateau states are reached in the later 
phase of injection protocols.

CT values describe X-ray attenuation relative to 
that of water. The historic defi nition of Hounsfi eld 
units (HU) scales this ratio by 1,000 and defi nes 
the origin of the scale (i.e., no attenuation or air) 
as -1,000. By this convention water has a CT num-
ber of zero, and all structures attenuating less than 
water have negative values. This is a simple conven-
tion, but occasionally appears to create slight confu-
sion in the medical literature when percent “signal” 
changes are sometimes reported as relative to the 
CT value. The “signal” that CT measures is attenua-
tion, however; and in order to avoid any confusion, 
we will use “Hounsfi eld attenuation” ρ instead of the 
CT value in the mathematical analysis:

ρ = 1000+CTvalue (25.1)

Note that differences of ρ and CT value, i.e., en-
hancement and noise, are identical.

25.1.2 

Single-Energy Analysis

If one assumes a voxel of normal lung parenchyma 
contains tissue, blood, and air, its attenuation ρ0 
will be

ρ0 = (1–v)[(1–ƒb)ρt+ ƒb ρb] (25.2)

ρt and ρb are the attenuation of tissue and blood, 
respectively. ƒb is the fraction of perfused tissue 
without air that is fi lled with blood; v is the frac-
tion of the voxel fi lled with air (passive ventilation). 
ƒb an be interpreted as the fractional blood volume 
of the actual lung tissue (without air), and being 
able to determine its regional distribution would 
be close to a valuable perfusion measure. Includ-
ing other non-perfused components such as edema 

is straightforward, but as they do not change the 
general principle, they are omitted for simplicity 
 reasons.

Equation 25.2 directly shows why there is an ante-
rior-posterior gradient of CT numbers in the supine 
position. As the normal pressure in the pulmonary 
circulation is only equivalent to a water column of 
about 15 cm, gravity leads to a downward fl uid shift 
increasing ƒb and reducing v when tissue compo-
nents move closer together. Both effects increase 
attenuation ρ0 . Screaton et al. (2003) had noted a 
reduction of the CT number by about 100 HU after 
total balloon occlusion of one pulmonary artery in 
an animal experiment. If one assumes that absence 
of perfusion pressure after an occlusion leads to a 
signifi cant collapse of the vessels, Equation 25.2 
predicts at least the order of magnitude correctly: If 
a cardiac output of 5 l/min traverses the lung with 
a mean transit time of 6 s and is distributed over a 
total lung volume of 5 l, an approximate gross blood 
volume of 10% results. Removing this changes CT 
numbers by about 100 HU. Figure 25.1a shows that 
this  effect, although faint, is also present for re-
gional  occlusions.

What happens if we add contrast media to the 
right circulation by intra-venous injection? The 
iodine mixes with the blood plasma in the right 
ventricle and when entering the pulmonary circu-
lation can be assumed to be well distributed and 
diluted by at least a factor of 20. Therefore, volume 
change can be neglected. The attenuation of a voxel 
will then be

ρCM = (1–v)[(1–ƒb)ρt+ ƒb ρb+ ƒb ρiod] (25.3)

ρiod is the attenuation of the iodine diluted in 
the plasma component of blood. It is a constant for 
each patient, but its absolute value depends on kV, 
injection protocol, and cardiac output. Figure 25.1b 
shows that while missing iodine in areas after an oc-
clusion can be seen when looking closely, they are 
mostly obscured by the strong variation of the un-
derlying lung structures. They become prominent if 
we subtract the pre-contrast from the post-contrast 
scan (Fig. 25.1c). This is equivalent to subtracting 
Equation 25.2 from Equation 25.3, which yields

Δ ρSE = ρCM – ρ0 = (1–v) ƒb ρiod (25.4)

If necessary, ρiod could be determined from an 
ROI in the pulmonary artery, but even when doing 
so, we never get ƒb alone; iodine maps are always 
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a

c

b

d

Fig. 25.1a–d. Experimental PE 
study (provided by Joachim Wild-
berger, MD, Aachen, Germany). A 
healthy pig was injected with fresh 
blood clots. Plain CT scans were 
performed before and after the in-
jection of the clot material. A dual-
energy CT scan was performed after 
injection of iodine contrast. a Regis-
tered subtraction of plain CT before 
and after clot injection. Despite ar-
tifacts around vessels and small dif-
ferences, some perfusion defects are 
already visible, probably caused by 
at least partially collapsed vessels. 
b Mean energy images after con-
trast media injection. Although hy-
podensities are visible, they are dif-
fi cult to delineate against the hetero-
geneous background. c Color-coded 
subtraction of the plain CT from the 
post-contrast CT scan shows typical 
subsegmental enhancement defects. 
d Dual-energy perfused blood vol-
ume images including lung isolation 
and vessel removal show equivalent 
information
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“ventilation weighted.” This is not a problem per se 
and in particular does not impede the analysis of the 
effect of vascular occlusions, such as in PE. It should 
simply be kept in mind when interpreting enhance-
ment images.

Color-mapped subtraction of pre- and post con-
trast scans based on Equation 25.4, such as the one 
depicted in Figure 25.1c, has been used with very 
good results in experimental PE studies on animals 
using elastic registration techniques (Wildberger 
et al. 2001, 2005). Transferring the technique into 
clinical routine, however, was not very successful. It 
turned out it is not robust enough. This can be ex-
plained by its sensitivity to slight ventilation mis-
matches that can be avoided in rigorous experimen-
tal setups, but not in clinical practice.

The magnitude of the error caused by a small 
breath-hold mismatch can be estimated by calcu-
lating the attenuation change, which falsely mim-
ics or obscures enhancement. If one assumes blood 
and tissue to have CT numbers close to water, then a 
change Δv causes a change in attenuation of

Δ ρv = Δ v[(1–ƒb)ρt+ ƒb ρb ] � Δv ρt (25.5)

v varies roughly between 0.5 and 0.8 (expiration 
to inspiration). A mere 5% change of breath-hold 
level causes a Δv of about 0.015, which in turn results 
in a CT number change of 15 HU. This is already 
50% of a typical normal parenchymal enhancement 
(Groell et al. 1999). An additional error source is 
low- frequency variation of the CT numbers due to 
the presence of large contrast-media-fi lled cavities 
in the thorax that are not present in the pre-contrast 
scan and on subtraction again mimic or obscure 
pathological enhancement patterns. Both problems 
can be avoided by using an alternate approach based 
on the simultaneous acquisition of post-contrast 
data with dual-energy.

25.1.3 

Dual-Energy Analysis

Dual-energy scanning exploits the fact that the 
attenuation of materials signifi cantly different in 
their chemical composition from water-like soft 
tissues strongly depends on the spectral quality 
of the  X-rays used. This is particularly true for 
materials or mixtures containing elements with 
higher atomic numbers, such as calcium (in bone) 

or iodine (in contrast media). The photo-electric 
effect is more prominent for these materials and 
causes them to attenuate lower energy photons 
much more than higher energy ones in comparison 
to soft tissue. While the CT number of water is by 
defi nition the same for an X-ray spectrum of, e.g., 
80 kV and 140 kV, adding a certain amount of io-
dine to water increases the CT number about twice 
as much at 80 kV than at 140 kV. This effect allows 
extracting the relative amount of iodine without 
performing a non-contrast scan. For a simplifi ed 
mathematical analysis, we can neglect the small 
spectral dependence of soft tissue and blood versus 
the twofold change caused by iodine. The attenua-
tion measured with two different spectral qualities, 
kVHi and kVLo, after iodine contrast injection will 
then be

ρCM, kVHi = (1–v)[(1– ƒb)ρt+ ƒb ρb+ ƒb ρiod, kVHi ] (25.6a)

ρCM, kVLo = (1–v)[(1– ƒb)ρt+ ƒb ρb+ ƒb ρiod, kVLo ] (25.6b)

Simple subtraction yields an expression similar 
to Equation 25.4.

Δ ρDE = (1–v) ƒb (ρiod, kVLo–ρiod, kVHi ) (25.7)

Like in the single-energy subtraction analysis, 
(ρiod, kVLo–ρiod, kVHi )is a constant for every patient and 
could be determined from an ROI in the pulmonary 
artery. As the regional variation is suffi cient for a di-
agnosis most of the time, this is usually omitted. If 
the two acquisitions are performed simultaneously 
as they are in a dual-source scanner, there will be 
no ventilation mismatch, and as both scans are in-
fl uenced in a similar fashion by large contrast-fi lled 
cavities, the infl uence of artifacts will be smaller as 
in single-energy subtraction.

Similar color-coded maps can be calculated from 
Equation 25.7 as from Equation 25.4, both depicting 
ventilation-weighted blood volume.  Figure 25.1d 
shows an example that is additionally enhanced 
by segmenting the lungs and by removing major 
vessels. Comparing Figures 25.1d and 25.1c shows 
that the parenchymal enhancement information 
is equivalent. Post-processed maps such as in Fig-
ure 25.1d can be fused with the contrast images 
providing a blending of morphological and func-
tional information. The clinical examples shown in 
the rest of this chapter were all generated using this 
technique.
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25.2 
Part II: Clinical Applications

25.2.1 

General Considerations

Lung perfusion leads pulmonary blood into the gas-
exchanging parenchyma, an area characterized by 
a very close distance between the inhaled air and 
blood. The air-blood barrier itself is composed at 
least of an endothelial and an epithelial cell shar-
ing a fused basement membrane (Murray 1986). 
Consequently, the lung derives its function from the 
interaction of ventilation and perfusion, the latter 
having been shown to be spatially heterogeneous 
(Glenny 1998). Until now, the evaluation of lung 
microcirculation has not been accessible to stan-
dard CT, whereas there are numerous clinical situ-
ations in which a combined approach of structural 
and functional analysis of the pulmonary circula-
tion would be clinically relevant. Focusing on the 
diagnosis of acute pulmonary embolism, there are 
several justifi cations for a combined approach of 
morphology and function. The dogma according 
to which normal ventilation and perfusion scinti-
grams exclude acute pulmonary embolism is often 
contradicted by CT angiographic fi ndings. More-
over, perfusion defects are not always seen with the 
concurrent presence of morphological alterations of 
pulmonary arteries. Lastly, the quantitative assess-
ment of the effect of pulmonary embolism on tissue 
perfusion may bear more important information for 
patients’ management than the direct visualization 
of emboli by CT angiography alone. Enlarging this 
concept to respiratory disorders as a whole, we can 
anticipate the superiority of a CT examination en-
abling the radiologist to provide both structural and 
functional information from the same data set.

Perfusion imaging is based on quantifi cation 
of the enhancement in tissue and blood at certain 
time points following intravenous administration of 
contrast medium (Table 25.1) (Miles 2006). These 
enhancement data are used to calculate blood fl ow, 
blood volume, and blood-vessel permeability for 
each voxel. Enhancement of lung microcirculation 
depends on the volume and fl ow within the capillary 
bed. It also depends on the site of administration of 
contrast medium, namely, via a peripheral vein, a 
central venous catheter with its extremity positioned 
at the level of the superior vena cava or a right-sided 

cardiac cavity. Within normal lung parenchyma, the 
iodine content of the capillary bed can be assimilated 
to the “parenchymographic” phase of a conventional 
or digital angiogram. Using single-slice CT scans, 
the mean enhancement of the lung parenchyma was 
29.8 HU in the normally perfused lung and was cal-
culated as 12.3 HU in lung segments with reduced 
perfusion (Wildberger et al. 2005a). CT perfusion 
based on dual energy, as further described, does not 
provide analysis of blood fl ow per time unit, namely 
actual perfusion, but refl ects the iodine content 
within the lung parenchyma at the time of surveying 
a given anatomical region. The time at which the io-
dine content is measured will vary according to the 
table position. If actual perfusion were to be evalu-
ated with dual energy, this would require to focus on 
a limited volume of acquisition and to evaluate the 
iodine concentration of this anatomical volume over 
time with an improved analysis of iodine with dual 
energy by mean of its absorptiometric characteris-
tics. Limited to the assessment of the iodine content, 
dual-energy perfusion imaging enables recognition 
of normal, hyper- or hypoperfused lung areas. From 
a clinical standpoint, this can be assimilated to per-
fusion imaging.

Our knowledge on the transit time of an iodinated 
bolus through lung microcirculation suffers from 
some uncertainties (Gil and Ciurea 1996). Because 
of the continuous nature of data acquisition over the 
entire thorax, it is likely that the “capillary” phase 
differs from top to bottom of the volume scanned, 
especially in case of long scan times. The duration 
of the iodine transit through the microcirculation 

Table 25.1. True perfusion imaging is obtained when the 
circulating blood is analyzed in time points of the same ac-
quisition volume following intravenous injection of a marker 
(i.e., dynamic acquisition after contrast medium injection)

HU

Time
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is also infl uenced by the patient’s age, the level of 
pulmonary vascular resistance, the degree of lung 
infl ation as well as numerous additional parameters 
summarized in Table 25.2. The arterial stiffness of 
the aorta and peripheral systemic arteries have an 
impact on left ventricular function, which in turn 
also infl uences the pulmonary circulation. After the 
age of 60 years, the volume and density of pulmo-
nary capillaries is known to be reduced by 50% to 
60% compared to younger subjects (Rouatbi et al. 
2006). From conventional angiographic experience, 
one can quote the systolic-diastolic variability of the 
pulmonary blood fl ow, easily observed when small 
amounts of contrast medium were administered. 
Similar fi ndings can be observed on pulmonary 
CT angiograms obtained during the early phase of 
contrast medium injection, leading to an inhomo-
geneous attenuation within proximal pulmonary 
arteries.

25.2.2 

Physiological Basis of Lung Perfusion Imaging

The pulmonary blood circulates into conducting 
vessels before reaching the capillary bed, which oc-
cupies 85 to 95% of the overall alveolar surface, i.e., 
130 m2. For an adult of average size, the capillary 
bed of each lung contains approximately 250 ml 
of blood, with great variations in the physiologi-
cal parameters with the patient’s age and physical 
exercise (Table 25.3). Several characteristics of the 
pulmonary circulation are worth emphasizing. The 
pulmonary blood fl ow varies between 5 to 8 l/min 
in an adult at rest, reaching 20 to 30 l/min during 
exercise for a trained individual (Murray 1986). 
The pulmonary vascular bed is thus able to cope 
with a four- to fi ve-fold increase in blood fl ow with-

out noticeable elevation of pulmonary artery pres-
sure. The level of pulmonary artery pressure is only 
one-fi fth of systemic pressure. Pulmonary vascular 
resistances are low.

There are two types of peripheral pulmonary ves-
sels, namely extraalveolar and the alveolar vessels 
(Gil and Ciurea 1996). Extra-alveolar vessels, com-
posed of small-sized arterioles and venules, are sur-
rounded by a connective tissue sheath at the level of 
which the pressure is negative. Because the intersti-
tial pressure becomes more negative during infl ation, 
the extra-alveolar vessels become enlarged (wider 
and longer) during inspiration; they become smaller 
(narrower and shorter) during expiration. The al-
veolar vessels, located within the alveolar walls and 
assimilated to the “capillary vessels,” become com-
pressed during lung infl ation and even collapse when 
the alveolar pressure is abnormally increased. The 
highest pulmonary vascular resistances are found at 
this anatomical level (Naeije 1996). Changes in left 
atrial pressure have considerable infl uence on pul-
monary vascular resistance. Pulmonary blood fl ow 
varies during the cardiac cycle. Seventy percent of 

Table 25.2. Parameters potentially infl uencing the transit 
time of an iodinated bolus within the capillary bed (Caplin 
1996)

Systemic venous return

Right heart: right atrium, right ventricle, 
tricuspid annulus

Pulmonary vascular resistance

Left heart: left atrium, left ventricle, mitral annulus

Aorta and peripheral systemic arteries

Table 25.3.Table 25.3. Variations of physiological parameters between  Variations of physiological parameters between 
steady state and exercisesteady state and exercise

Steady 
state

Physical 
 exercise

Systolic PA pressure (mmHg) 20 30

Diastolic PA pressure 10 11

Mean PA pressure 10 20

Pulmonary blood fl ow (l/min) 6.5 16.2

Heart rate 70 > 100

Cardiac output (l/min) 6.3 16.2

Right atrial pressure (mmHg) 3 à 5 1

Left atrial pressure (mmHg) 5 10

Wedge pressure* 5 10

Capillary volume 75 ml > 200 ml

Pulm vascular resistance 
(mmHg /l/min)

1.45 6.9

* Wedge pressure refers to the retrograde pressure coming 
from pulmonary capillaries and small-sized pulmonary 
veins. Post-capillary pulmonary hypertension secondary to 
obstructive lesions at the level of pulmonary veins is charac-
terized by an elevated pulmonary wedge pressure. However, 
a postcapillary obstacle at the level of small-sized veins may 
be responsible for a hemodynamic profi le of precapillary 
hypertension
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right ventricular ejection fraction is retained within 
pulmonary arteries during systole. It is distributed 
to the capillaries during diastole. If the blood vol-
ume within pulmonary vessels varies with the car-
diac cycle, it remains constant over several cycles. 
There is a systolic distension of pulmonary arteries 
following the ventricular systolic contraction, lead-
ing to variations in the arterial diameter between 
systole and diastole. The gravitational stratifi cation 
of lung perfusion into four zones described by West 

et al. (1964) and Hughes et al. (1968) is also pres-
ent in supine position, albeit less marked. The great-
est anteroposterior differences in pulmonary blood 
fl ow are found in the lower third of the thorax where 
the highest lung volume is observed. These gravi-
tational differences have also been demonstrated in 
experimental studies (Reed and Wood 1970; Hakim 

et al. 1987, 1988). However, the infl uence of gravity is 
less pronounced in the supine position compared to 
the upright position owing to the smaller anteropos-
terior diameter of the chest, i.e., 20 cm, compared 
to the height of the chest in the upright position, 
i.e., 30 cm. The gravity-dependent gradient in lung 
attenuation after administration of iodinated con-
trast medium can be analyzed with dynamic CT 
(Wolfkiel and Rich 1992). In the supine position, 
the anteroposterior gradient in lung attenuation 
is more pronounced at low lung volumes owing to 
the combined effect of low alveolar volumes, alveo-
lar collapse, and redistribution of blood fl ow in the 
dependent portions of the lung. Gurney (1991) has 
summarized the physiological modifi cations of lung 
ventilation and perfusion detectable with morpho-
logic CT. The closing volume corresponds to the lung 
volume at which small airways, mainly composed of 
bronchioles, are collapsed. It is primarily reached in 
the dependent portions of the lung because of the 
self-compression of the lung. The complex relation-
ships between ventilation and perfusion within con-
solidated lung parenchyma areas can be approached 
by CT. Lung perfusion can be reduced or suppressed 
in cases of pulmonary vascular occlusion or hypoxic 
vasoconstriction. However, lung perfusion can be 
maintained in areas of airspace consolidation, and 
thus is responsible for a parenchymal right-to-left 
shunt. CT also has the potential to help defi ne the 
level of pulmonary arterial obstruction beyond 
which pulmonary infarction occurs, currently only 
hypothetical. CT is also expected to help investigate 
the reversibility of hypoxic vasoconstriction accord-
ing to its pathophysiology and its potential treat-
ments (Tsai et al. 2004).

25.2.3 

Lung Perfusion Imaging

Blood perfusion of tissues refers to the delivery of 
oxygen and nutrients to cells through capillaries. 
Conventional perfusion measurements based on the 
uptake or washout radionuclide tracers have led to 
the identifi cation of “perfusion” with “blood fl ow” 
in the tissue (Le Bihan 1992). To measure perfu-
sion, several conventional approaches have been 
used. Microspheres are particles that are trapped 
before they enter the capillaries. Their deposition in 
the tissue refl ects the blood fl ow. Diffusible tracers 
are exchanged with the tissue. By monitoring trac-
ers’ concentration time course in the tissue, one can 
evaluate their rate of delivery to the tissue and thus 
perfusion. Pure intravascular tracers do not cross 
the capillary wall. By visualizing the passage of trac-
ers through the tissue capillaries, one may directly 
determine the blood fl ow rate.

Dynamic imaging methods have been used to es-
timate arterial, venous, and capillary transit times, 
as well as capillary fl ow distributions (Schoepf et 
al. 2004). These methods involve two types of image 
data collection regimes (Hoffman et al. 1995, 2004). 
Inlet-outlet detection is typically used for conduct-
ing vessels and whole organ analysis; this analysis 
is achievable with CT. The other data collection 
regime is referred to as residue detection. Residue 
detection is typically used for analysis of microvas-
culature, wherein the individual vessels are below 
the resolution of the imaging system. The normal 
transit time of an iodinated bolus within lung mi-
crocirculation varies between 5 to 7 s. On the basis 
of single-source CT, two approaches have been in-
vestigated for the detection of perfusion abnormali-
ties, one using color-coded maps of lung density 
in humans ( Wildberger et al. 2001;  Herzog et 
al. 2003; Coulden et al. 2000), while other authors 
have investigated a substraction technique using 
precontrast and postcontrast conventional CT im-
ages in experimental animal studies (Screaton et 
al. 2003; Wildberger et al. 2005b). Although both 
approaches demonstrated the detectability of perfu-
sion defects by CT, the feasibility of this approach in 
clinical practice has substantial limitations pertain-
ing to scanning times and levels of radiation expo-
sure to the patient.

The recent availability of dual-source CT and the 
subsequent possibility to scan patients with dual en-
ergy offers another alternative for lung functional 
imaging. Preliminary experiences have shown that 
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this technique could be applied to the analysis of 
lung perfusion, with radiation doses below the le-
gally required levels (Johnson et al. 2007). This 
technique is based on basis material decomposition 
into three elements, i.e., air, soft tissues, and iodine 
(Kalender 1986). It allows characterization of the 
iodine content within microcirculation at a specifi c 
time and within a given volume, arbitrarily chosen 
during the contrast medium transit time. Iodine is 
a non-diffusible tracer that does not enter the tissue 
(Le Bihan 1992). Its concentration within the sur-
veyed volume refl ects regional blood, which is not, 
stricto sensu, perfusion imaging. The iodine map 
provided with dual-energy CT could be described as 
CT microangiography.

25.2.3.1 

Protocol for Dual-Energy CT Angiography

CT examinations can be obtained using a scanning 
protocol similar to that obtained in routine clini-
cal practice, as recently reported by Pontana et al. 
(2008a) in the clinical setting of acute pulmonary 
embolism. The tube voltages are set at 140 and 80 kV, 
with the tube current adjusted to six-fold for the 
80 kV over the 140-kV tube, i.e., 50 and 330 mAs to 
compensate for the lower photon input at the lower 
voltage. Collimation is 32 ��0.6 mm with z-fl ying spot, 
enabling reconstruction of 64 slices per rotation; the 
gantry rotation time is 0.33 s with a pitch of 0.5. In 
this study, the acquisitions were acquired from top 
to bottom of the chest. The injection protocol was 
similar to that of a standard CT angiogram obtained 
with single energy on a similar 64-slice CT scanner 
(120 ml of a 35% contrast agent; fl ow rate: 4 ml/s). 
The scan was initiated by bolus tracking within 
the ascending aorta with a threshold of 100 HU to 
trigger data acquisition. These examinations were 
systematically obtained with an automatic angular 
(x, y) modulation of the milliamperage. The average 
scanning time of the entire thorax was 13 s. The 
mean DLP value for dual-energy CT angiography 
was 275 ± 37 mGy.cm.

25.2.3.2 

Image Reconstruction

From each data set, two categories of images can be 
reconstructed, i.e., the “diagnostic scans” and the 
“lung perfusion scans.” The diagnostic scans cor-
respond to contiguous 1-mm-thick transverse CT 
scans of the chest, generated from the raw spiral 

projection data of tube A and tube B. The averaged 
images of both tubes (60% from the acquisition with 
tube A; 40% from the acquisition with tube B), used 
for diagnostic reading by the radiologists, consist of 
lung and mediastinal images, reconstructed with 
standard reconstruction kernels with a fi eld of view 
adapted to the patient’s size.

Lung perfusion scans are generated after deter-
mination of the iodine content of every voxel of the 
lung parenchyma on the separate 80- and 140-kVp 
images. Three series of images can be created: (1) 
native perfusion scans; (2) MIPs of lung perfusion; 
(3) fused images of native perfusion scans and me-
diastinal diagnostic scans (Fig. 25.2). Native perfu-
sion scans and MIP images of lung perfusion can 
be generated as grayscale or color-coded images 
(Fig. 25.3). All generated images can be displayed as 
transverse scans, completed, whenever necessary, 
by coronal and sagittal reformations. Figure 25.4 
illustrates the three categories of axial perfusion 
scans that can be generated from dual-energy CT 
angiography. It is noticeable that each data set can 
also be used to generate virtual noncontrast im-
ages, useful to extract iodine when intramural or 
endoluminal calcifi cations of pulmonary arteries 
are searched for.

25.2.3.3 

Clinical Applications

25.2.3.3.1 

Acute Pulmonary Embolism

Dual-energy CT angiography offers the unique ad-
vantage of a precise morphological analysis of the 
pulmonary vessels, airways, and lung parenchyma, 
combined with an insight into the distribution of io-
dine within peripheral lung circulation. With regard 
to the diagnosis of acute pulmonary embolism, it has 
recently been shown that dual-energy CT can detect 
endoluminal clots on averaged images of tubes A 
and B as effi ciently as single-source CT angiography 
(Pontana et al. 2008a). In this study, the authors 
have also validated the detectability of perfusion 
defects beyond obstructive clots. Perfusion defects 
in the adjacent lung parenchyma have the typical 
territorial triangular shape well known from pulmo-
nary angiographic, scintigraphic, and MRI perfu-
sion studies (Fig. 25.5). Dual-energy CT angiography 
can lead to the depiction of perfusion defects with-
out direct identifi cation of peripheral endoluminal 
clots, located within subsegmental or more distal 
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Fig. 25.2a–c. A 58-year-old male with a normal CT angio-
gram and normal perfusion scans. This example illustrates 
the three series of lung perfusion scans generated from 
each data set (from Pontana et al. 2008a). a Native perfu-
sion scan, 2-mm thick, obtained at the level of the upper 
lung zones. b Maximum intensity projection, 4-mm thick, 
obtained at the same level as that of a. Note the more ho-
mogeneous appearance of lung perfusion compared to a. 
c Fusion of the native perfusion scan and the mediastinal 
diagnostic scan, both reconstructed with the same section 
thickness (2-mm thick) at the same anatomical level. The 
fused image allows simultaneous depiction of lung perfu-
sion and surrounding anatomical structures

a

c

b

Fig. 25.3a,b. Same patient as that of Figure 25.2. This example illustrates the two variants of perfusion scans. a Perfusion 
scan, 2-mm thick, obtained at the level of the pulmonary trunk bifurcation. This image is generated as a grayscale image. 
b Same image as that shown on a, generated as a color-coded image

a b
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branches. Dual-energy CT can also help differenti-
ate lung infarction from nonspecifi c peripheral lung 
consolidation, sometimes mimicking a Hampton’s 
bump. Another advantage of dual- energy CT is the 
ability to use the diagnostic information available 
from tube B, set at 80 kV. As this tube voltage opti-
mizes the contrast-to-noise ratio within pulmonary 

vessels, it can help detect peripheral endoluminal 
clots, known to be better visualized than on im-
ages acquired at 120 or 140 kV (Gorgos et al. 2008). 
The iodine map can also be used as an additional 
parameter in the assessment of pulmonary artery 
obstruction score in the clinical context of acute 
pulmonary embolism.

Fig. 25.4a,b. Same patient as that of Figure 25.2. Normal lung perfusion scans displayed in coronal (a) and sagittal (b) 
planes. Note the presence of an asymmetric peripheral rim (arrows), devoid of perfusion information, due to the smaller 
size of the tube B

a b

Fig. 25.5a,b. Patient referred for a clinical suspicion of acute pulmonary embolism. a Transverse CT scan obtained from 
dual-energy CT angiography (averaged image from tube A and tube B), showing an endoluminal clot within the apical 
segmental artery of the right upper lobe (arrow). b Perfusion scan, 2-mm thick. This sagittal plane allows depiction of a 
perfusion defect (arrows), triangular in shape, in the lung segment supplied by the occluded artery. The stars points to a 
right lower lobe consolidation

a b
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25.2.3.3.2 

Chronic Pulmonary Embolism (PE)

Similar to that achievable for acute pulmonary em-
bolism, dual-energy CT angiography can allow the 
depiction of perfusion defects beyond chronic clots 
(Fig. 25.6). Three vascular characteristics of chronic 
pulmonary embolism can benefi t from dual-energy 
CT. First, chronic PE is responsible for a mosaic 
pattern of lung attenuation, characterized by areas 
of ground-glass attenuation with enlarged vascular 
sections, intermingled with areas of normal lung at-
tenuation and smaller vascular sections. When pres-
ent, these fi ndings are highly suggestive of redistri-
bution of blood fl ow, but they are not systematically 
observed in chronic pulmonary embolism. In such 
circumstances, dual-energy CT has the potential 
to recognize ground-glass attenuation of vascular 
origin by means of the high iodine content within 
the areas of ground glass attenuation, thus enabling 
to distinguish them from ground-glass attenuation 
secondary to bronchiolalveolar diseases (Pontana 
et al. 2008b). Second, chronic PE can lead to the 
development of calcifi cations within partially or 
completely occlusive chronic clots as well as within 
pulmonary artery walls when chronic PE is com-
plicated by longstanding and/or severe pulmonary 

hypertension. Such calcifi cations can be detected 
by means of virtual non-contrast imaging, always 
accessible from dual-energy CT. Third, the images 
generated at 80 kV can be used to improve the vi-
sualization of the systemic collateral supply present 
in chronic PE, originating from bronchial, but also 
nonbronchial systemic arteries. Lastly, it should be 
underlined that dual-energy CT angiography can 
allow depiction of lipiodol embolization of the pul-
monary arteries after endovascular treatment of 
esophageal gastric varices, liver chemoembolization 
or percutaneous vertebroplasty.

25.2.3.3.3 

Small Airway Diseases

Asthma

Bronchoconstriction in asthma leads to heteroge-
neous regional ventilation, itself responsible for 
changes in regional perfusion. Some uncertainty 
persists over the extent of regional perfusion al-
terations and their spatial correlation with altered 
regional ventilation. In a recent study, Harris et al. 
(2006) have demonstrated that the heterogeneous 
and patchy regional distribution of ventilation dur-
ing bronchoconstriction was accompanied by physi-
ologically relevant shifts in perfusion, which tended 

Fig. 25.6a,b. Dual-energy CT angiography in a 64-year-old patient referred for worsening of dyspnea related to chronic 
pulmonary embolism. a Transverse CT scan obtained at the level of the left pulmonary artery (averaged image from tube A 
and tube B), showing an endoluminal fi ling defect, extending from the pulmonary trunk (black arrow), partially obstructed, 
to the left interlobar pulmonary artery (white arrows), which is completely obstructed. b Coronal perfusion scan, 2-mm 
thick, obtained in the posterior part of the thorax, showing a large perfusion defect within the left lower lobe (arrows)

a b
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to reduce the regional mismatch between ventila-
tion and perfusion. This is the fi rst quantitative 
evaluation of regional redistribution of perfusion 
in asthmatics before and after bronchoconstriction 
induced by metacholin, investigated with positron 
emission tomography. In asthmatics, perfusion CT 
imaging can demonstrate multiple regional perfu-
sion defects, closely correlated with areas of altered 
ventilation identifi ed as areas of air trapping on 
expiratory scans. A potential explanation for these 
alterations of ventilation and perfusion could be the 
hypoxic vasoconstriction within severely hypoven-
tilated areas. The reversibility of perfusion defects 
can be demonstrated after inhaled corticosteroid 
treatment.

Chronic Obstructive Pulmonary Disease (COPD)

Alterations in pulmonary perfusion are present 
in numerous stages of smoking-related respira-
tory diseases. Figure 25.7 illustrates the alterations 
of lung perfusion in a patient with a severe form 
of emphysema. It has long been established that 
COPD can lead to pulmonary hypertension, gener-
ally limited to an increase in the mean pulmonary 
artery pressure to 25–35 mmHg (Chaouat et al. 
2005; Naeije 2005; Barberà et al. 2003). However, 
mean pulmonary artery pressures higher than 

40 mmHg are not uncommon in advanced COPD. 
In healthy smokers, lung scintigraphy has already 
demonstrated the presence of perfusion defects, 
which can also be depicted in normal non- smoking 
subjects (Fedullo et al. 1989; Wallace et al. 1981, 
1982). Investigating endothelial dysfunction in 
pulmonary arteries of patients with mild COPD, 
Peinado et al. (1998) have shown that endothelial 
dysfunction of pulmonary arteries is already pres-
ent in patients with mild COPD. In these patients 
as well as in smokers with normal lung function, 
some arteries show thickened intimas, suggesting 
that tobacco consumption may play a critical role 
in the pathogenesis of pulmonary vascular abnor-
malities in COPD. Several structural changes in 
early stages of COPD have been described in experi-
mental models, including proliferation of smooth 
muscle fi bers within peribronchiolar arterioles and 
deposition of collagen and elastin in the thickened 
intima ( Yamato et al. 1997; Santos et al. 2002). In 
preliminary studies, Hoffman et al. (2006) have 
demonstrated an increased heterogeneity of local 
mean transit times of the contrast agent within pul-
monary microvasculature of smokers with normal 
pulmonary function tests. The increased coeffi cient 
of variation showed up only when sampling of re-
gional blood fl ow occurred in regions no larger than 

Fig. 25.7a,b. Heavy smoker with a severe form of emphysema, investigated with dual-energy CT angiography. Note the 
heterogeneity of lung perfusion (b) within lung areas devoid of major structural changes (a)

a b
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3 × 3 voxels, i.e., 1.2 mm, which correspond to ¹⁄5 to 
¹⁄10 of an acinus.

These structural alterations are worth consider-
ing for dual-energy CT when keeping in mind the 
epidemiologic burden represented by COPD, a dis-
ease expected to become the third leading cause 
of morbidity worldwide. Dual-energy CT has the 
potential to allow precise evaluation of this large 
category of patients. First, dual-source CT used 
with single- or dual-energy and without ECG gat-
ing allows signifi cant dose reduction for CT angio-
graphic examinations of the chest. This advantage 
is clinically relevant for smokers in whom there is 
an almost multiplicative risk for lung carcinoma 
derived from tobacco smoke and radiation dose. 
Second, dual source, single energy with ECG gat-
ing is particularly well adapted for the screen-
ing and evaluation of associated cardiovascular 
co- morbidities. Third, acquisitions based on dual 
source, single energy and high pitch, i.e., ultrahigh 
temporal resolution imaging, are well adapted for 
the management of patients with acute exacerba-
tion of COPD. In this subset of clinical situations, 
one should underline the high prevalence of acute 
PE (Tillie-Leblond et al. 2006). Lastly, dual-
source, dual-energy CT has the potential to depict 
perfusion defects in smokers that can be observed 
prior to the development of structural alterations 
within the lung parenchyma. 

25.2.3.3.4 

Diseases of the Pulmonary Circulation

Pulmonary Hypertension

When a patient is referred for pulmonary hyper-
tension of unknown origin, CT plays an important 
role owing to its ability to evaluate noninvasively 
central and peripheral pulmonary arteries. Four 
conditions share a heterogeneous spatial distribu-
tion of the underlying vascular lesions. They in-
clude chronic pulmonary embolism, primitive pul-
monary hypertension, pulmonary veno-occlusive 
disease, and pulmonary capillary hemangiomato-
sis. With regard to these entities, pathologic reports 
indicate dilated alveolar capillaries in pulmonary 
veno-occlusive disease and proliferation of capil-
laries within alveolar walls in pulmonary capillary 
hemangiomatosis. Such capillary proliferation can 
lead to ground-glass opacity in diffuse, geographic, 
mosaic, perihilar, patchy, or centrilobular patterns 
(Itoh et al. 2003). Reports from pulmonary arte-
riographic fi ndings and perfusion scintigraphic 

fi ndings have already documented these peripheral 
vascular lesions ( Frazier et al. 2007; Lippert et 
al. 1998) that are likely to be detectable using dual-
energy CT angiography.

Follow-up of Pulmonary Arteriovenous 
Malformations Treated by Embolotherapy

In approximately 10% of cases, embolotherapy of 
pulmonary arteriovenous malformations is com-
plicated by clinical and/or radiological symptoms 
suggestive of pulmonary infarction. This situation 
can be observed after occlusion of proximal or distal 
portions of the pulmonary arterial bed. It has been 
reported after an asymptomatic period extending 
from a few hours to several months after the embo-
lization procedure. It could be reasonably envisaged 
to perform the follow-up of occluded pulmonary 
arteriovenous malformations with dual-energy CT 
to analyze the regional alterations induced by the 
endovascular procedure.

25.2.3.3.5 

Preoperative Assessment of Postoperative Pulmonary 

Function

Recent postprocessing developments have allowed 
the lobar quantifi cation of lung perfusion using du-
al-energy CT (Pansini et al. 2008). The clinical in-
dications for perfusion quantifi cation can be found 
among patients requiring prediction of lung func-
tion prior to endoscopic or surgical procedures. One 
indication could be the evaluation of patients with 
severe emphysema prior to surgical or endoscopic 
lung volume reduction. Another category could be 
patients with non-small cell lung cancer in whom 
surgery is considered only in cases of adequate re-
spiratory reserve. 

Different techniques have been used to predict 
postoperative lung function. One technique is called 
the simple lung segment-counting technique, based 
on the counting of the number of functioning seg-
ments that will be preserved and the number of 
those that will be resected. It requires preoperative 
FEV1 (forced expiratory volume in 1 s) and provides 
an accurate prediction provided that the segments 
have normal ventilation and perfusion function. 
This is far from being the case of numerous patients 
undergoing lung surgery for tumoral indications, ei-
ther because of the patient’s previous history of re-
spiratory disease or because of the concurrent pres-
ence of lung carcinoma and COPD. Scintigraphic 
techniques, sometimes coupled to CT, can evaluate 
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the postoperative predicted residual forced expira-
tory volume in 1 s by measuring the radioactivity 
counts of the affected lobe or segments with breath-
hold single-photon emission tomography (Sudoh 
et al. 2006). Quantitative lung perfusion scan with 
tomographic imaging can also be obtained with sin-
gle-photon emission computed tomography (Piai 
et al. 2004). Quantitative ventilation-perfusion tra-
ditional scintigraphy does not seem to be superior 
to the simple segment counting technique to predict 
postoperative lung function in lobectomy patients 
(Win et al. 2004). It is likely that the iodine map 
achievable with dual-energy CT angiography could 
also provide quantitative information on the lobar 
perfusion that could be then coupled to the morpho-
logical information on the corresponding anatomi-
cal regions.

25.2.3.3.6 

Additional Potential Indications

Several additional indications for dual-energy CT 
angiography are worth considering in clinical prac-
tice. Following lung transplantation, postoperative 
complications can occur at the level of the arterial 
and venous anastomoses, as well as graft-versus-
host rejections at the level of small airways, both 
situations in which depiction of lung perfusion ab-
normalities could complement the usual morpho-
logical analysis. In patients with a previous history 
of occupational exposure to asbestos fi bers, it may 
be sometimes diffi cult to assess the diagnosis of 
round atelectasis with a high degree of certainty. 
In such circumstances of indeterminate lung con-
solidation where the main differential diagnosis 
remains lung carcinoma, it could be clinically 
relevant to add information on the perfusion pat-
tern within the consolidated area. The expected 
pattern is that of a highly perfused zone in case 
of round atelectasis, whereas tumoral perfusion 
will be more variable. Dual-energy CT angiogra-
phy could also lead to the noninvasive diagnosis of 
right-to-left shunt through a highly perfused round 
 atelectasis.

25.2.3.4 

Advantages and Limitations of Perfusion Imaging

In the current status of investigation of dual energy, 
four main advantages of perfusion imaging can be 
found. First, the functional information provided 
with dual-energy CT is obtained in addition to pre-

cise morphological information at the level of the 
pulmonary and systemic circulations, but also at the 
level of the airways and lung parenchyma. Precise 
analysis of all these compartments provides more 
precise investigation of chest disorders than previ-
ously achievable with single-source CT angiogra-
phy. Second, dual-energy CT can help understand 
isolated perfusion defects. Despite the current ab-
sence of direct information on lung ventilation with 
CT, one can use air trapping on expiratory scans to 
investigate perfusion defects in the context of nor-
mal lung parenchyma and airways. In the presence 
of air trapping, perfusion abnormalities can be the 
consequence of hypoxic vasoconstriction observed 
with small-airway disease; in the absence of air trap-
ping, one should consider a link with a pulmonary 
vascular disease. The radiation dose of dual-energy 
CT angiography is lower than that of lung scintigra-
phy. Owing to the above-mentioned list of informa-
tion that can be obtained with dual-energy CT, it is 
likely that this technique will be considered in the 
management of numerous chest disorders. If perfu-
sion scintigraphy is suffi cient for the diagnosis of 
acute pulmonary embolism (Pistolesi), one should 
reasonably envisage replacing it by dual-energy CT 
angiography, which combines morphological and 
functional approaches. Lastly, dual energy can take 
advantage of spectral optimization, directly appli-
cable to the analysis of peripheral pulmonary and 
systemic arteries.

Some limitations of dual energy need to be un-
derlined. First, as previously pointed out, it is nei-
ther a true perfusion imaging nor a blood fl ow im-
aging. It should not be separated from ventilation 
imaging. The current limitation should be over-
come by the possibilities of spectral resolution of 
inhaled xenon and krypton. The bolus tracking, 
with a ROI positioned within the pulmonary trunk 
or ascending aorta, is not adapted to the physiology 
or pathophysiology of pulmonary circulation. The 
time needed to survey the entire thorax far exceeds 
the transit time within lung microcirculation. The 
current temporal limitations of dual-energy CT may 
lead to masking pulmonary perfusion alterations as 
increased systemic arterial supply may mimic regu-
lar pulmonary arterial blood supply on monophasic, 
contrast-enhanced pulmonary CT imaging (Boll 
et al. 2005). Consequently, one should integrate the 
presence of hypertrophied systemic arteries on the 
averaged scans and consider them as an indirect in-
dicator of mixed pulmonary and systemic perfusion 
patterns.
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Conclusion

The potential physiologic markers for the assess-
ment of COPD (Malher and Criner 2007) require 
imaging techniques such as CT and MR to evaluate 
bronchial reactivity, hyperpolarized gas for inves-
tigating lung ventilation with MR, quantifi cation 
of bronchial lumina, and airway walls. A one-step 
structure-function imaging with CT becomes pos-
sible in the assessment of lung vascular disorders. 
Dual-energy ventilation studies with xenon and 
krypton have been published, and the radiologist 
should also be aware of the opportunities and chal-
lenges of developing new functional imaging bio-
markers (Schuster 2007).
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 26.1 
Introduction and Classifi cation

Pulmonary embolism (PE) is a pathologic condition 
in which a blood clot as well as some neoplastic or in-
fectious material migrates from any part of the body 
through the right heart and stops in the pulmonary 
arterial circulation. It is a life-threatening condi-
tion either when presenting as an acute or massive 
disease or when presenting as a chronic condition 
followed by repeated episodes.

The different types of pulmonary embolism can 
be classifi ed on the basis of the embolic material:

Thromboembolism (embolism of thrombus or 1. 
blood clot)
Fat embolism (embolism of fat droplets)2. 

Air embolism (embolism of air bubbles)3. 
Gas embolism (embolism of blood gas, such as 4. 
oxygen, nitrogen and helium)
Septic embolism (embolism of pus containing 5. 
bacteria)
Tissue embolism (embolism of small fragments 6. 
of tissue)
Foreign body embolism (embolism of foreign ma-7. 
terials, such as talc and other tiny objects).

Three different pathways can be recognized for 
PE: anterograde pathway, in which the embolus fol-
lows the direction of blood fl ow; retrograde pathway, 
typical of high-weighted emboli that may oppose 
the blood fl ow; paradoxical or crossed embolism, in 
which the embolus crosses from the venous to the 
arterial blood system. This latter condition can be 
observed in association with congenital heart dis-
eases such as atrial or ventricle septal defects.

 26.2 
Etiology, Symptoms, and Clinical Findings

The vast majority of pulmonary emboli implicate 
embolization of thrombotic material arising from 
the lower extremity or pelvic veins (Tapson 2008). 
There is also a less conspicuous part of emboli origi-
nating from the right heart chambers or from cath-
eter tips and intracardiac devices (Torbicki et al. 
2003).

The most frequent cardiac diseases and condi-
tions that may lead to clot formation and pulmonary 
artery embolization are:

right-sided endocarditis from intracardiac cathe- �
ter tips, after cardiac surgery with septic compli-
cation, in intravenous drug abusers, in patients 
with pacemaker or venous central catheters, in 
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congenital heart diseases and in long-term hemo-
dialyzed patients with prosthetic vascular access 
devices;
valvular diseases, in association or not with atrial  �
fi brillation;
atrial fi brillation alone (primary or secondary  �
to atrial dilatation and aneurysms, a very rare 
entity in the right heart);
ventricular dysfunction secondary to myocardial  �
infarction;
cardiac neoplasms, either primary, originating  �
from the right heart, or of metastatic origin;
cardiac surgery; in this conditions PE is usually  �
attributed to embolization from thrombus within 
the deep venous system, but in a few cases it truly 
originates from the heart. Cases of PE after car-
diac surgery due to late onset heparin-induced 
thrombocytopenia have also been reported 
( Badmanaban et al. 2003);
coagulation disorders like the anti-phospholipids  �
syndrome, essential thrombocitosis, protein C or 
S defi ciency and Behçet disease;
“paradoxical embolism”, emboli originating from  �
left heart chambers associated with some form 
of cross-circulation allowing the embolic mass to 
pass from the left to the right side of the heart.

A rare cause of pulmonary embolism of cardiac 
origin reported in the literature is the presence of 
a hydatic cyst of the right heart chambers that may 
break off and embolize in the pulmonary arterial 
bed (Lahdhili et al. 2002).

PE of septic origin may be found in right-sided 
endocarditis, which occurs predominantly in in-
travenous drug users (Carrel et al. 1993; Weisse 

et al. 1993), in intensive care patients with periph-
eral or central venous catheters (Fig. 26.1), or fol-
lowing surgery, most often involving the tricuspid 
valve (Robbins et al. 1986b), in patients with pace-
makers (Fig. 26.2) and in patients with congenital 
heart diseases. Right-sided endocarditis accounts 
for only 5–10% of cases of infective endocarditis 
(Chan et al. 1989). It has been estimated that up 
to 76% of cases of endocarditis among intravenous 
drug abusers involve the right heart, compared 
with only 9% in non-addict patients. In the typical 
case of infective endocarditis, the offending organ-
ism is bacterial and affects valves on the left side 
(mitral or aortic) previously abnormal because of 
rheumatic disease or congenital defects. Fungal en-
docarditis, by contrast, is usually right-sided and 
causes larger vegetations with a greater likelihood 

of embolization. After reviewing 270 published 
cases of fungal endocarditis (C. Albicans 24%, non-
Albicans Candida spp. 24%, Aspergillus spp. 24%), 
Ellis et al. (2001) found that the major risk factors 
were non-cardiac surgery, vascular lines, immuno-
compromised patients, and injection drug abuse. 
The majority of cases involve the tricuspid valve. 
Pulmonary valve endocarditis is mostly associated 
with tricuspid valve endocarditis, whereas isolated 
pulmonary valve endocarditis is extremely rare 
(Cremieux et al. 1985). Eustachian valve endo-
carditis remains a distinctly rare identity with less 
than 20 reported cases (Sawhney et al. 2001; San 

Roman et al. 2001). There have been isolated cases 
of infective endocarditis involving the interven-
tricular septum or right ventricular free wall of in-
dividuals diagnosed with ventricular septal defect 
(Zijlstra et al. 1986). Cases of isolated right ven-
tricular outfl ow tract vegetation have been recently 
reported (Uppal et al. 2000; Cosson et al. 2003). 
In some studies a signifi cant correlation between 
vegetation size and incidence of complication, in-
cluding PE, has been demonstrated (Robbins et al. 
1986a; Davila et al. 2005).

In all these conditions of infective endocarditis 
involving the right heart chambers or valves, pa-
tients often present with septic pulmonary emboli, 
which may be life threatening, especially in HIV-
positive intravenous drug users. Clinical symptoms 
include cough, fever, pleuritic chest pain, hemopty-
sis, and dyspnea.

Infective endocarditis must be suspected, accord-
ing to Duke’s criteria, in presence of fever of unknown 
origin, often spiking, continuous presence of micro-
organisms in the bloodstream determined by serial 
collection of blood cultures, vegetation on valves on 
echocardiography and murmurs suggestive of val-
vular regurgitation (Nucifora et al. 2007).

Atrial dysrhythmia is well accepted as a predis-
posing factor to pulmonary embolism ( Johnson 

et al. 1971) because of the known association of 
atrial fi brillation with right atrial thrombosis 
( Carmicheal and Martin 1991). Alteration in the 
kinetic of atrial contraction, in the absence of valvu-
lar or congenital heart disease, is in fact associated 
with a signifi cant increase of right atrial thrombi 
(Aberg 1969) resulting from blood stasis and tur-
bulence of blood fl ow, which predispose to throm-
bus formation ( Goldhaber 1998). In a large study 
population, a rate of 1.8% of embolic complications 
from atrial fi brillation has been reported (Levy et 
al. 1999).
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Among conditions of the heart that may deter-
mine pulmonary embolism, benign or malignant 
heart tumors have to be included and taken into ac-
count. Right-sided cardiac tumors are rare and most 
commonly found in the right atrium (McAllister 

and Fenoglio 1978).

Among primary benign or malignant cardiac 
tumors for which embolization in the pulmonary 
artery circulation has been reported, cardiac myxo-
mas, papillary fi broelastomas, lymphomas, rhab-
domyosarcomas, liposarcomas and angiosarcomas 
must be mentioned; however, other cardiac neo-
plasms, for which a direct embolizing potential is 
not documented, may account for pulmonary embo-

lism in reason of their disturbance on cardiac con-
duction that generate arrhythmogenic events.

Myxoma is the most common type of primary 
cardiac tumor in adults (50% approximately of all 
primary cardiac tumors) and occurs in about 75% of 
cases in the left atrium, from 5 to 20% in the right 
atrium and in only 3–4% of cases in the right ven-
tricle. Most myxomas arise in the region of the fossa 
ovale (90%) (Reynen 1995). Embolism in case of a 
right heart myxoma from tumor fragmentation and 
embolization into the pulmonary arteries occurs in 
10% of the cases, often leading to massive pulmonary 
artery obstruction (Parsons and Detterbeck 2003). 
Papillary fi broelastomas are rare benign cardiac tu-

Fig. 26.1a–d. Right atrial thrombus in a patient with central venous catheter. Contrast-enhanced CT images in 
the axial (a) and sagittal (b) plane show a small fi lling defect in the right atrium, adjacent to the inferior vena 
cava (arrows). The tip of a central venous catheter in the right atrium is seen on the sagittal image (arrowhead). 
T2-weighted MR images (c,d) better depict the right atrial thrombus (arrows) proximal to the end of venous 
catheter
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mors typically attached to left-sided valves. Papil-
lary fi broelastomas are friable tumors that are likely 
to form surface thrombus and have the potential to 
embolize (Sun et al. 2001; Neerukonda et al. 1991). 
Lymphomas account for 5% of primary malignant 
cardiac tumors. However, they are extremely rare and 
represent only 1% of all (benign and malignant) pri-
mary cardiac tumors (Daus et al. 1998). Lymphoma-
tous involvement of the heart and/or pericardium 
usually occurs by dissemination, whereas cardiac 
involvement as the initial presenting manifestation 
of malignant non-Hodgkin’s lymphoma is extremely 
rare. Cardiac lymphoma, as well, has been reported 
to cause pulmonary embolism (Skalidis 1999).

Fig. 26.2a–c. Right atrial thrombus in a patient with pace-
maker. Contrast-enhanced CT scans (a,b) show a fi lling 
defect in the right atrium, around the pacemaker electrode 
(arrows), close to the tricuspid valve. Streak artifacts from 
the metallic tip of the pacemaker electrode are also shown 
(c)
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Fig. 26.3a–g. A 26-year-old woman with right atrial an-
giosarcoma. On the unenhanced CT image (a), a slightly 
hypodense, oval lesion showing peripheral nodular hyper-
density can be seen in the right atrium (arrows). Contrast-
enhanced CT images (b,c) demonstrate a solid lesion arising 
from the free wall of the right atrium (arrows) and showing 
inhomogeneous enhancement with peripheral nodular hem-
orrhage. The right ventricle is displaced to the left. Right 
pleural effusion and bilateral lower lobe compression col-
lapse are also present. The CT scan performed 3 months after 
heart transplant (d) shows a nodular pericardial recurrence 
along the right cardiac border (arrow). On the subsequent 
follow-up CT scan performed 2 months later (e), the nodu-
lar recurrence is increased in size, despite chemotherapy. A 
lytic lesion involving the vertebral body of T10 is also present 
(f,g) (arrows)
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Among malignant primary cardiac tumors 
(Araoz 1999) that may have a potential to embolize 
(Pinto et al. 2005), sarcomas are the most common. 
Angiosarcoma, a very aggressive histological entity, 
is the most frequent one, accounting for about 30% 
of primary cardiac sarcomas. Most often it arises 
in the right atrium near the atrioventricular groove 
(80%) (Burke 2008) (Fig. 26.3).

Embryonal rhabdomyosarcomas account for 10% 
of all primary cardiac sarcomas and represent the 
most common cardiac malignancy in infants and 
children. They usually arise from the ventricular 
walls and frequently interfere with valvular motion 
because of their intracavitary bulk (Castorino et 
al. 2000); they may lead to pulmonary embolism 
(Tsutsumi et al. 2005).

Primary cardiac liposarcoma is a rare cardiac tu-
mor found in only about 1% of primary malignant 
tumors of the heart. Cardiac liposarcomas are usu-
ally bulky tumors (Butany et al. 2005) that can be 
associated with functional complications, the most 
common of which are mechanical obstruction of 
blood fl ow, with disturbance of venous return, car-
diac tamponade and compression of the right atrium. 
In a recently published case report, a cardiac lipos-
arcoma was associated also with valvular regurgi-
tation, direct extension into the pulmonary artery 
with pulmonary embolism and atrial arrhythmias 
(Uemura et al. 2004).

Intracavitary cardiac metastasis, although rare, 
may occur in patients with widespread metastatic 
disease. Tumors that have a potential to metastasize 
to the heart are ovarian tumors, uterine leiomyosar-
coma, chorioncarcinoma, endometrial carcinoma 
and squamous carcinomas of the cervix (Senzaki 

et al. 1999). These may present as intracardiac ob-
struction and occasionally cause pulmonary emboli 
(Borsaru et al. 2007).

There is also a small part of all cardiac tumors 
that do not directly determine pulmonary embo-
lism, but may participate in clot formation in the 
pulmonary arteries, since they may lead to conduc-
tion disturbances. These cardiac neoplasms that may 
be involved in alterations of cardiac function and 
conductance are cardiac fi bromas, paragangliomas, 
lymphangiomas, lipomas and rhabdomyomas.

Symptoms of cardiac tumors are often mislead-
ing although severe and catastrophic complications, 
such as embolization, coronary occlusion, syncope, 
loss of consciousness, infection and sudden death, 
may occur. Clinical manifestations vary depend-
ing upon the size and location of the tumors rather 

than the histology per se. Atrial locations present 
with mitral or tricuspid infl ow obstruction, supe-
rior or inferior vena cava obstruction, systemic or 
pulmonary emboli, supraventricular arrhythmia, 
embolic events, or tamponade. Patients with cardiac 
neoplasm may have conduction abnormalities, ma-
lignant ventricular arrhythmias from myocardial 
infi ltration, and low voltage complex from pericar-
dial infi ltration and may present with sudden death. 
Unexplained chest pain, hemoptysis, systolic or dia-
stolic murmurs, cough, syncope, progressive respira-
tory failure, right-sided heart failure, superior vena 
cava syndrome, hemopericardium, supraventicular 
arrhythmias, ventricular tachycardia and sudden 
cardiac death or recurrent unexplained pericardial 
effusion, clubbing, anemia, cardiomegaly, signs of 
cor pulmonale or metastatic manifestations may be 
the fi rst presentation signs and symptoms in case of 
cardiac tumors. Tumor emboli, if present, typically 
appear with progressive dyspnea over days to weeks, 
are sometimes accompanied by hemoptysis and may 
cause increased pulmonary arterial pressure lead-
ing to right ventricular failure. The tumors may also 
lead to hemodynamic obstruction. Right atrial tu-
mors may mimic tricuspid stenosis. The diagnosis is 
sometimes made post-mortem, probably due to the 
rarity of certain tumors and the non-specifi city of 
the presenting symptoms.

Cardiac metastases should be suspected in oncol-
ogy patients if they develop inexplicable heart fail-
ure, neurological defi cits, or recurrent pulmonary 
emboli, particularly when no peripheral source of 
emboli can be identifi ed.

PE as a consequence of cardiac surgery is well 
documented in the literature and is usually attrib-
uted to embolization from a thrombus within the 
deep venous system; however, in many patients deep 
vein thrombosis (DVT) cannot be identifi ed. The 
incidence of PE after cardiac surgery is reported to 
be very low, partly because systemic anticoagula-
tion with heparin during cardiopulmonary bypass 
prevents the formation of DVT (Josa et al. 1993; 
Gillinov et al. 1992). In a large study of adult pa-
tients undergoing cardiac surgery, the incidence of 
pulmonary emboli was 0.6%, and was more frequent 
in patients with coronary artery disease (Lahtinen 

et al. 2006). Of course, in postoperative patients 
it could be diffi cult to assess the real cause of PE, 
but when a diagnosis of DVT is excluded, the real 
incidence of PE is very low (McGiven and Bunton 

2000). The formation of thrombi within the right 
atrium has been reported after surgical repair of 
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an atrial septal defect (Hawe 1969); moreover, right 
atrial thrombi arising in situ after coronary artery 
bypass surgery have been reported in very few pre-
mortem cases (Hyman et al. 1997). Formolo et al. 
(1981) reported a case of fatal PE after coronary by-
pass surgery. The mechanism of right atrial throm-
bus formation in this case is likely due to cannula-
tion of the right atrium during cardiopulmonary 
bypass. Presumably, suture material used to close 
the atriotomy site or endocardial damage from the 
tip of the cannulation catheter creates a nidus for 
thrombus formation. Atrial fi brillation in the post-
operative period causes stasis of blood within the 
right atrium, further increasing the risk of throm-
bus formation.

Heparin-induced thrombocytopenia (HIT) is an 
immune-mediated adverse drug reaction that may 
be associated with limb- or life-threatening throm-
bosis, which is successfully treated by cessation of 
heparin administration and by using alternative an-
ticoagulant therapy (Walls et al. 1990).

As already said, PE of cardiac origin has a right-
sided location; however, in a few cases, left-sided 
sources have been described (Ishihara et al. 2002). 

PE of left-sided origin, the so-called “paradoxical 
embolism,” may be the result of a left-sided throm-
bus embolization in the pulmonary arterial circula-
tion via an interatrial septal defect (Fig. 26.4). The 
most frequent sources of PE are left atrial thrombi, 
often the result of mitral valve stenosis or atrial fi -
brillation, and left-sided neoplasms (Seagle et al. 
1985).

Cardiac hydatidosis cyst is a rare parasitic dis-
ease, caused by the development of the embryonic 
form of Echinococcus granulosus in humans, and is 
seen in 0.2–3% of patients with echinococcal disease 
(Tejada et al. 2001). Cardiac hydatidosis is often 
primitive and unique; however, it may also develop 
after the rupture of a pericardial hydatid cyst. The 
right ventricle localization is exceptional and may 
be revealed by cystic rupture. Hydatid pulmonary 
embolism generally occurs after an intracardial 
rupture of the right ventricle hydatid cyst (Bayezid 

et al. 1991).
PE may present with various symptoms, and its 

clinical presentation is proteiform depending on 
the extent of pulmonary vascular occlusion and 
pre-existing cardio-pulmonary function. The most 

Fig. 26.4a–c. Paradoxical pulmonary embolism 
in a patient with atrial septal defect. Axial non-
enhanced CT image of the head (a) shows a large 
hypodense area due to acute ischemia on the 
left hemisphere. Axial contrast-enhanced CT 
images demonstrate fi lling defects in the lumen 
of the aortic arch (b) (black arrow) and in the 
right inferior lobar pulmonary artery (c) (white 
arrow). The atrial septal defect, not evident on 
CT scans, was confi rmed at echocardiography
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frequent symptom associated with the disease is 
dyspnea; less frequently it is associated with cough, 
hemoptysis, sweating and pleuritic chest pain. Its 
clinical presentation may demonstrate tachycardia 
and tachypnea. Fever can occur; DVT and PE are 
often overlooked causes of fever. When present, 
pulmonary infarction is typically characterized by 
pleuritic chest pain, fever and occasionally hemop-
tysis (Shiber and Santana 2006).

Chronic thromboembolic pulmonary hyper-
tension causes symptoms and signs of right heart 
failure, including exertional dyspnea, easy fatigue 
and peripheral edema that develops over months or 
years.

At blood analysis PE may present with hypoxia, 
hypocapnia with increased pH for compensatory 
tachypnea, or hypercapnia with decreased pH for 
global respiratory failure, and with increased LDH 
and liver enzymes (Masotti et al. 2000).

 26.3 
Diagnosis and Imaging Findings

Diagnosis of PE is challenging because symptoms 
and signs are nonspecifi c and diagnosing tests are 
either imperfect or invasive. Diagnosis starts by 
including PE in the differential diagnosis of non-
specifi c symptoms, such as dyspnea, pleuritic chest 
pain, fever, hemoptysis and cough (Shiber and 
Santana 2006). Thus, PE should be considered in 
the differential diagnosis of patients suspected of 
having such conditions as cardiac ischemia, heart 
failure, COPD exacerbation, pneumothorax, pneu-
monia, sepsis, acute chest syndrome (in sickle cell 
patients) and acute anxiety with hyperventilation 
(Wang et al. 2005).

Initial evaluation of PE should include pulse 
oxymetry and chest radiography. Radiographic fi nd-
ings are often nonspecifi c and include atelectasis, fo-
cal infi ltrates, elevated hemidiaphragm, or pleural 
effusion. The classic fi ndings of focal loss of vascular 
markings (Westermark sign), a peripheral wedge-
shaped opacity (Hampton hump), or enlargement of 
the right descending pulmonary artery (Palla sign) 
are suggestive of PE with a respective specifi city of 
92%, 82%, and 80%, but quite uncommon (Wors-

ley et al. 1993). The chest radiograph can also help 
to exclude pneumonia and pneumothorax that may 
mimic PE clinically.

Pulse oxymetry provides a quick way to assess oxy-
genation; hypoxemia is one sign of PE and requires 
further evaluation. ABG (arterial blood gas) mea-
surement may show an increased alveolar to arterial 
 oxygen (A–a) gradient or hypocapnia; the presence of 
one or both of these parameters is moderately sensi-
tive for PE, although it is nonspecifi c (Tapson 2008).

ECG most often shows tachycardia and various 
ST-T wave abnormalities, which are non-specifi c for 
PE.

In case of thrombotic pulmonary embolism, use-
ful tests for diagnosing or ruling out PE are D-dimer 
(Harrison and Amundson 2005), V/Q scanning, 
Doppler ultrasonography, CT angiography and 
echocardiography. There is no universally accepted 
algorithm for the best choice and sequence of tests; 
however, one common approach is to screen patients 
with D-dimer, obtain lower extremity ultrasonog-
raphy when D-dimer is positive and progress to CT 
angiography (or V/Q scanning) if sonography is neg-
ative. Positive D-dimer, ECG, ABG measurements, 
chest X-ray and echocardiograms are adjunctive tests 
that lack suffi cient specifi city to be diagnostic alone.

Until recently, V/Q scan has represented the main 
imaging modality in the diagnosis of PE. In patients 
with PE, V/Q scans detect areas of lung that are ven-
tilated, but not perfused (mismatch); results are 
reported as low, intermediate, or high probability 
of PE, based on patterns of V/Q mismatch. A com-
pletely normal scan excludes PE with nearly 100% 
accuracy, but a low probability scan still carries a 
15% likelihood of PE. Perfusion defects may occur 
in other abnormal conditions, including pleural 
effusion, pulmonary mass, pulmonary hyperten-
sion, pneumonia and COPD. With an intermediate 
probability scan, there is 30 to 40% probability of 
PE; with a high probability scan, there is an 80–90% 
probability of PE (Pioped 1990).

Introduced in the late 1980s, helical CT is rapidly 
replacing scintigraphy as the imaging modality of 
choice in the assessment of patients with suspected 
PE. It is more accurate than scintigraphy, rapid, 
non-invasive and readily available. Helical CT di-
rectly demonstrates intraluminal clots as fi lling 
defects (Gurney 1993). Moreover, the most impor-
tant advantage of CT over other imaging modalities 
is that both mediastinal and pleuro-parenchymal 
structures are evaluated so that, in the absence of 
PE, CT often provides an alternative diagnosis in-
cluding aortic dissection, pneumonia, lung cancer, 
and pneumothorax (Remy-Jardin et al. 2003). Most 
of these diagnoses are amenable to CT visualization, 
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so that in many cases a specifi c etiology for the pa-
tients’ symptoms and important additional diagno-
ses can be established.

The main impediment for the unanimous accep-
tance of computed tomography as the new modality 
of choice for the diagnosis of acute PE has been the 
limitation of accurate detection of small peripheral 
emboli. Early studies comparing single-slice CT to 
selective pulmonary angiography demonstrated 
high accuracy of CT in detecting PE to the segmen-
tal arterial level (Remy-Jardin et al. 1992), but sug-
gested that subsegmental pulmonary emboli could be 
overlooked by CT scanning (Goodman et al. 1995). 
With the advent of multi-detector row helical CT 
scanners, even the subsegmental pulmonary arter-
ies can now be evaluated, allowing a more accurate 
identifi cation of PE even at the subsegmental level. 
The current generation of multidetector CT (MDCT) 
scanners now allows acquisition of the entire chest 
with 1-mm or sub-millimeter resolution within a 
short single breath-hold. Shorter breath-hold times 
benefi t patients with underlying lung disease and 
reduce the percentage of non-diagnostic CT scans. 
Probably the most important advantage of MDCT is 
improved diagnosis of small peripheral emboli. The 
high spatial resolution of MDCT data sets now al-
lows evaluation of pulmonary vessels down to sixth 
order branches and signifi cantly increases the detec-
tion rate of segmental and subsegmental pulmonary 
emboli (Schoepf et al. 2002; Patel et al. 2003). CT 
also appears to be the most cost-effective modality 
in the diagnostic algorithm of PE compared to al-
gorithms that do not include CT, but are based on 
other imaging modalities (ultrasound, scintigraphy, 
pulmonary angiography) (Van Erkel et al. 1996).

In comparison with CT, the clinical relevance of 
magnetic resonance (MR) for the assessment of PE is 
low. Nevertheless, since there are some potential ad-
vantages of MR over CT (e.g., radiation-free method, 
better safety profi le of MR contrast media, capabil-
ity of functional imaging), MR might be considered 
as a valuable alternative in the assessment of sus-
pected PE in patients who cannot tolerate contrast 
media and in young patients. Gadolinium-enhanced 
MR angiography (MRA) is an excellent non-invasive 
diagnostic technique for pulmonary embolism be-
cause its sensitivity and specifi city are high, as con-
fi rmed by a recent review article (Stein et al. 2003). 
An advantage of MRA over multidetector CT an-
giography is that images of ventilation can be ob-
tained if noble gases, such as helium 3 or xenon 129, 
are used (Altes et al. 2005).

Echocardiography as a diagnostic test for PE is 
controversial. It is a useful test, with a sensitivity of 
about 80%, for detecting right ventricular dysfunc-
tion that occurs when pulmonary artery pressure 
exceeds 40 mmHg. Estimation of pulmonary artery 
systolic pressure using Doppler fl ow signals gives 
additional useful information about the severity 
of acute PE. Even if the absence of right ventricu-
lar dysfunction or pulmonary hypertension makes 
the diagnosis of a large PE unlikely, this does not 
exclude the diagnosis of a smaller one.

Cardiac marker testing is evolving as a useful 
mean of stratifying mortality risk in patients with 
acute PE. Elevated troponin levels can signify right 
ventricular strain. Elevated brain natriuretic pep-
tide (BNP) and pro-BNP levels are not helpful, but 
low levels appear to signify good prognosis. The 
clinical role of these tests remains to be determined, 
because they are not specifi c either for right ventric-
ular strain or for PE.

Pulmonary angiography (PA) has traditionally 
been considered the standard of reference for the 
diagnosis of PE; however, it is an invasive technique 
and is seldom performed, even in major academic 
centers. Due to technical advances, in 2007 MDCT 
pulmonary angiography fulfi lled the conditions to 
replace PA as the reference standard for diagnosis of 
acute PE (Remy-Jardin et al. 2007).

When a cardiac origin for PE is suspected, MDCT 
angiography is recommended for a combined as-
sessment of lungs, heart, and cardiac structures and 
pulmonary vessels. With the advent of ECG-gating 
during CT acquisition, a free motion artifact imag-
ing of the heart and chest in a single breath-hold can 
be obtained.

In the presence of valve endocarditis ECG-gated 
MDCT of the chest allows combined diagnosis of 
valve endocarditis and septic pulmonary embolism 
on the same imaging modality. Characteristic CT 
fi ndings in septic pulmonary embolism consist of 
discrete nodules with varying degrees of cavitation 
and subpleural, wedge-shaped, heterogeneous areas 
of increased attenuation with rim-like peripheral en-
hancement. In many cases a vessel can be seen lead-
ing directly to the nodules (“feeding vessel” sign). In 
a study by Coche et al. (2006), a retrospective ECG-
gated 16-slice CT of the entire chest was performed 
with 16 × 1.5-mm collimation. The entire chest was 
imaged in one breath-hold during 20 s, after injec-
tion of contrast medium. Multiple nodules of vari-
ous sizes, some with necrotic centers and feeding 
vessels in the peripheral areas, suggestive of septic 
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emboli, were identifi ed. CT images reconstructed 
retrospectively at systolic and diastolic phase re-
vealed an elongated hypodense mass, implanted on 
the tricuspid valve and confi rmed by transesopha-
geal echocardiography (TEE). TEE is particularly 
useful in diagnosing pulmonary valve endocarditis 
because, in the adult, the pulmonary valve is the 
most diffi cult valve to visualize with transthoracic 
echocardiography (TTE) (Shively et al. 1991).

In case of PE secondary to cardiac echinococcosis, 
the source of emboli may be the rupture of a cystic 
lesion in the right cardiac chamber. Both CT and MR 
angiography have been reported to demonstrate oc-
clusion of the pulmonary arteries and their branches 
by cystic lesions (Dursun et al. 2008).

Acute atrial fi brillation can be associated with 
PE (Fig. 26.5). To treat patients with atrial fi brilla-
tion, radio-frequency catheter ablation (RFCA) of 
the distal pulmonary veins and posterior left atrium 
is increasingly used by cardiac interventional elec-
trophysiologists. MDCT provides detailed anatomic 
information by 3D visualization of the pulmonary 
veins and the left atrium, allowing accurate place-
ment of intracardiac ablation catheters (Lacomis et 
al. 2003). In this clinical setting, MDCT could also 
assess right heart chambers and pulmonary arter-
ies, identifying possible cardiac thrombi and PE.

Primary or secondary cardiac neoplasms, before 
the advent of cross-sectional imaging, were frequently 
diagnosed only at autopsy. Nowadays they can be de-
tected in living patients and are usually treated suc-
cessfully. The plain chest radiograph is abnormal in 
about 80% of cases, but the fi ndings are nonspecifi c 
and may include an abnormal or enlarged cardiac 
contour, pulmonary edema, or an enlarged azygous 
vein (Bogren et al. 1980). Echocardiography remains 
the most effi cient method for the initial diagnosis 
and provides high resolution real-time images whose 
quality has further improved with the introduction 
of new ultrasonographic imaging techniques, such 
as tissue harmonics (Thomas and  Rubin 1998). Ech-
ocardiography is an optimal modality for imaging 
small masses (<1 cm) or masses arising from valves 
and can also image velocities with Doppler, which al-
lows for assessment of presence, degree, and location 
of obstructions to blood fl ow or valve regurgitation 
(Engberding et al. 1993).

Cardiac tumors at echocardiography may appear 
as an echogenic, nodular, or lobulated mass in the 
right heart chambers, with or without pericardial 
effusion or direct pericardial extension, in case of 
malignant neoplasm.

All patients with PE of unknown origin should 
undergo early echocardiography to exclude intrac-
ardiac masses or thrombi. TTE may demonstrate 
dilatation of the right heart chambers and the pres-
ence of mass located in the right atrium or ventricle, 
which can show a low or high degree of motion and 
eventually a free-fl oating movement suggestive of a 
mobile thrombus. It may as well demonstrate pro-
lapse through the leafl ets of the tricuspid valve dur-
ing diastole and evaluate left and right ventricular 
function. Nevertheless, TEE is a well-accepted supe-
rior technique in comparison with TTE in the evalu-
ation of right atrial tumors, providing better visual-
ization of the atria and the great vessels. Therefore, 
TEE should be considered in patients with right 
atrial masses, even when these tumors have been 
demonstrated with TTE (Leibowitz et al. 1995).

However, as image acquisition with MDCT and 
magnetic resonance imaging has steadily become 
faster, these modalities are playing an increasingly 
important role in the evaluation of cardiac neo-
plasms. Soft tissue contrast of both CT and MR im-
aging is superior to that of echocardiography, and 
both modalities allow imaging of the entire medi-
astinum and evaluation of extracardiac extent of 
disease. They add useful information regarding tu-
mor location, its morphological features, extent, and 
the presence of local invasion and associated medi-
astinal and/or pulmonary involvement. They can 
also offer some degree of histological characteriza-
tion of the tumor by the identifi cation of fat, calcifi -
cations, fi brous tissue, melanin, hemorrhage, or cys-
tic changes (Araoz et al. 1999) (Fig. 26.3). Although 
MDCT is faster, easier to perform, and has more re-
liable image quality, MR has higher soft tissue con-
trast, helpful in detection of tumor infi ltration, and 
greater fl exibility in the selection of imaging planes 
and technical parameters (Siripornpitak and 
 Higgins 1997). Administration of contrast material 
in MR may also be of help in the differential diagno-
sis between tumor and bland thrombus, as tumors 
usually enhance, and can characterize tumor vas-
cularity, differentiating between benign tumors and 
angiosarcoma with a “sunray appearance” (Bruna 

and Lockwood 1998). In addition, the pathophysio-
logical effect of the tumor on the myocardial hemo-
dynamics can be assessed by using dynamic imag-
ing techniques in MR that allow characterization of 
ventricular function, infl ow or outfl ow obstruction, 
and valve regurgitation.

MDCT with cardiac gating also gives helpful in-
formation in patients with cardiac neoplasms, for 
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Fig. 26.5a–f. Pulmonary embolism in a patient with acute atrial fi brillation and mitral valve replacement. Contrast-en-
hanced CT scans (a–c) (arrows) show multiple and bilateral emboli within lobar and segmental pulmonary arteries. More 
caudal images through the atria (d–f) demonstrate multiple fi lling defects in both left and right atrium and within the left 
atrial appendage. Enlargement of the main pulmonary arteries is also seen
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staging purpose and/or to rule out PE, not provided 
by other techniques, specifi cally echocardiography 
and MR (Tatli and Lipton 2005). MDCT angiogra-
phy also helps to assess the anatomy of the coronary 
arteries and the great vessels in relation to the tu-
mor, as well as to defi ne the tumor vascular supply, 
an important issue when surgery is planned.

For what concerns myxoma, the most common 
cardiac neoplasm, at echocardiography, the charac-
teristic narrow stalk is the most important distin-
guishing feature, followed by tumor mobility and 
distensibility (Obeid et al. 1989). When these char-
acteristics are seen, myxoma can be diagnosed with 
a high degree of confi dence, especially if the tumor 
is also attached to the interatrial septum. Myxomas 
demonstrate variable internal echocardiographic 
features. They may be homogeneous or have central 
areas of hyperlucency representing hemorrhage and 
necrosis (Rahilly and Nanda 1981). Echogenic foci 
of calcifi cation may also be detected. Broad-based, 
nonmobile myxomas may also occur, but they are 
indeterminate at echocardiography. The thin, deli-
cate stalk of myxomas usually cannot be defi ned 
at CT or MR imaging, although a generally narrow 
base of attachment is suggestive of, but probably not 
defi nitive for, a diagnosis of myxoma; because tumor 
mobility and distensibility also cannot be depicted, 
tumor location is the other important distinguish-
ing feature. A mass that arises from the interatrial 
septum from a narrow base of attachment may be 
identifi ed as a cardiac myxoma with a high degree 
of confi dence. Other CT and MR imaging fi ndings 
are variable and refl ect gross pathologic features. 
Because of their gelatinous nature, myxomas usu-
ally have heterogeneous low attenuation at CT. Cal-
cifi cation is frequently seen (Tsuchiya et al. 1984). 
CT may occasionally show myxomas prolapsing 
through cardiac valves, which is a common fi nding 
at echocardiography. Myxomas tend to have mark-
edly increased signal intensity in T2-weighted im-
ages. However, they may have areas of decreased sig-
nal intensity due to the presence of calcifi cation or 
to magnetic susceptibility artifacts caused by hemo-
siderin (Masui et al. 1995). Contrast enhancement 
in myxomas is usually heterogeneous, which also 
likely refl ects the presence of necrotic areas within 
the tumor, but intense enhancement may be seen.

Cardiac surgical procedures may have a not el-
evated, but considerable intrinsic risk of pulmonary 
embolism. In the post-surgical period, MDCT scans 
may evaluate both the good outcome of cardiac 
surgery and the pulmonary parenchyma and medi-

astinum and therefore identify the presence of PE, 
when suspected. In the late year a new diagnostic 
scanning technique, dual-source computed tomog-
raphy (DSCT), has been developed; it shows great 
diagnostic potential in patients before or after car-
diac surgery, providing a high diagnostic accuracy 
in the detection of coronary artery stenosis and in 
the assessment of patients who received aortic valve 
replacement (Nikolau et al. 2007). DSCT, due to its 
better temporal and spatial resolution, also allows 
the depiction of PE at a subsegmental level with 
high accuracy. Therefore, this new modality could 
become the best non-invasive imaging technique in 
this clinical setting.

Paradoxical embolism, a left-sided origin of an 
acute pulmonary embolism, should be suspected 
when an atrial septal defect is present. In these cases, 
TEE can confi rm this fi nding and often identifi es the 
embolic source in the left atrium.

 26.4 
Treatment

In case of infective endocarditis and pulmonary 
embolism, the treatment consists of a high dose of 
antibiotics administered by the intravenous route 
to maximize the diffusion of antibiotic molecules 
into vegetations from the blood fi lling the cambers 
of the heart. This is necessary because neither the 
heart valves nor the vegetations adherent to them 
are supplied by blood vessels. Antibiotics are con-
tinued for a long time (2–6 weeks); specifi c drug 
regimens differ depending on the classifi cation of 
the endocarditis as subacute or acute. Fungal en-
docarditis requires specifi c anti-fungal treatment. 
Surgical removal of the valve is necessary in patients 
who fail to clear micro-organism from their blood 
in response to antibiotic therapy or in patients who 
develop cardiac failure resulting from destruction 
of a valve by infection. A removed valve is usually 
replaced with an artifi cial valve that may either be 
mechanical (metallic) or obtained from animals, 
generally pig (bioprosthetic valves). In cases without 
extensive valve destruction, a conservative surgical 
treatment is possible, with removal of vegetations 
sparing the valve and extraction of pulmonary em-
boli (Tanaka et al. 1989).

The treatment reserved for cardiac tumors is sur-
gical, with TEE during surgery providing useful in-
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formation about secondary valve damage caused by 
the tumor or detecting rare biatrial or multilocular 
myxomas. The use of TEE is then recommended as 
an intraoperative routine during resection of cardiac 
masses; bicaval cannulation is also recommended 
to avoid tumor fragmentation. Hypotermic circu-
latory arrest is the method of choice and provides 
good view for embolectomy (Allard et al. 1995). 
Repetitive recurrences are rare (1.3%), while asymp-
tomatic recurrences are observed in young patients 
who have a familiar history of tumor or multifocal 
myxomas. Embolectomy of the pulmonary artery is 
performed in a way similar to that of chronic pulmo-
nary thromboembolectomy (Ando et al. 1999).

Malignant cardiac tumors have a poor prognosis, 
because they typically present with metastasis, most 
frequently to the lung and the liver. Treatment is a 
combination of surgery and radiation with or with-
out sarcoma-type chemotherapy. Heart transplan-
tation is a consideration if metastatic disease is not 
identifi ed (Gowdamarajan and Michler 2000).

When metastatic disease of the heart is diag-
nosed, the treatment is generally palliative, aimed 
at reducing the obstruction to blood fl ow by the 
tumor and providing symptomatic relief. The op-
tions remain very limited and depend on the type 
of primary tumor and its response to chemotherapy 
or radiotherapy, the extent of intracardiac and ext-
racardiac involvement and the general status of the 
patient. Irrespective of the treatment, the prognosis 
remains very poor.

Pulmonary embolism after cardiac surgery is 
a complication reported in the literature, most of 
which occur when a DVT is diagnosed (Frizzelli 

et al. 2008), and the mortality is very high (34%). 
Early diagnosis and appropriate treatment are es-
sential. Standard therapy for pulmonary embolism 
includes systemic anticoagulation with heparin and 
warfarin. In patients not candidates for systemic an-
ticoagulation, caval interruption is only indicated 
to prevent recurrent pulmonary embolism when a 
DVT coexists.

 26.5 
Summary

Cardiac diseases or devices that may cause pulmo-
nary embolism are not a common situation in the 
daily clinical practice. There are arrhythmogenic 

diseases, neoplasms, cardiac surgery and valve in-
fective diseases that may account for an increased 
risk of PE. Diagnosis in all these conditions is based 
on clinical and anamnestic data and on various di-
agnostic procedures. CT, especially new generation 
scanners such as MDCT, is a useful diagnostic tool 
for better visualization of both pulmonary arterial 
circulation and cardiac anatomy assessment. More-
over, with the newest 64-slice scanners it is possible 
to obtain optimal visualization of cardiac structures 
almost without any of the motion artifacts that were 
documented with the older CT scanners, allowing 
cardiac and pulmonary imaging in only one breath-
hold, also in patients with pulmonary disease and 
dyspnea as well as in subjects with cardiac arrhyth-
mias. DSCT is a promising, new scanning technique 
for the evaluation of such patients, allowing volume-
rendered images for almost the entire cardiac cycle 
with no motion artifacts.
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 27.1 
General Considerations

Pectus excavatum (PE) is a congenital malforma-
tion characterized by a depression of the sternum 
and of the adjacent rib cartilage that modifi es the 
conformation of the chest with the appearance of 
a concavity of the anterior wall. This deformity, 
characterized by a sternal depression and known by 
various names (pectus excavatum, funnel chest, and 
cobbler’s chest) represents the most common defor-
mity of the chest wall (90%) and affects 1 in 1,000 live 
births (Mansour et al. 2003; Fonkalsrud 2003) 
with a prevalence in male subjects of 5:1 (M/F 5:1) 
(Fonkalsrud 2003). It is also the most frequently 
surgically treated malformation. The modality of 
hereditary transmission has not yet been estab-
lished, but it is commonly accepted that patients 
with PE report other relatives affected by thoracic 
malformations. 

PE has been found in twins and, in many cases, 
in various generations of the same family, many of 
whose members were carriers of altered connective 
tissue, suggesting that a defective connective tissue 
gene (i.e., fi brillin, collagen and B growth factor) 
(Creswick et al. 2006) could be at the base of the 
pathogenic process.

PE is, in fact, associated with congenital diseases 
of the connective tissue, such as Marfan syndrome, 
Elher-Danlos syndrome, osteogenesis imperfecta, 
Poland syndrome, Klippel-Fiel syndrome ( Williams 
and Crabbe 2003) and, more rarely, with congenital 
heart disease (Shamberger et al. 1988). The malfor-
mation, barely evident at birth, becomes apparent 
around the fi rst year of life when the child begins 
to stand and is even more visible after 4 or 5 years, 
becoming more serious during puberty. The defect 
stabilizes at around 18–20 years with the complete 
ossifi cation of the rib cage. The sternal depression 
is created by the posterior angulation of two com-
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ponents: the body of the sternum starting from the 
second cartilage and the costal cartilage itself.

27.2 

Physiopathology

Several hypotheses have been suggested to explain 
the deformity. Importance has been attributed to a 
fi brous ligament that could connect the sternum to 
the diaphragm or to the insuffi cient development 
of the anterior fi bers of this muscle; such altera-
tions would condition the depression of the ster-
num through an abnormal mechanism of traction 
( Brodkin 1953). More realistic is the current rec-
ognition of the importance of the genesis of PE as 
an anomalous costal cartilage growth pushing the 
sternum in a backwards direction (Ravitch 1961).

It is a complex and often asymmetric defect, com-
plicated by the fact that the affected person tends 
to somehow curve himself around the deformity, 
arching his shoulders towards the malformation 
while pushing out the abdomen. Such changes in 
posture become permanent and, in time, impossible 
to modify.
In patients with PE, a paradoxical inspiratory re-
entry of the sternum is observed, particularly evi-
dent in very young children and in deep breathing 
in all carriers. PE presents with different clinical 
forms and levels of gravity: from mild malforma-
tions that require only corrective physical exercises 
to much more severe forms for which surgery is the 
only solution.

PE is asymptomatic in the majority of cases and 
manifests with a visible alteration of the thoracic 
conformation. However, although it is generally 
agreed that PE is a condition that has great psycho-
logical implications for the carrier, who is conscious 
of his potentially disfi guring condition, the clinical 
idea that the mechanical compression of the heart 
caused by moderate-severe PE determines organic 
cardiac and pulmonary alterations is becoming 
more diffuse. Alterations include compression of the 
right cardiac chambers (Mocchegiani et al. 1995), 
compression of the pulmonary infundibulum, pro-
lapse of the mitral valve (Shamberger et al. 1987), 
tricuspid stenosis (Hoeffel 2000), compression of 
the inferior vena cava (Yalamanchili et al. 2005), 
alteration of the conduction and restrictive pulmo-
nary syndrome (Lawson et al. 2005).

Patients complain of greater fatigability, evident 
in infants when eating and in older patients when 

engaging in intense physical activity. Subjectively, 
these patients complain of effort dyspnea, reduced 
tolerance to physical activity compared to their 
peers, chest pain and palpitations. In this condi-
tion, the anteroposterior diameter of the thorax 
is clearly reduced with the heart compressed and 
displaced to the left. The extent of previous fati-
gability is often only realized after the deformity 
has been surgically repaired. In recent years efforts 
have been made to use appropriate tests in order 
to measure limitations in individuals; generally, 
however, such tests measure tolerance to physical 
activity only indirectly.

Malek et al. (2003) recently reported that the 
maximum amount of oxygen that can be trans-
ported and consumed at the muscular level (VO2 
max) during exercise of progressive intensity was 
75% in patients with PE compared to healthy con-
trols. This suggests a certain level of compromise at 
the cardiac level as consumption of oxygen depends 
largely on the proportional increase of output with 
effort.

The capacity for physical exercise is further 
conditioned by the body position as the degree of 
sternal compression varies with posture. The right 
atrium and ventricle are, in fact, compressed by the 
pectus, particularly when the patient is in a stand-
ing position. The physiopathologic mechanism of 
compression and the reduced ventricular fi lling 
have been well documented by Zhao et al. (2000). 
They carried out exercise tests using an ergometer 
bicycle on patients with PE and on controls, both in 
supine and sitting positions, acquiring, contempo-
raneously, an echocardiogram and measurement of 
stroke volume. In patients with PE both maximum 
oxygen consumption (VO2 max) and stroke volume 
were signifi cantly inferior to those of controls dur-
ing the exercise test in sitting position. Stroke vol-
ume did not, however, differ in either group during 
exercise in the supine position. From the above, we 
can deduce that patients present a real limitation on 
physical exercise of cardiac origin.

The natural history of PE has been modifi ed over 
the years as progressive surgical procedures have 
been proposed to correct the most debilitating cases. 
The type of intervention performed has evolved in 
time from a highly invasive technique often with 
serious complications to a less-invasive technique, 
more suitable to physiological modifi cations and a 
growing organism.

From the 1950s until the early 1990s, surgical cor-
rection of the more serious forms of PE consisted of 
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a series of long, complex procedures that entailed 
incision and resection of costal cartilage and a ster-
nal ostoetomy associated with various forms of in-
ternal fi xation. Following such invasive procedures, 
several postoperative complications could arise, 
sometimes with fatal consequences. For this reason, 
bearing in mind that many pediatric surgeons were 
sure that this defect was purely cosmetic surgery of 
PE, it was progressively abandoned and reserved for 
single sporadic cases.

Subsequently, a minimally invasive surgical tech-
nique was introduced by Donald Nuss (Nuss et al. 
1998a, 1998b, 2002): a metal bar is inserted through 
two small lateral incisions made in the chest wall, 
the PE indentation is pushed outwards, the bones 
are repositioned and the malformation is thus cor-
rected. This operation does not interfere with the 
development of the thorax or induce respiratory in-
suffi ciency due to a non-expandable chest.

 27.3 
Indications for Surgery and Evaluation with 
Diagnostic Imaging

In PE the indication for surgery remains extremely 
limited in spite of the simplicity of the Nuss tech-
nique. The condition is classifi ed as mild, moderate, 
or serious based on objective radiological param-
eters that can be assessed both on chest radiogra-
phy and CT imaging. Only patients with moderate-
severe malformations are candidates for surgical 
correction.

The radiogram of the thorax is the fi rst exami-
nation to be performed on patients with PE and is 
followed by CT. In some institutions (Derveaux et 
al. 1989; Ohno et al. 2001; Barauskas 2003), the se-
verity of the deformity is, however, still assessed us-
ing only chest X-ray based on the criterion of lowest 
possible radiation exposure in those children with 
a “benign”-type pathology. The authors would like 
to point out that axial CT exposes children to an 
amount of radiation that exceeds the benefi t it pro-
duces and sometimes requires the sedation of very 
young patients. The radiographic examination of 
the chest in children with PE should be performed in 
the two projections, in orthostatism, in deep inspi-
ration phase and at a fi lm-focal distance of 180 cm. 
The radiographic picture of PE is characterized by 
different fi ndings.

In the lateral view, a depression in the lower third 
of the sternum is easily diagnosed: also evident is 
any direct contact between the heart and the anteri-
orly depressed sternum and between the heart and 
the thoracic spine posteriorly. Sometimes, in cases 
of sternal rotation, the sign of a double border that 
simulates the presence of a space-occupying pro-
cess in the anterior mediastinum can be observed 
(Soteropoulos et al. 1979). In the posteroanterior 
view the heart appears rotated and moved to the left: 
these anatomical modifi cations can produce multi-
ple signs such as (Guller and Hable 1974):

Disappearance of the second right cardiac arch  �
following the dislocation of the right cardiac 
margin inside the right paraspinal line, or, in 
more serious cases, over the midline of the tho-
racic spine: this demonstrates the extent of the 
leftward shift of the heart.
The aspect of the “mitral” heart produced by the  �
rectilinearity of the left cardiac profi le and of 
the prominence of the second arch caused by the 
rotation of the heart to the left.
Enlargement of the right hilum following the  �
rotation-dislocation of the heart that projects the 
vessels of the right hilum, rendering them more 
evident and simulating a middle lobe pathology: 
this sign indicates the lack of projected super-
imposition between the heart and vessels of the 
middle and right inferior lobes. The increase in 
density of the right paracardiac parenchyma can 
also be created by the compression produced by 
the depressed ribs pressing on the pulmonary 
parenchyma and thus simulating a pulmonary 
infi ltrating process.
Dislocation of the aorta towards the left: this is  �
one of the mort frequent signs resulting as a con-
sequence of the cardiac shift.
Obliteration of the middle-inferior segment of  �
the descending aortic interface (Takahashi et 
al. 1992) as a result of the cardiac rotation, which 
causes contact between the junction of the infe-
rior pulmonary vein and/or the surface of the left 
atrium with the wall of the descending aorta.
Curved acute angle appearance of the anterior  �
arches of the ribs due to the congenital defor-
mity.

The evaluation of PE in order to determine the 
need for surgical repair is traditionally based on the 
indications of severity derived from the chest radio-
graph. The fundamental indices are the vertebral 
index (VI) and the fronto-sagittal index (FSI). The 
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vertebral index (VI) is the percentage ratio between 
the minimum sagittal diameter measured from the 
ventral surface of the sternum at the point of deepest 
depression and the sagittal diameter of the vertebral 
body at the same level. The fronto-sagittal index is 
the percentage ratio between the maximum inter-
nal transverse diameter of the thorax and the mini-
mum sagittal diameter. Ohno suggests that patients 
with values of VI > 27 and FSI < 29 be submitted for 
 surgical repair (Ohno et al. 2001).

Kilda et al. (2007), in order to evaluate the sever-
ity of PE, utilized both the indices measured on the 
thorax and Haller’s index measured using one axial 
CT scan at the point of deepest depression: this au-
thor also adds to the preoperative evaluation the in-
dices of thoracic fl attening and of asymmetry, mea-
sured using one CT scan. Values of VI > 30, FSI < 30 
and HI > 3.3 are considered by the author as being 
severe and an indication for surgical repair. Values 
of VI < 30, FSI > 30 and HI < 3.3 are low and there-
fore preclude surgery. The alteration of only one of 
the indices classifi es the condition as moderately se-
rious and should therefore be surgically repaired. 

The index of thoracic fl attening is derived from 
the ratio between the transverse diameter doubled 
and divided by the sum of the right and left sagit-
tal diameters by chest radiograph; with a result of 
< 2, the chest is considered ‘fl at’, > 2 means that the 
chest is of normal conformation. The asymmetry 
index is derived from the inverse ratio between the 
right and the left sagittal diameters. The thoracic 
wall is considered asymmetric and the left hemitho-
rax more convex if the index is < 0.05, the right side 
is more convex, and prominent if the index has a 
value > 0.05. The indices described are always uti-
lized in the postoperative evaluation in order to 
measure the amount of improvement of the thoracic 
conformation.

Following a preliminary surgical, pulmonary and 
cardiological examination, proposed surgical can-
didates, following the Nuss technique, undergo CT 
scan (Lawson et al. 2006; Sidden et al. 2001). The 
complete extension of the chest is studied with spi-
ral CT or MDCT. MDCT must be performed using 
the protocol established for chest CTA. The study 
extends in a cranio-caudal direction, 80 kVp per pa-
tient weighing less than 45 kg and > 80 kVp in those 
weighing more, with milliamps as low as possible 
according to the patient’s weight ( Paterson and 
Frush 2007). CTA is performed with thin thick-
ness (< 1 mm), detector collimation of 0.75 or 0.6 
and pitch from 1.0 to 1.5. The delay in acquisition 

of the scan is determined using a “bolus tracking” 
system connected to a ROI on the aorta. If the de-
lay is to be calculated using the empirical method, 
one criterion could be to start the scan at 12–13 s 
in children weighing less than 15 kg and at 20–25 s 
in those weighing more. Scans are performed in a 
cranio-caudal direction during one breath in coop-
erating patients and at normal breathing in those 
unable to hold their breath. In order to examine car-
diac alterations and large vessels with this protocol, 
ECG gating is not necessary. Volumetric data can be 
reconstructed at 3–5 mm for a routine examination 
or at 1–2 mm for multiplanar and three-dimensional 
reconstructions. Radiological evaluation must take 
the following into account.

27.3.1 

Haller’s Index

In 1987 Haller and co-workers formulated a pectus 
index based on the measurements of axial CT of sev-
eral thoracic diameters as objective parameters of the 
gravity of PE representing an advance on the indices 
calculated on a standard radiogram (Haller et al. 
1987; Nakahara et al. 1987; Clausner et al. 1991). 
Haller’s index is defi ned as the maximum transverse 
diameter of the chest (T) measured from the internal 
margin of the rib on one side to the internal margin 
of the controlateral rib, divided by the minimum 
anteroposterior diameter (A), positioned on the 
same plane but perpendicular to T, from the ventral 
surface of the depressed sternum or from the most 
inward costal cartilage as far as the anterior surface 
of the vertebral body or its horizontal tangent (T/A) 
obtained at the point of greatest sternal depression 
(Fig. 27.1). In patients with symmetrical sternal de-
formity, Haller’s index is calculated from the inter-
nal surface of the depressed sternum to the anterior 
surface of the corresponding vertebral body.

In asymmetrical deformities, however, the deep-
est point of the sternal depression is not located on 
the same sagittal plane as the dorsal vertebra and, 
to obtain the index, it is necessary to trace a tangent 
tranversal line to the anterior surface of the spine 
and another tangent to the internal surface of the 
most sunken cartilage and then measure the dis-
tance between these two lines, which corresponds 
to the smallest anteroposterior diameter.

Normal children and teenagers have a Hiller’s 
index of between 1.9 and 2.2 from 0 to 6 years and 
from 2.3 to 2.7 from 6 to 14 years: all values are less 
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than 3 (Daunt et al. 2004). In subjects with mild PE, 
the value is less than 3.2, moderate when the index 
is between 3.2 and 3.5 and severe when the value is 
over 3.5. Values over 3.25 are considered serious and 
an indication for surgical intervention.

27.3.2 

Morphological Traits of PE

We can distinguish two morphological types of con-
cavity based on the shape of the depression viewed 
in the axial section or on a middle-sagittal plane 
(Cartoski et al. 2006). “Cup” PE is when the depres-
sion is deep and circumscribed, delimited by steep 
walls that affect a limited portion of the sternum 
without alterations of the adjacent anatomical struc-
tures, particularly of the ribs. Widespread or so-
called “saucer” PE (Fig. 27.2) is when the depression 
affects the entire sternum and sometimes the manu-
brium and extends to the ribs as far as the mammil-
lary lines. The depression is therefore widened and 
determines a more or less relevant decrease of the 
anteroposterior diameters of the thorax.

Three-dimensional, multiplanar and 3D volume-
rendering reconstructions permit the depiction of 
cup or saucer morphological-type characteristics 
(when viewed laterally, in oblique projection or in 
sagittal reconstruction). In the cup type, there is a 
funnel-shape and a short caudo-cranial diameter. 

In the saucer type, a valley-like depression can be 
observed that extends to the ribs adjacent to the 
sternum.

27.3.3 

Length of Sternal Involvement on 

Cranio-Caudal Axis

In cup PE, the circumscribed depression is con-
tained to one part of the sternum, prevalently the 
lower third. In saucer PE, the depression is much 
more extensive (Fig. 27.3); it should also be noted 
that those depressions classifi ed as cups during the 
preliminary surgical examination or with photo-
graphic documentation are sometimes found to be 
saucers when studied by CT.

These notably long pectus excavatums can have a 
compressing effect on the upper part of the thorax, 
affecting both the trachea and the esophagus. This 
distinction, easily detected and measured by CT, is 
fundamental to surgical planning in order to decide 
on both the number of steel bars to be used and their 
position. Short PE has a lesser impact on the internal 
thoracic organs and surgery can be performed us-
ing one metal arch only. Extensive saucer PE must 
be corrected surgically with the positioning of two 
metal arches as a condition affecting such a large 
part of the chest and sternum cannot be corrected 
with one single bar.

Fig. 27.1a,b. The severity of malformation is evaluated using Haller’s index (HI) obtained by the ratio between the internal 
transverse diameter (T) of the chest divided by the A-P diameter (A). In this case (a), the diameters are 22.7 and 7.9 cm 
respectively, and the HI is 2.87. The malformation is therefore mild, and the surface of contact between the heart and the 
thoracic wall is reduced. In the same image the sternal torsion angle was calculated (27�), also classifi ed as mild. Oblique 
3D reconstruction (b) clearly shows the sternal torsion to the right (arrow). The slight “cup”-shaped sternal depression is 
located at the lower third of the sternum

a b
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27.3.4 

Symmetry

Another fundamental criterion that must be diag-
nosed with imaging is the degree of symmetry. The 
symmetry of the hemithoraxes is easily evaluated 
using CT, both through axial images that permit 
visualization of the thorax ‘from inside’ with a 
perception superior to that seen externally during 
the preliminary surgical examination and through 
three-dimensional reconstructions if images are 
acquired using MDCT. In seriously asymmetrical 
deformities, the left hemithorax is pushed outwards, 
while the heart is completely enclosed. In this condi-
tion, the sternum turns towards the right, towards 
the point of greatest depression and asymmetry. The 
symmetry of the hemithoraxes is defi ned by the re-
lationship between the internal sagittal diameters 
(DX/SIN X100), thus indicating the prominence of 
one of the two hemithoraxes.

27.3.5 

Sternal Torsion

A further essential morphological criterion that 
should be addressed in the report of the CT ex-
amination is sternal torsion. Sternal torsion corre-
sponds to the angle of rotation of the sternum on 
its longitudinal axis: this is easily measured using a 
specifi c function on the work station or by placing 
a transparency, with the angle already traced, onto 
the printed image. Torsion is considered mild if the 
angle described is less than 30�and severe if more 
than 30� (Fig. 27.4).

Rotation in extreme cases can reach 90�, so that 
which should be the ventral surface of the sternum 
forms the left side of the more depressed part of the 
concavity. It is important to defi ne precisely the de-
gree of rotation as this also conditions the shaping 
of the metal arch that must be adapted for each indi-
vidual patient. A sternum markedly rotated does not 

Fig. 27.2a–c. CT scan (a) shows a severe pectus whose in-
dentation extends to the adjacent ribs and is classifi ed as 
“saucer” PE. The transverse diameter (T) (25.8 cm), the A-P 
diameter (A) at the level of the sternal depression (7 cm) and 
the sagittal diameters (S, S1) of both hemithoraces (right: 
14.3 cm; left: 12.8 cm) were measured. Consequently, the 
severe Haller’s index (3.68) and the index of chest fl attening 
(the ratio between the double transverse diameter divided 
by the sum of right and left diameters: 1.9; NV 1.49 ��0.12) 
can be calculated and is shown to be severe. Chest radio-
graphs (b,c) show the metal bar in position and tethered by 
the vertical stabilizer. In the lateral projection, the correct 
position of the bar is shown; its anterior surface is pushing 
forward the depressed sternum

a
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Fig. 27.3a–d. Patient studied with multi-detector CT multiplanar sagittal reconstruction (a) shows a pectus excavatum 
with an extremely reduced (4 cm) anteroposterior diameter and a long craniocaudal extension of the sternal depression. In 
the axial scan (b), Haller’s index (6.5) is measured: it defi nes a severe PE. The degree of thoracic fl attening defi ned by the 
fl attening index is 2.3 (NV 1.49 ��0.12). In this scan the wide surface of contact and the slight compression exerted by the 
depressed sternum on the free wall of right cardiac chambers is evidenced. The 3D rendering display for soft tissues (c) pro-
vides a “photographic” representation of the outer surface of the pectus: consequently, based on morphology, it is classifi ed 
as “saucer” type, that is, a wide PE involving almost the entire sternum below the manubrium and extending to the ribs as 
far as the mammilary line. The 3D rendering display for bones (d) provides an extremely good representation of the thoracic 
cage and the markedly depressed sternum (arrow) with a minimal torsion to the right. (Courtesy of Prof. Paolo Tomà)
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always return to the correct morphology after surgi-
cal repair; sometimes a slight bump remains on the 
dorsal surface. For this reason there is a clear dif-
ference in the cosmetic result of corrective surgery 
in those with and without previous sternal torsion. 
Sternal torsion can be better evaluated in the recon-
struction 3D fi lter for the bone in the cranio-caudal 
projection; the sternum rotates on its longitudinal 
axis, generally towards the right. The prominent 
indentation of the right costal cartilage that short-
ens the distance between the inferior costochondral 
junction and the midline of the sternum can also be 
well seen.

 27.4 
Cardiac Compression

In PE the heart must be evaluated for its possible 
compression, dislocation in the left side of medi-
astinum and distortion of its entire conformation 
(Hoeffel et al. 2000; Howard 1959). The position 
of the heart and its relationship with the markedly 
rotated sternum should be well documented. The 
compression can be either fi xed or dependent on 
the postural position of the patient (Bevegard et 
al. 1960; Beiser et al. 1972). In the fi rst case it is 
present in clino- and orthostatism and in the lat-
ter the cardiac compression occurs in orthostatism 

only. The deformity of the anterior thoracic wall can 
sometimes completely dislocate the heart from the 
left hemithorax, which then becomes a protective 
mechanism against the compression.

In the morphological assessment of severity of 
PE, CT images document that the sternum depres-
sion reduces the cardiac dimensions, distorts and al-
ters the morphology of some cardiac chambers. The 
compression of the heart against the thoracic spine 
can cause volumetric constriction of the left atrium 
but, more commonly, also of the right cardiac cham-
bers and in particular of the ventricular components: 
free-wall, tricuspid valve, infl ow and outfl ow tracts 
and pulmonary valve. The extent of the compression 
is related to the severity of PE ( Hoeffel et al. 2000; 
Crossland et al. 2006;  Kowalewski et al. 1999).

The physiopathological consequence of the com-
pression in PE is the limited fi lling of the right car-
diac chambers causing an increase in fi lling pres-
sure. During exercise in the upright position, stroke 
volume is reduced, but returns to normal value when 
exercise is performed in the supine position. This 
is confi rmed by the fact that surgical intervention 
completely removes the signs and symptoms.

Clinically, PE is perceived as serious functional 
disturbances such as premature fatigability, dysp-
nea even during mild physical activity and low re-
sistance and tolerance to prolonged effort. The in-
dexes of severity measured on the axial CT images 
quantify, as described previously, the depth of the 
depression and a particularly high value of Haller’s 
index, which nevertheless has a low sensitivity to 
identify those cases of postural cardiac compression 
in orthostatism only.

A more precise assessment of the right ventricular 
function in PE should be carried out using methods 
that study the heart more closely, such as echocar-
diography or MRI. Coln et al. (2006) recently re-
ported a case study of 123 patients with PE studied 
preoperatively by CT for morphological evaluation 
and with color Doppler echocardiography for the as-
sessment of cardiac function. In 117 cases the pres-
ence of cardiac compression was confi rmed, showing 
a pattern similar to that of constrictive pericarditis, 
characterized by the reduction of right stroke vol-
ume during exercise stress test. This compression 
also caused distortion of the fi brous skeleton of the 
heart and consequently a high incidence of associ-
ated mitral valvular disease. All cardiac alterations 
regressed after the removal of cardiac compression 
by correction of the thoracic deformity using a Nuss 
metal bar.

Fig. 27.4. Axial CT scan of a patient with pectus excavatum. 
The image shows a severe sternal torsion to the right (tor-
sion angle: 37�). Haller’s index (transverse diameter: 27.4 cm; 
A-P diameter: 6.8 cm) is 3.68, indicating a severe condition 
requiring surgical correction. A large surface of contact be-
tween the heart and the anterior thoracic wall is observed
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In conclusion, the results of this study show that 
the main functional cardiac alteration in patients 
with PE is due to cardiac compression, which can be 
completely resolved by surgical repair.

 27.5 
Pectus Excavatum and 
Mitral Valve Prolapse

Patients with PE present a higher incidence of mi-
tral valve prolapse (MVP) compared to the general 
population. The MVP valve should be considered a 
clinical syndrome, resulting from various pathoge-
netic mechanisms that affect one or more parts of 
the valvular apparatus: the leafl ets, tendinous cords, 
papillary muscles and the valvular annulus. It is the 
most common form of valvular cardiac disease and 
is present in 0.6–2.4% of the general population. 
Patients with deformities of the thoracic cage, such 
as pectus excavatum, show an incidence of MVP be-
tween 30 and 65% according to case studies (Saint-

Mézard et al. 1986; Udoshi et al. 1979). Subjects are 
generally symptomatic.

In patients with thoracic anomalies (pectus exca-
vatum, scoliosis, straight back syndrome, fl at thorax) 
and MVP, a reduction of the anteroposterior diam-
eter of the thoracic cage has been observed, suggest-
ing a pathogenetic role of thoracic deformities in the 
genesis of MVP in this particular group of subjects. 
Therefore, a functional MVP would be considered. In 
these cases the valvular prolapse is secondary to the 
compression of the heart against the thoracic spine, 
followed by distortion of the mitral valve annulus.

Raggi was the fi rst author to study mitral valve 
prolapse in thoracic deformities using electron 
beam CT (EBCT) (Raggi et al. 2000). In the normal 
subject, the global aspect of the heart seen by CT is 
rounded and the contact with the thoracic wall is 
either minimal or completely absent. By studying 
a large number of patients with MVP and thoracic 
deformity, Raggi et al. found, in 82% of cases, the 
presence of a greater surface area contact between 
the heart and thoracic wall, thus determining a real 
“trap” or compression of the heart, able to cause 
distortion of the mitral valvular apparatus and 
consequent prolapse. Specifi cally, morphological 
and quantitative CT data reported by the authors 
supporting the theory of cardiac “entrapment” are 
summarized as follows:

Reduction of the anteroposterior diameter of the 1. 
thorax measured from the internal surface of the 
thoracic wall to the anterior face of the corre-
sponding vertebral body.
Increase of the area of contact between the heart 2. 
and the internal surface of the thoracic wall, ex-
pressed by the product between the sagittal and 
axial extensions as observed in CT reconstruc-
tions.
Increase of the angle formed between the mitral 3. 
valvular plane and that which passes through the 
atrial septum, which goes from rectangle to ob-
tuse angle and which, when widened, provides a 
quantitative index of the progression of distor-
tion of the mitral annulus.

The same author has described two morphologi-
cal types of thorax that can cause cardiac distortion 
and consequent MVP:

Eight-shaped thorax in the horizontal position 1. 
such as in pectus excavatum: sternum depression 
associated with approaching of the thoracic spine 
to the sternal axis. 
Backward C-shape thorax characterized by a re-2. 
duced anteroposterior diameter, as observed in 
straight back syndrome.

In these conditions the heart is trapped in a tho-
racic cavity too small for its size, causing the distor-
tion of cardiac conformation in an attempt to adapt 
to the inadequate dimensions. The compression of 
the cardiac chamber inside a small space therefore 
causes a ventricular-valvular distortion with subse-
quent enlarging of the mitral valve annulus and the 
onset of MVP. An acquired condition of functional-
type MVP thus occurs, secondary to a skeletal anom-
aly, and must therefore be corrected surgically.

In a recent study, the high frequency of mitral 
valve disease has been reported in 123 patients with 
pectus excavatum who subsequently underwent 
surgical repair (Coln et al. 2006). All patients un-
derwent chest CT and cardiological evaluation us-
ing color Doppler echocardiography and treadmill 
exercise stress test. The results showed that 106 pa-
tients (86.1%) were symptomatic during the exercise 
test and 36 of them (34%) referred to pre-syncopal 
episodes on moving from the supine to orthostatic 
position. It should be noted that Haller’s morpho-
logical index (HI) did not identify all symptomatic 
patients as some demonstrated a HI between 2.4 
and 3 and others < 3.25. Therefore, in these patients, 
morphological study of the heart was carried out by 
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basic color Doppler echocardiography in the supine 
position and then in orthostatism during the ex-
ercise stress test in order to identify those subjects 
with pectus excavatum and compromised cardiac 
function not identifi ed by Haller’s index when mea-
sured using CT.

From the results reported by the authors, at 
echocardiography 117 subjects (95%) presented 
compression of the cardiac chambers, a picture sim-
ilar to that of constrictive pericarditis. Specifi cally, 
46% of these showed anomalies of the mitral valve 
apparatus; 29 patients (54%) presented mitral insuf-
fi ciency in the absence of prolapse and 25 (46%) had 
a MVP not associated with valvular regurgitation; 
in 3 patients, mitral regurgitation was associated 
with tricuspid regurgitation and in 1 with aortic re-
gurgitation. Among the six subjects (5%) in whom 
no cardiac compression was demonstrated, two 
presented a MVP and four reported a symptomatic 
cardiac arrhythmia. All patients underwent Nuss’ 
minimally invasive correction, obtaining a marked 
improvement of symptoms. At 2-month and 2-year 
follow-up after surgical repair, patients were re-
assessed by color Doppler echocardiography at rest 
and during exercise stress test: 93% (100 patients) 
presented morphologically and functionally normal 
cardiac chambers with valvular apparatus normally 
functioning; 7% still presented an MVP. Postopera-
tive results confi rm, therefore, both an acquired and 
functional origin of this form of MVP, which can re-
gress after corrective surgery with an excellent prog-
nosis. In this group of patients there were, in fact, 
no noted cases of complications, which sometimes 
form part of the natural history of MVP, such as: 

27.5.1 

Infective Endocarditis

Transitory ischemic cerebral attacks (TIA) and tran-
sitory changes of the visus, secondary to fi brinous 
embolism, involve the ophthalmic artery or poste-
rior cerebral vessel of circle of Willis.

27.5.2 

Rupture of Tendinous Cords

These include arrhythmias (atrial fi brillation, ar-
rhythmias, ventricular tachycardia), sudden death 
(long QT, bradyrythmias and asystolia by abnor-
mal vagal hypertonus secondary to autonomic 

dysfunction) and progressive worsening of mitral 
insuffi ciency with evolution to cardiac failure. In 
conclusion, color Doppler echocardiography can be 
considered the gold standard method for studying 
MVP when pectus excavatum is present. 

The study of mitral valve prolapse (MVP) by 
color Doppler echocardiography permits a diagno-
sis of certainty through identifi cation of the systolic 
movement (billowing) of one or both valve leafl ets 
in the left atrium with or without mitral regurgita-
tion. Using mono-dimensional echocardiography 
(M-Mode), sudden movement of one or both mitral 
leafl ets in mesosystole ��2 mm can be observed or, 
alternatively, “hammock” holosystolic movement 
> 3 mm. Bi-dimensional (2D) echocardiography 
confi rms the diagnosis with the following fi ndings: 
(1) systolic movement of one or both mitral leafl ets 
towards the left atrium over to coaptation plane of 
the mitral valve, fi rstly in long-axis parasternal view 
(gold standard) and successively in four-chamber 
apical view; (2) thickening and/or redundancy of 
leafl ets: thickness > 5 mm in diastolic phase.

27.5.3 

Elongated Tendinous Cords

This condition involves possible dilation and distor-
tion of the valvular annulus. Finally, the use of color 
Doppler allows classifi cation of the severity of mi-
tral valve regurgitation associated with the MVP on 
the basis of qualitative and quantitative parameters 
into mild, moderate, or severe. By Doppler study 
it is also possible to observe any alteration in the 
fl ow of trans-mitral and trans-tricuspid ventricular 
refi lling, which are very similar to those reported 
in constrictive pericarditis. Moreover, as the MVP 
associated with pectus excavatum is functional and 
acquired, the thickening and/or redundancy of the 
mitral leafl ets is not necessarily present as in the pri-
mary forms in which specifi c pathological processes 
involve the valvular apparatus.

 27.6 
Pectus Excavatum and Marfan Syndrome

Sixty-six percent (66%) of patients with Marfan 
syndrome also have deformities of the chest wall 
due to the excessive growth of the ribs (Pyeritz 
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and McKusick 1979). Marfan syndrome is a disease 
of the connective tissue that affects different or-
gans and systems such as the eyes, skeleton, heart, 
aorta, central nervous system, lungs and skin. It 
is relatively common (2–3 people in 10,000) and 
can be found in all races and ethnic groups. It 
is an autosomically transmitted disease with high 
penetration, but in 25–30% of patients it is seen 
as a sporadic form. This disease is caused by the 
mutation of the gene that encodes for fi brillin-1 po-
sitioned on chromosome 15, causing the formation 
of abnormal microfi brils. The microfi brils connect 
the elastic lamina both to endothelial cells and to 
smooth muscle cells, contributing to the integrity 
of the vessel walls.

Dysfunction of the microfi brils causes fragmen-
tation of the elastic fi bers, causing the structural 
disintegration of connective and vascular tissue 
and leading to the formation of aneurisms and dis-
section of the vessel walls, particularly those of the 
aorta. The mutation of the fi brillin alters the regula-
tion of growth factor signal, which induces excessive 
growth of bone, pulmonary alterations, aortic dila-
tion and alterations of the cardiac valves. Subjects 
are unusually tall and consequently have very long 
bones in the arms, legs, hands and feet. These pa-
tients also present an ogival palate, partial disloca-
tion of the lens and a predisposition to emphysema. 

The most common cardiovascular manifesta-
tions are mitral valve prolapse (MVP) and dilatation 
of the sinuses of Valsalva, which is associated with 
mitral insuffi ciency, aortic insuffi ciency, and aortic 
dissection. If such cardiac pathologies remain un-
treated, they will, in most cases, result in premature 
mortality.

27.6.1 

Cardiovascular Manifestations

The annulus of the aortic root is a fi brous band 
that surrounds the aorta and the valvular leafl ets. 
Annular aortic ectasia, in particular the dilatation 
of the proximal part of ascending aorta, is found 
in 60–80% of adults affected by Marfan syndrome. 
Beginning as dilatation of the sinuses of Valsalva, it 
progresses to the sino-tubular junction, eventually 
affecting also the aortic annulus.

Dilation of the aortic root is the main cause of aor-
tic insuffi ciency in Marfan syndrome, which, if seri-
ous, leads to degenerative dissection of the elastic 
tissue of the media with cystic necrosis in the muscle 

cells. Annular aortic ectasia causes varying levels 
of dilation of the aortic root, easily visible at CTA, 
which allows multi-planar and three- dimensional 
reconstructions from which it is possible to measure 
with extreme precision the diameters of the ascend-
ing aorta, of the sino-tubular junction and of the di-
lated aortic root.

In order to study the valvular apparatus, it is 
necessary to acquire images using ECG-gated CTA 
and then to reconstruct the images according to the 
various phases of the cardiac cycle. At the moment, 
corresponding to 10% of the R-R (mesodiastolic) in-
terval, it is possible to see clearly the valvular ap-
erture, while at that corresponding to 70% of the 
R-R (in systole) interval, the valvular closure can be 
documented. In mesodiastole the valvular cuspids 
are rigid and tethered: a consequence of the dilata-
tion of the sinuses of Valsalva. In the mesosystole 
images, aortic valvular regurgitation is represented 
by the triangular defect of coaptation of the aortic 
leafl ets. The ECG-gated CTA images provide a clear 
and detailed picture of the structural characteristics 
of the aortic root and the origins of the coronary ar-
teries. When performed accurately, such radiologi-
cal tests are of great use in the planning of corrective 
surgery. 

The fusiform aortic aneurism is well documented 
with chest CTA; the speed of its progression is vari-
able, and a series of evaluations with transthoracic 
echocardiography over a period of time is necessary 
as, in the absence of dissection, dilatation is limited 
to the part nearest to the ascending aorta, while 
growth speed is slow: only a few millimeters per year 
(Ha et al. 2007).

27.6.2 

Aortic Dissection

This complication generally originates above the 
ostia of the coronary arteries (type A in Stanford’s 
scheme) and extends over the entire aortic length 
(type IB); 10% of the cases begin distally of the left 
subclavian artery (type IIIB) and are rarely limited 
to the abdominal aorta. Aortic dissection is due to 
an intimal tear that allows blood to enter the middle 
layer of the aorta, creating a false lumen. MDCT, 
with its high sensitivity and specifi city, is the most 
frequently used imaging modality for the diagnosis 
of aortic dissection. It allows clear documentation 
of the extension of the dissection, of the relation-
ship between real and false lumen and involvement 
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of the large vessels. It also allows exploration of the 
pericardial and pleural cavities.

Aortic dissection is defi ned as highly probable 
when a progressive aortic enlargement is observed 
over time or when there is a double border of the 
aortic arch with dislocation of the intimal calcifi ca-
tions greater than 6 mm. The sudden appearance of 
a pleural or pericardial effusion suggests the onset 
of an aortic dissection. A documented endarterial 
fl ap is, however, symptomatic of aortic dissection.

25.6.3 

Mitral Valve Prolapse (MVP) in 

Marfan Syndrome

In Marfan syndrome the prolapse of the mitral valve 
is age-dependent and is more frequent in women. 
Incidence reaches 60–80% of cases when patients 
are evaluated by means of transthoracic color Dop-
pler echocardiography. The mitral leafl ets appear 
generally elongated, thickened and redundant. 
A progression of the prolapse, evaluated by the 
appearance or worsening of mitral insuffi ciency 
through clinical criteria and echocardiography, is 
verifi ed in at least a quarter of patients with Marfan 
syndrome, a much larger portion than for MVP 
present in the general population, whose natural 
history is generally benign. The mitral valve an-
nulus dilates and contributes to the insuffi ciency, 
like stretching and the occasional breakage of the 
cords that are abnormally elongated. For the study 
of mitral valve prolapse, see the corresponding pre-
ceding paragraph.

 27.7 
Pectus Excavatum and Congenital Heart 
Diseases

Pectus excavatum is almost always an isolated mal-
formation, but can, however, coexist with a con-
genital cardiopathy (Shamberger et al. 1988; Lees 
and Caldicott 1975; Hasegawa et al. 2002). In an 
extensive case study involving 20,860 children who 
had undergone congenital cardiopathic surgery, 
the author. (Shamberger et al. 1988) found only 
36 patients with a deformity of the anterior chest 
wall, almost all of whom also had PE. The most 
frequently seen congenital heart diseases were: six 

transpositions of the large vessels, six interventricu-
lar defects, fi ve interatrial defects, three complete 
atrio-ventricular channels, one Ebstein anomaly 
and various other single cases.

MDCT, which allows a simultaneous study of 
the heart and chest in patients with PE, is an even 
more frequently used modality in the study of con-
genital cardiopathies. The fundamental advantages 
of MDCT in diagnosis of congenital heart diseases 
are high spatial resolution, which permits the study 
of small structures, and high temporal resolution, 
which reduces to a minimum the artifacts of cardiac 
and respiratory movement.

 27.8 
Pectus Excavatum and Compression of the 
Inferior Vena Cava

A further mechanism through which PE compro-
mises cardiac function is the compression of the 
inferior vena cava (Yalamanchili et al. 2005). Pa-
tients with PE, as explained above, sometimes pres-
ent paradoxical breathing characterized by inspira-
tional re-entry of the sternum, different from that 
occurring in healthy children where the thoracic 
cage is expanded during inspiration. Paradoxical 
breathing itself can determine a series of alterations 
in cardiac function different from pulsus paradoxus 
(as in constrictive pericarditis), reduced resistance 
to exercise, a reduced amount of oxygen that can 
be transported and utilized at the muscular level 
( VO2max), reduced anaerobic threshold and re-
duced concentration of oxygen when monitored 
with pulse oximeter.

The presence of paradoxical breathing is one of 
the causes of a worsening defect during the years of 
puberty and adolescence. Adolescents, in fact, begin 
intensive sports activity, encouraged by parents and 
family doctors in the false hope that practicing a 
sport will improve thoracic muscular structure and 
thus the appearance of the malformation. In reality, 
the greater metabolic demand produced by effort 
causes an increase in both frequency and depth of 
respiration, triggering a vicious circle that signifi -
cantly accentuates the phenomenon of paradoxical 
breathing and, with the compression of the inferior 
vena cava, worsens the depression of the chest, the 
mechanical compression of the heart and/or, indi-
rectly, the obstacle to venous return.



  Pectus Excavatum and the Heart 409

At echocardiography, in such a condition, a re-
duction of transmitral and transcuspidal blood fl ow 
and a reduction of stroke volume during inspiration 
have been reported. All of the above could be caused 
by compression of the inferior vena cava produced 
by the diaphragm, in its turn compressed by the 
paradoxical depression of the sternum. This other 
consequence of PE causes a decreased venous return 
and consequent reduced stroke volume. The defor-
mity of the thoracic wall thus contributes to the 
reduced venous return and to the decreased stroke 
volume with a different mechanism from that seen 
in the previous paragraphs.
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The diagnostic and therapeutic management of pa-
tients with coronary artery disease (CAD), either 
symptomatic or asymptomatic, who are scheduled 
for thoracic surgery has not yet clearly been defi ned 
and remains controversial (Carbajal 1998).

Cardiovascular preoperative evaluation in non-
cardiac surgery aims to assess the patient’s current 
cardiovascular status, to detect unknown diseases, 
to make recommendations concerning the medical 
management of the patient in the peri- and postop-
erative period, to plan the surgical strategy or, in 
some cases, to postpone non-cardiac surgery un-
til the cardiac condition is corrected or stabilized; 
rarely, cardiovascular evaluation may result in an 
absolute contraindication for non-cardiac surgery 
( Hollenberg 1999). It is acknowledged that the ma-

jor two risk factors for perioperative cardiac mor-
bidity are recent myocardial infarction and current 
congestive heart failure (Mangano and Goldman 
1995). Additional risk factors must be considered, 
such as cardiac arrhythmias and severe valvular 
disease, in particular aortic stenosis (Mangano and 
Goldman 1995; Potyk and Raudaskoski 1998).

 28.1 
Risk Stratifi cation

The basic clinical evaluation obtained by history, 
physical examination and review of the ECG usually 
provides enough data to estimate the cardiac risk 
(Chassot et al. 2002). Patient’s risk factors (unstable 
coronary syndromes, congestive heart failure, life-
threatening arrhythmias and severe valvular heart 
diseases) and the type and setting of surgery are to 
be considered together with the clinical evaluation, 
along with other risk factors, such as a history of 
cerebrovascular events, diabetes mellitus and re-
nal dysfunction. Additional non-invasive tests may 
be recommended to evaluate left ventricular func-
tion and the presence of myocardial ischemia only 
if expected data will eventually result in changing 
the surgical procedure or perioperative manage-
ment (Hollenberg 1999). Echocardiography is 
particularly useful in patients with major risk fac-
tors, whereas the exercise stress test is able to assess 
the patient’s functional capacity or to identify silent 
myocardial ischemia or signifi cant arrhythmias. 
The overall goal of cardiac assessment should be 
a consideration of both the impending surgery and 
the long-term cardiac risk independent of the deci-
sion to go to surgery. It is almost never appropriate to 
recommend coronary bypass surgery or other inva-
sive interventions, such as coronary angioplasty in 
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an attempt to reduce the risk of non-cardiac surgery 
when they would not otherwise be indicated. Ideas 
have indeed evolved since the results of the CASS 
trial published 10 years ago (Eagle et al. 1997).

 28.2 
CAD and Thoracic Surgery: Medical, 
Interventional or Surgical Management?

The major results of the CASS study showed that the 
risk of cardiac events in the periprocedural period 
was signifi cantly higher in the CAD group without 
prior coronary arterial bypass graft (CABG) than in 
the CAD group with prior CABG and the nonCAD 
group. However, the risk of CABG itself exceeded 
the risk of noncardiac surgery (Hollenberg 1999; 
Eagle et al. 1997).

Approximately 5% of patients treated by coronary 
artery stenting undergo a noncardiac surgical pro-
cedure within 1 year after stenting. The two major 
acute and severe adverse events occurring after sur-
gery are thrombosis on one hand and hemorrhage 
on the other hand.

Surgery might induce hypercoagulability. Early 
noncardiac surgery after coronary stenting mark-
edly increases the risk of postoperative cardiac 
events (McFalls et al. 2004). Interruption of an-
tiplatelet therapy seems to play an important role 
in this increased event rate. Prophylactic coronary 
revascularization in cardiac stable, but high-risk 
patients does not seem to improve outcome. On 
the other hand, patients with multiple cardiac risk 
factors are at high risk for postoperative adverse 
cardiac events and might even benefi t from pre-
operative prophylactic coronary revascularization 
(Schouten et al. 2007a).

In a series of 40 patients operated on 1 to 39 days 
after coronary stent placement, 11 major bleedings 
and 7 myocardial infarcts (MIs) were observed in 
the early postoperative period, resulting in 8 deaths 
(Kałuza et al. 2000). All the major adverse events 
occurred in patients undergoing surgery within 
14 days of stent implantation. The interruption or 
withdrawal of the antiplatelet regimen within these 
2 weeks corresponds to the maximal occurrence of 
stent thrombosis. Of the seven MIs, four occurred 
within 24 h of the surgical procedure, while the 
other three were observed between 6 and 11 days af-
ter procedure. Overall, 8 of the 25 patients undergo-

ing surgery within 14 days of stent placement died 
within 11 days of the surgical procedure after suffer-
ing an MI or signifi cant bleeding episode (Kałuza 
et al. 2000).

Similar outcomes have been observed in an-
other study. Eight patients among the 168 patients 
undergoing surgery 6 weeks after stent placement 
(4.0%) died or suffered a myocardial infarction or 
stent thrombosis. The frequency of these events 
ranged from 3.8% to 7.1% per week during each of 
the 6 weeks. Contrarily, no events occurred in the 39 
patients undergoing surgery 7 to 9 weeks after stent 
placement. These data suggest that, whenever pos-
sible, non-cardiac surgery should be delayed 6 weeks 
after stent placement, by which time stents are gen-
erally endothelialized, and a course of antiplatelet 
therapy to prevent stent thrombosis has been com-
pleted (Wilson et al. 2003). The same complication 
rate was observed in a prospective study of 103 pa-
tients undergoing surgery within 1 year of coronary 
stent placement (Vicenzi et al. 2006), indicating that 
patients with coronary stents are at increased risk for 
perioperative stent-related complications, particu-
larly if surgery is performed early after stenting.

Furthermore, with the use of drug-eluting stents, 
it is necessary to maintain double antiplatelet medi-
cation without interruption for at least 6 months. 
Any planned or unplanned surgery results in a real 
threat to this strategy (Sigwart 2007).

In a recent study, including both bare metal stents 
and drug-eluting stents (192 patients), early sur-
gery and antiplatelet discontinuation were associ-
ated with an increased risk of perioperative cardiac 
events (Schouten et al. 2007b). Conversely, the risk 
of major cardiac complications in patients undergo-
ing noncardiac surgery after coronary drug-eluting 
stent implantation seem to decrease signifi cantly af-
ter 6 months (Compton et al. 2006).

These data corroborate those of other studies. No 
benefi t was found from preoperative prophylactic 
coronary revascularization in a randomized trial in 
very high cardiac risk patients. Revascularization 
did not improve 30-day outcome; the incidence of 
the composite end point was 43% versus 33% (odds 
ratio 1.4, 95% confi dence interval 0.7 to 2.8; P=0.30). 
Furthermore, no benefi t during 1-year follow-up 
was observed after coronary revascularization (49% 
vs. 44%, odds ratio 1.2, 95% confi dence interval 0.7 
to 2.3; P=0.48) (Poldermans et al. 2007).

Numerous similar outcomes between patients 
with recent PTCA and those with nonrevascularized 
CAD have been described, such as in this large retro-



  Thoracic Surgery and Asymptomatic Coronary Artery Disease 413

spective study of 686 patients. The patients with re-
cent PTCA did not evolve better than nonrevascular-
ized patients with CAD, with more than one fourth 
of each group having some adverse cardiac outcome 
after noncardiac surgery (Posner et al. 1999).

A recent review of medical literature has summa-
rized the main principles of minimizing the risks of 
complications. This review reminds that any event 
in the coronary circulation, such as recent ischemia, 
infarction, or revascularization, induces a high-risk 
period of 6 weeks and an intermediate-risk period of 
3 months. A 3-month minimum delay is therefore in-
dicated before performing non-cardiac surgery after 
myocardial infarction or revascularization. How-
ever, if an urgent surgical procedure is requested, 
this delay may be too long, and it is then appropri-
ate to use perioperative b-blockers, which reduce the 
cardiac complication rate in patients with, or at risk 
of, coronary artery disease ( Chassot et al. 2002).

Administration of b-blockers associated with 
statin regimen has shown signifi cant reduction 
of occurrence of perioperative ischemic events 
(Karthikeyan and Bhargava 2006; Noordzij et 
al. 2007). Several controlled studies (meta-analysis 
of 16 observational cohort studies and 2 randomized 
trials) suggest that the use of statins during the pe-
rioperative period in patients undergoing high-risk 
surgery may confer substantial benefi ts. Statin users 
exhibit perioperative rates of death or acute coro-
nary syndromes that are 30% to 42% lower than 
those observed in patients who are not taking statins 
at the time of surgery (Kapoor et al. 2006).

28.2.1 

Heart Failure

An other group of patients scheduled for noncar-
diac surgery is at signifi cant risk of cardiovascular 
morbidity and mortality due to underlying symp-
tomatic or asymptomatic cardiac disease. However, 
the majority of patients studied were not referred to 
thoracic surgery, but vascular surgery. Patients with 
heart failure (HF) scheduled for vascular surgery 
have indeed an increased risk of adverse postopera-
tive outcome. Clinical cardiac risk scores are useful 
tools for the simple identifi cation of patients with 
an increased perioperative cardiac risk. As in CAD, 
these risk scores include factors such as age, history 
of myocardial infarction, angina pectoris, conges-
tive heart failure, cerebrovascular events, diabetes 
mellitus and renal dysfunction. Based on these car-

diac risk scores, further cardiac testing might be 
warranted in patients at increased risk. In a recent 
study, a quantitative prognostic model for patients 
with HF was developed using wall motion patterns 
during dobutamine stress echocardiography (DSE). 
Multivariate independent predictors of late car-
diac events were age and ischemia. Sustained im-
provement was associated with improved survival. 
The conclusions of this echocardiographic study 
are that DSE provides accurate risk stratifi cation 
of patients with HF undergoing vascular surgery 
( Karagiannis et al. 2007).

Similar data have been reported in another large, 
randomized cohort study of 4,414 patients ( McFalls 
et al. 2007). Using a Cox regression analysis, it was 
shown that patients without multiple cardiac risks 
or co-morbid conditions have a good outcome fol-
lowing elective vascular surgery; on the opposite, 
urgent surgery, congestive heart failure, ventricular 
arrhythmias and creatinine >3.5 mg/dl were signifi -
cantly associated with long-term postoperative mor-
tality.

 28.3 
Currently Available Preoperative Cardiac 
Imaging Assessment

Transthoracic echocardiography at rest does not 
predict ischemic complications in cardiac patients 
and merely assesses valves and left ventricular (LV) 
function. A decreased LV ejection fraction predicts 
only postoperative LV dysfunction and correlates 
better with late than early postoperative cardiac 
events (Chassot et al. 2002). Dobutamine stress 
echocardiography is likely to provide more precise 
predictors on cardiac outcome: in a series of patients 
who had positive stress echocardiograms after the 
administration of dobutamine with supplemental 
atropine, cardiac complications occurred in one-
third (Karagiannis et al. 2007; McFalls et al. 2007; 
Poldermans et al. 1995).

Moreover, patients showing extensive ischemia 
under dobutamine stimulation (>5/16 left ventricu-
lar segments involved) experience ten times more 
cardiac events than patients with limited stress-in-
duced ischemia (<4 segments involved) (Boersma 
et al. 2001).

In a recent study, a quantitative prognostic model 
for patients with HF was developed using wall mo-
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tion patterns during dobutamine stress echocar-
diography (DSE). A total of 295 consecutive patients 
(mean age 67±12 years) with ejection fraction �35% 
was studied. During DSE, wall motion patterns of 
dysfunctional segments were scored as scar, isch-
emia, or sustained improvement. Cardiac death and 
myocardial infarction were noted perioperatively 
and during 5 years of follow-up. Of 4,572 dysfunc-
tional segments, 1,783 (39%) had ischemia, 1,280 
(28%) had sustained improvement, and 1,509 (33%) 
had scar. In 212 patients, �1 ischemic segment was 
present; 83 had only sustained improvement. Peri-
operative and late cardiac event rates were 20% and 
30%, respectively. Using multivariate analysis, the 
number of ischemic segments was associated with 
perioperative cardiac events (odds ratio per segment 
1.6, 95% confi dence interval 1.05 to 1.8), whereas the 
number of segments with sustained improvement 
was associated with improved outcome (odds ratio 
per segment 0.2, 95% confi dence interval 0.04 to 0.7) 
(Karagiannis et al. 2007).

Radionuclide scintigraphy has not demonstrated 
a real screening value when applied to a large un-
selected vascular or non-vascular population, or 
among patients already classifi ed clinically as low- or 
high-risk candidates for surgery. Indeed, pharmaco-
logical-stress thallium scintigraphy associated with 
thallium redistribution does not seem to be signifi -
cantly associated with the incidence of perioperative 
myocardial infarction, prolonged ischemia or other 
adverse outcomes (Mangano and Goldman 1995).

Coronary angiography is indicated only in cases 
of unstable coronary syndromes, of uncertain stress 
tests in high-risk patients undergoing major surgery 
or when there is a possible indication for coronary 
revascularization (Eagle et al. 2002). Coronary 
angiography should therefore be performed before 
a noncardiac operation only in high-risk patients 
who warrant coronary revascularization for medi-
cal reasons, irrespective of the preoperative context 
(Chassot et al. 2002).

 28.4 
Is There a Place for Cardiac MR and 
Cardiac CT?

There are no data available upon the usefulness of 
these techniques in this particular setting. Cardiac 
MR should be useful to assess cardiac function and 

myocardial viability in a selected population of 
patients. Cardiac CT does not seem to be recom-
mended routinely. However, patients receiving ef-
fective chronic beta-blockers are diffi cult to evaluate 
with stress tests because they have a limited increase 
in heart rate and cardiac output on exercise. The 
sensitivity of stress tests for diagnosing a coronary 
lesion is signifi cantly lowered under these circum-
stances (Chassot et al. 2002); these patients should 
benefi t from the use of cardiac CT. Other indications 
are uncertain stress tests in high risk patients, but 
this needs to be confi rmed.

28.4.1 

Unresolved Questions

Some issues remain without responses and need to 
be further studied. Thoracic surgery, in particular 
pneumonectomy and lobectomy, results in axial 
shift and rotation (Smulders et al. 2007) of the ma-
jor vessels (i.e., pulmonary artery and aorta). An ab-
errant course of the left coronary artery should have 
adverse consequences in the postoperative period, 
inducing myocardial ischemia and possibly infarc-
tion. So does mediastinal radiotherapy.

Oncologic patients undergoing thoracic surgery 
have frequently cardiovascular comorbidities as-
sociated to chronic obstructive pulmonary disease, 
independently of tobacco (McAllister et al. 2007; 
Graham Barr et al. 2007). In these patients, car-
diac and coronary involvement should be sought in 
order to start appropriate medical treatment before 
surgery. 

The future of thoracic imaging relies undoubtedly 
on increased acquisition speed. Associated with im-
provements in temporal resolution and volume cov-
erage of CT systems, the next step probably will no 
longer require ECG-gated acquisitions. Thoracic im-
aging will hence be able to include high resolution, 
high quality images of the coronary tree.

 28.5 
Conclusion

Evaluation of patients with cardiovascular disease 
before thoracic surgery relies on a standard, simple, 
but thorough history and physical examination as-
sociated with adequate laboratory studies. The value 
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of imaging techniques has little impact on the pre-
operative management of patients since there is no 
evidence that revascularization strategies before 
thoracic surgery improve patient status in the pe-
rioperative period as well as for the outcome. A re-
assessment after surgery can be useful for a better 
management of cardiac disease, as these patients at 
high risk for perioperative complications also tend 
to have worse long-term outcomes.

 28.6 
Take-Home Points

1) Perioperative statins are associated with lower 
rates of acute coronary syndromes and mortal-
ity; associated with b-blockers, they do as well 
or better than coronary revascularization before 
noncardiac surgery.

2) If coronary revascularization is mandatory, non-
cardiac surgery should be performed at least 
6 weeks after the procedure. 

3) Routine preoperative cardiovascular tests do not 
include imaging procedures, except dobutamine 
stress echocardiography.
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Coronary-to-bronchial anastomoses are seen an-
ecdotally, and their entity remains controversial 
( Angelini et al. 1999; Iwasaki et al. 1997; Bjork 
1966; Moberg 1967; White et al. 1992). Several types 
of vascular anastomoses exist in the normal human 
heart, but they are not functional. When these nor-
mal anastomoses develop, they mainly represent the 
increase in caliber of pre-existing vessels in response 
to certain stimuli, such as generalized hypoxia, ane-
mia, sustained exercise, total or partial occlusion 

of the coronary arteries or drugs (Esperanca and 
Goncalves 1981). Conversely, abnormal vascular 
connections are the result of various diseases, such 
as congenital disorders, total or partial occlusion 
of the coronary arteries, infection or degenerative 
vascular disorders. They can result in congestive 
heart failure, myocardial ischemia, infective endo-
carditis, atrial fi brillation, pulmonary hypertension 
and rupture.

Until recently, the diagnosis was usually made 
incidentally on the basis of invasive cardiac cath-
eterization and coronary angiography (Smith et al. 
1972), or bronchial artery angiography (Bjork 1966). 
Many patients can now be correctly diagnosed with 
this condition using transthoracic Doppler echocar-
diography (Chee et al. 2007) and multidetector CT 
(MDCT), the latter being able to demonstrate the 
vascular connections between these vessels. ECG-
gated MDCT can delineate the origin, entire course, 
length and drainage of the fi stula; furthermore, 
MDCT easily identifi es the spatial relationship of the 
fi stula with the coronary arteries, main pulmonary 
artery and right atrium without cardiac motion 
non-invasively (Funabashi and Komuro 2006). 
The comprehension of pathogenesis of collateral 
pathway development helps to understand the dif-
ferent patterns of these abnormalities.

 29.1 
Anatomy

The coronary tree is constituted of two coronary ar-
teries arising from the root of the aorta and tapering 
progressively as they branch to supply the myocar-
dium. A coronary artery fi stula (CAF) exists if a sub-
stantive communication develops that bypasses the 
myocardial capillary bed and communicates with a 
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low-pressure cardiac cavity (atria or ventricle) or a 
branch of the systemic or pulmonary systems.

Normal thin-walled, small vessels exist at the ar-
teriolar level that may drain into the cardiac cavity; 
these vessels do not steal signifi cant fl ow and do not 
constitute fi stulous connections. Fistulae usually 
are large (>250 microns) and dilated or ectatic, and 
they tend to enlarge over time. The limits of what 
constitutes a fi stula and what constitutes a normal 
vessel are often debated.

Vascular anastomoses between coronary arteries 
and extracardiac vessels are commonly called fi stu-
lae despite the fact that few of them feature fi stulous 
fl ow patterns (Angelini 2000). In fact, there are big 
differences between abnormal connections between 
two vascular structures without fi stulous fl ow (e.g., 
coronary artery to left ventricle or circumfl ex artery 
to right coronary artery) and abnormal connections 
between two vascular structures with fi stulous fl ow. 
A true fi stula of the circulatory system is character-
ized by a clearly ectatic vascular segment that exhib-
its fi stulous fl ow (Angelini 2000). Most fi stulae arise 
from the right coronary artery (60%) and terminate 
in the right side of the heart (90%). The most fre-
quent sites of termination, in descending order, are 
the right ventricle, right atrium, coronary sinus and 
pulmonary vasculature. Coronary fi stula communi-
cations often appear in the context of other congen-
ital cardiac anomalies, most frequently in critical 
pulmonary stenosis or atresia with an intact inter-
ventricular septum, but also in pulmonary artery 
branch stenosis, coarctation of the aorta and aortic 
atresia. Although most often congenital, a coronary 
fi stula rarely may be acquired, such as after surgi-
cal resection of obstructing right ventricular muscle 
bundles (as in tetralogy of Fallot), endomyocardial 
biopsy, or penetrating or blunt trauma. CAF differ 
from coronary arteriovenous fi stulae in the absence 
of outfl ow obstruction, in which coronary steal is 
the primary pathophysiologic problem.

 29.2 
Coronary to Bronchial Anastomoses

The porcine animal model seems to be the most 
representative of human coronary and bronchial ar-
terial systems (Kotoulas et al. 2006). Experimen-
tal studies in such porcine models have shown that 
these connections resulted mainly in a bronchial to 

coronary network. Several studies have shown com-
munications between the bronchial and coronary 
systems (Kotoulas et al. 2006; Gade et al. 1999). 
This communication is mainly located at the left 
atrial wall and the posterior and anterior wall of 
the left ventricle.

Owing to underlying diseases, it is likely that 
primary bronchopulmonay diseases will induce 
bronchial to coronary fi stula, such as in chronic 
bronchial disease and after pulmonary transplanta-
tion where the bronchial arteries of the transplant 
are not reimplanted on the aorta and that ischemic 
coronary disease will induce coronary to bronchial 
fi stula in order to rehabilitate better coronary artery 
fl ow beyond the site of obstruction.

In humans, coronary-to-bronchial anastomosis 
is perhaps not such a rare anomaly. This vascular 
abnormality may be subclinical or be responsible for 
several pathophysiological events and symptoms in-
volving the respiratory and/or the coronary system. 
A study of bronchial arteries (BA) and their anasto-
moses with coronary arteries was performed in 53 
adult subjects. In 6 cases BAs vascularized the left 
auricle; more than half of all cases had an anastomo-
sis with the coronary arteries: 11 with the right coro-
nary artery and 9 with the left one. These anastomo-
ses could be useful to preserve the vascularization 
of the carina after a cardio-pulmonary transplan-
tation. They should also play a role in the vascular 
supply of some coronary artery disease patients; in 
this study, associated coronary pathology was pres-
ent in one fourth of the cases (Dupont et al. 1992).

29.2.1 

Congenital

Several case reports are available in the literature. 
Some of them illustrate well the various presenta-
tions of these connections. Cyanotic congenital heart 
disease is one of the most frequent abnormalities. For 
instance, selective coronary arteriography was per-
formed in 67 patients with congenital heart disease 
aged 1 to 33 years. Five of the 23 patients with cy-
anotic congenital heart disease had collateral vessels 
between the coronary and bronchial arteries; none 
of the 44 patients with noncyanotic congenital heart 
disease had such vessels. Each of the fi ve patients with 
collateral vessels had severe obstruction of the right 
ventricular outfl ow tract or the pulmonary valve plus 
a ventricular septal defect and a right to left shunt. It 
appears that such collateral vessels from the coronary 
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arteries provide an increment to pulmonary blood 
fl ow in patients with cyanotic congenital heart disease 
and diminished pulmonary fl ow (Zureikat 1980).

29.2.2 

Acquired Cardiac Disease

The communication may be seen in patients with 
noncyanotic, acquired cardiac diseases (Iwasaki et 
al. 1997). In a huge cohort of 6,045 patients with 
various cardiopulmonary diseases who underwent 
coronary angiography, an angiographically visible 
coronary to bronchial artery anastomosis was found 
in seven (0.12%) patients. Aortitis syndrome was as-
sociated with four patients, whereas pulmonary em-
bolism, aortic regurgitation and vasospastic angina 
were the diagnoses in the others. Coronary stenotic 
lesions were not observed in any patients. In fi ve of 
six patients who underwent pulmonary perfusion 
scintigraphy, perfusion defect was observed in the 
area supplied by the bronchial artery, which had the 
anastomosis to the coronary artery. In each patient 
this anastomosis seemed to function as collateral 
circulation, compensating for decreased perfusion 
in either the lung or the heart. Such coronary to 
bronchial artery anastomosis is found likely to re-
sult in ischemic conditions affecting either the lung 
or the heart (Iwasaki et al. 1997).

The case of a patient with hemoptysis caused by an 
anomalous coronary-to-bronchial communication, 
who was concomitantly affected by aortic stenosis 
and coronary artery disease requiring surgical treat-
ment, has been recently reported. A coronary angio-
gram clearly demonstrated the abnormal vascular 
connection between the proximal right coronary 
artery and the bronchial arteries of the left inferior 
right lobe. Hemoptysis resolved after aortic valve re-
placement, ligation of the coronary branch and coro-
nary artery bypass (Lorusso et al. 2007). Previously, 
a case of extracardiac left coronary artery fi stula 
connecting the circumfl ex branch and left bronchial 
artery with inferior wall myocardial insuffi ciency at-
tributable to the right coronary artery atherosclero-
sis had been reported (Wandwi et al. 1996).

Another case of bronchial to coronary artery 
fi stula was incidentally diagnosed during bron-
chial artery embolization. Embolization was per-
formed successfully without complication, and an 
underlying important coronary artery stenosis was 
subsequently found at coronary CT angiography 
( Peynircioglu et al. 2007).

29.2.3 

Chronic Bronchial Disease

The role of chronic bronchial disease has been ad-
vanced. In a patient with acute coronary syndrome, 
coronary angiography revealed severe double-ves-
sel disease, as well as a coronary-bronchial artery 
fi stula that arose from the left circumfl ex artery. 
Percutaneous coronary intervention was performed 
on the culprit lesion in the left anterior descending 
artery. A subsequent high-resolution CT of the tho-
rax revealed mild bronchiectatic changes in the cor-
responding area supplied by the coronaro-bronchial 
artery fi stula (Jim et al. 2003).

In a similar way, two cases of coronary-to-bron-
chial artery communication responsible for coro-
nary steal were reported several years ago. In both 
cases the anastomosis originated from the proximal 
circumfl ex artery and developed because of bron-
chiectasis. In both cases closure of the anastomosis 
was achieved successfully by embolization, with the 
patients remaining free of symptoms at follow-up 
(Jarry et al. 1999).

 29.3 
Are There Diff erent Underlying Causes with 
Coronary-Pulmonary Artery Fistula? 
Controversies with Hypertrophic 
Coronary-to-Bronchial Anastomosis

The case of localized congenital pulmonary dyspla-
sia (Cijan et al. 2000), which is commonly accompa-
nied by an abnormal vascular supply that originates 
from the thoracic or abdominal aorta, was recently 
reported. When the arterial supply comes from the 
coronary arteries, the abnormal vessels were vari-
ously labeled in the literature as coronary fi stulae, as 
coronary-pulmonary collaterals or (erroneously) as 
coronary-bronchial fi stulae (Angelini et al. 1999). 
Typically, such abnormal vessels are long channels 
with high vascular resistance, which carry limited 
blood fl ow to the lung parenchyma, while they empty 
into a branch of the pulmonary artery, but unlikely 
or never into a bronchial artery.

Other previous observations, both in cardiac 
and extracardiac fi stulae, showed that coronary 
fi stulae frequently have multiple supplying sources 
( Angelini et al. 1999). In the case reported above, 
the vascular malformation within the dysplastic 
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left pulmonary segment was fed by a bronchial ar-
tery and two coronary arteries. Like in pulmonary 
sequestration, the dysplastic portion of the lung re-
ceived an aberrant blood supply from arteries origi-
nating from the thoracic or abdominal aorta. 

29.3.1 

Coronary Steal

Although the pathogenesis of acquired coronary to 
pulmonary artery fi stulae is not clear, it seems im-
portant to recognize that connections are always 
established with the arterial (and not venous) pul-
monary circulation, a fact that supports a neovas-
cularization mechanism that has been described 
in postoperative states (Funabashi and Komuro 
2006). This mechanism can result in a steal from 
the supplying vessel, specifi cally from the coronary 
arteries. The long and thin neoformed vessels must 
indeed have much higher vascular resistance than 
does the coronary bed with which they must com-
pete. Moreover, during exercise, coronary arterial 
resistances decrease more than pulmonary ones.

This hypothesis relies on several previous obser-
vations, such as two cases of coronary-pulmonary 
artery fi stulae arising distal to obstructive coro-
nary artery disease. The fi stula in the fi rst patient 
resulted in a tortuous dilatation of the distal portion 
of the right coronary artery fl owing into the right 
pulmonary artery. In the second case, the fi stula 
consisted in a plexus of vessels, which arose from 
the left anterior descending artery and entered the 
left pulmonary artery. Both the fi stulae were suc-
cessfully ligated at the time of concurrent coronary 
artery bypass graft surgery (Sathe et al. 1992). In 
another patient, a large coronary artery to bron-
chial artery anastomosis caused angina by coronary 
steal. Angina was refractory to medical treatment, 
but successfully relieved by surgical ligation of the 
anastomosis (St John Sutton et al. 1980).

29.3.2 

Potential Cardiac Consequences

The consequences are not well known and yet po-
lemic. In one instance, a patient with bronchiectasis 
had an inferolateral myocardial infarction. Coro-
nary angiography revealed a large anastomosis 
from the left circumfl ex artery to the left lower lobe 
bronchial arteries. The relationship between the pa-

tient’s myocardial infarction and possible coronary 
steal was very likely in this patient (Aupetit et al. 
1988).

Other authors reported the case of a 44-year-old 
woman in whom a bronchial-to-coronary artery 
communication via the conus branch was discov-
ered after distal bronchial artery embolization with 
gelatin sponge for hemoptysis. If this bronchial-to-
coronary artery anastomosis, not visible prior to 
embolization, had been inadvertently embolized, 
the patient could have developed a myocardial in-
farction. To reduce the likelihood of a serious com-
plication, the possibility of this anastomosis should 
be kept in mind, and angiography should be re-
peated before attempting proximal bronchial artery 
embolization (Miyazono et al. 1994).

Communications between coronary and bron-
chial vessels can hence be seen both on coronary 
angiography and bronchial artery angiography. 
A similar case of a bronchial to coronary artery 
anastomosis diagnosed prior to embolization in a 
patient with hemoptysis was reported. These anas-
tomoses must be sought carefully during bronchial 
angiography and, contrary to coronary to bronchial 
anastomoses opacifi ed via coronary angiography 
(Jarry et al. 1999), contraindicate embolization 
(Van den Berg et al. 1996).

 29.4 
Other Acquired Disease

29.4.1 

Endocarditis and Infection

Coronary mycotic aneurysms, pseudoaneurysms 
and abscesses have been previously reported in both 
bare-metal and drug-eluting stent infections (Jang 
et al. 2007). However, no coronary-to-bronchial 
anastomoses have been described in this disease.

29.4.2 

Takayasu Arteritis

The incidence of coronary lesions complicating Ta-
kayasu arteritis is relatively low; however, ischemia 
caused by coronary lesions is one of the major causes 
of death. Cardiac lesions have been found in 91.5% of 
82 autopsy cases, including cardiomegaly in 81.7%, 
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aortic regurgitation in 14.6% and myocardial in-
farction in 12.2%, but no coronary fi stula (Nagata 
1990).

However, during life, Takayasu arteritis is as-
sociated with a low incidence of coronary artery 
involvement, such as stenosis, obstruction, aneu-
rysm and coronary steal syndrome. In a study of 
81 patients with Takayasu arteritis who underwent 
selective coronary angiography, 31 patients had ab-
normal coronary angiographic fi ndings consisting 
of 24 coronary artery stenoses of greater than 75%, 
3 coronary artery-bronchial artery anastomoses, 
3 aneurysmal coronary ectasias and 1 combined 
coronary ectasia and anastomosis. Coronary steal 
phenomenon was always associated with occluded 
pulmonary arteries and pulmonary hypertension 
(Endo et al. 2003).

One additional case of aortitis syndrome with 
development of a coronary to bronchial anastomo-
sis has been reported with in a 44-year-old female 
patient suffering from cardiac failure. The angio-
gram revealed the presence of aortic regurgitation, 
pulmonary vascular lesions, anastomosis from left 
coronary artery to bronchial artery and hypervas-
cularity of bronchial artery. The anastomosis from 
the left coronary artery to bronchial artery was con-
sidered as a collateral blood fl ow for the ischemic le-
sions of the lung (Kaguraoka et al. 1989).

29.4.3 

Trauma

Traumatic coronary artery fi stulas are rare, but 80% 
are secondary to penetrating injuries. Although the 
left coronary artery is involved in 46% of cases, these 
are usually associated with fi stulas to the right ven-
tricle (Jeganathan et al. 2007).

29.4.4 

Surgery

At the present time, acquired coronary fi stulas can 
be seen after cardiac surgery, mostly coronary-to-
pulmonary fi stulas (Angelini 2000). Although the 
pathogenesis of acquired coronary to pulmonary 
artery fi stulae is not clear, connections are always 
established with the arterial (and not venous) pul-
monary circulation.

Fistulae originating from coronary arteries (typi-
cally from the left anterior descending or diagonal 

system) to the pulmonary artery have also been 
reported in post cardiac-transplantation patients 
( Angelini 2000). Collaterals may develop between 
coronary and pulmonary arteries after orthotopic 
heart transplantation, likely as a result of adhesions 
in the pericardial space (Balfour et al. 1999). It is 
also likely that coronary to bronchial fi stulae de-
velop spontaneously after lung transplantation when 
no bypass graft has been performed, but there are no 
data in the literature on the subject. Contrarily, sev-
eral studies have shown the benefi t of internal mam-
mary to bronchial artery anastomosis (Sundset et 
al. 1997; Hyytinen et al. 2000).

 29.5 
Imaging Studies, Treatment and Prognosis

Two-dimensional echocardiograms may reveal left 
atrial and left ventricular enlargement as a conse-
quence of signifi cant shunt fl ow or decreased re-
gional or global dysfunction as a consequence of 
myocardial ischemia. The feeding coronary artery 
often appears enlarged, ectatic and tortuous. High-
volume fl ow may be detected by color-fl ow imaging 
at the origin or along the length of the vessel (Smith 
et al. 1972). Cardiac catheterization remains the mo-
dality of choice for defi ning coronary artery patterns 
of structure and fl ow. Most frequently, intracardiac 
pressures are normal and shunt fl ow is modest.

Aortography or selective coronary arteriogra-
phy has long been the imaging technique required 
to manage the condition. In addition, therapeutic 
embolization using occlusive coils or devices may 
be performed via catheterization (Jarry et al. 1999). 
Owing to fl ow direction, bronchial artery angiogra-
phy can reveal the bronchial to coronary communi-
cation. Spontaneous closure is rare, but may occur 
in small fi stulae. Small fi stulous connections in the 
asymptomatic patient may be monitored. Most le-
sions enlarge progressively and warrant surgical re-
pair, either by transcatheter or surgical techniques. 

Cardiac catheterization (transcatheter embo-
lization) may be performed as intervention. Initial 
diagnostic catheterization should both defi ne he-
modynamic signifi cance of the lesion and provide 
detailed angiographic assessment of the anatomy of 
the abnormality. Surgical options can be delineated 
by careful identifi cation of the number of fi stulous 
connections, nature of feeding vessel(s) and sites 
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of drainage (St John Sutton et al. 1980). Indica-
tions for surgical intervention are the same as for 
embolization (see above). Some fi stulae are unsuit-
able for the transcatheter approach and preferably 
are addressed surgically. These CAFs may include 
fi stulae with multiple connections, circuitous routes 
and acute angulations that make catheter position-
ing diffi cult or impossible. Complications of surgery 
include myocardial ischemia and/or infarction (re-
ported in 3% of patients) and recurrence of the fi s-
tula (4% of patients).

Major complications associated with transcath-
eter embolization relate to manipulation of stabiliz-
ing catheters and wires in the coronary vasculature 
and may include coronary artery spasm, ventricular 
dysrhythmias and perforation. Inappropriate posi-
tioning or proximal extension of occlusive coils or 
devices may result in obstruction of side branches 
and muscle loss. Intimal dissection of the coronary 
artery or thrombosis also may occur. However, mor-
bidity and mortality rates generally are considered 
to be low.

 29.6 
Conclusions

The great majority of coronary-to-bronchial anas-
tomoses, whether congenital or acquired, have little 
effect on coronary physiology and can be considered 
benign. It is likely that such abnormal vascular con-
nections are caused either by congenital malforma-
tions, such as pulmonary dysplasia, or by acquired 
diseases, such as chronic pulmonary disease, lung 
transplantation on one hand, and more controversial, 
by chronic coronary occlusion on the other hand.

 29.7 
Take-Home Points

Coronary-to-bronchial anastomoses can be easily 
seen on coronary angiograms. They can induce isch-
emia via a steal phenomenon.

Bronchial to coronary anastomoses must be 
sought carefully at bronchial angiography and con-
traindicate a priori embolization in patients pre-
senting with hemoptysis.
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Subject Index

A

abnormal vascular dilatation    211
ACEI, see angiotensin-converting enzyme inhibitor
acetaminophen    142
acidosis    233
acquired
– cardiac disease    417
– immunodefi ciency syndrome    355
activin receptor-like kinase    170
acute
– aortic syndrome (AAS)    221, 222, 226, 
– chest pain    5, 147, 221, 247
– coronary syndrome    221, 222, 417
– fi brinous organizing pneumonia (AFOP)    144
– pericarditis    348
adaptive
– array detector    7
– cardio volume (ACV) algorithm    31
adenopathy    345
adrenaline    141
	1-adrenoreceptor antagonist   80
advanced cardiac evaluation   45, 49
AFOP, see acute fi brinous organizing pneumonia
afterload   102, 184
Agatston score   274, 275, 278
AHI, see apnea-hypopnea index
air
– bronchogram   215, 335
– embolism   381
– trapping   376
airfl ow obstruction   181, 210, 336
ALARA principle   67, 76
alcoholic cardiomyopathy (ACM)   193
Alderson phantom   18
alveolar
– edema   214
– hemorrhage   136, 146
– ventilation   335
– vessel   366
amiodarone   150
– pneumonitis   148
– pulmonary toxicity   144, 148, 152
amiodarone-induced pulmonary toxicity   136
amiodaronoma   149
amylosis   104

amyotrophic lateral sclerosis   233
anaphylaxis    136, 140
ancillary abnormality    216
aneurysm    49, 189
angina-like chest pain    171
angioedema, formes frustes    139
angiosarcoma    355, 384, 387
angiotensin-converting enzyme inhibitor (ACEI)
– cough    136
annular aortic ectasia    407
anomalous pulmonary venous return    170, 307
anterior
– collaterals    96
– loop    96
anticoagulant-induced complication    133
antinuclear antibody (ANA)    135
antiphospholipid antibody syndrome    200
antiplatelet therapy    412
aorta/aortic    54, 89
– aneurysm    230
– bicuspidia    257
– coarctation    258
– dilatation    266
– dissection (AD)    49, 110, 225, 226, 258, 407
– – Stanford classifi cation    226
– – thrombosed    229
– distensibility    204
– enhancement    119
– motion artifact    110
– regurgitation    258
– ring    93
– rupture    229
– stenosis    258, 269, 279
– thrombus    228
– valve    93, 247
– – assessment    259
– – calcifi cation    269, 279
– – regurgitation    264
– – stenosis    262, 264
aorticopulmonary window    318
aortitis syndrome    419, 421
aortography    421
apnea-hypopnea index (AHI)    204
ARDS following trauma    123
array detector    7
arrhythmia    11, 19, 26, 32, 285, 302, 357
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arterial blood gas    387
arteriovenous
– fi stula (AVF)    297, 332, 334
– shunt    170
ASA, see atrial septum aneurysm
asbestos exposure    335, 376
ascending aorta   370
– aneurysm   258
ascites   284
ASD, see atrio-septal defect
Aspergillus   347
aspirin   141, 142
asthma   142, 223, 373
asymmetric pulmonary edema   320
asymmetry index   400
atelectasis   170, 231, 335
atheromatous aorta   191
atherosclerosis/atherosclerotic   177, 200, 201, 229, 273, 

278
– ascending aorta   191
– early signs   204
– hypoxia-induced   177
– plaque   241, 269
– – calcifi cation   258
atomic bomb survivor   67
atresia   308, 316, 329
atrial
– dysrhythmia   382
– fi brillation   35, 281, 320, 382, 389, 390, 417
– pressure   318
– septal defect   297, 308
– septum aneurysm (ASA)   124, 169
– tachycardia   105, 320
– thrombus   281
atrio-septal defect (ASD)   321, 329
auricular
– extrasystole (AES)   105
– hypertrophy   105
– systole   102
automatic exposure control (AEC)   18
autoreactive pericarditis   348
A-wave   102
axial image/scanning   37
– ECG-triggered   23
azygos
– system   294
– vein   310

B

BAC, see bronchioloalveolar cell carcinoma
back-projection   25
– 2D/3D-fi ltered   28
bacterial pericarditis   347
BAL, see bronchoalveolar lavage
balloon angioplasty   328

bat’s wing appearance   214
beam-tracking system   70
Bernheim phenomenon   187
betablocker   80, 105, 164, 179, 185, 190, 223, 264, 272, 277, 

413, 414
– nonselective   142
bicaval cannulation   391
bicuspid aortic valve (BAV)   257
biomarker   180
Blalock-Taussig anastomosis   329
blood
– fl ow   56
– volume imaging   254
blooming artifact   15
Bochdalek foramen   313
bolus
– chaser   121
– tracking   120, 231, 242
– triggering   58
– – automated   58, 61
– – delay   58
BOOP, see bronchiolitis obliterans organizing 
 pneumonia
borderline stress test   243
bradycardia   180
bradykinin   140
breast radiation   68
breath-hold mismatch   366
bronchial
– artery   231, 418
– asthma   204
– carcinoma   191
– hyperreactivity   210
– obstruction   336
– vein   308
bronchiectasis   112, 420
bronchioalveolar disease   373
bronchiolitis obliterans   234
– organizing pneumonia (BOOP)   151
bronchioloalveolar cell carcinoma (BAC)   335
bronchoalveolar lavage (BAL)   136
bronchoconstriction   373
bronchodilator drug   142
bronchopulmonary
– disease   418
– sequestration   171
bronchospasm   136, 141
Budd-Chiari syndrome   333
bull’s eye plot   47

C

CABG, see coronary arterial bypass graft
CAD, see coronary artery disease
CAF, see coronary artery fi stula
calcifi cation   269
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calcifi ed
– mass   284
– plaque   273
calcium
– channel blocker   80, 223
– hydroxyapatite   275
– mass score   275
– score   242, 259, 270, 272, 273
– – Agatston score   274
– – cardiac morbidity and mortality   277
– – guidelines   278
– – inter-scan variability   277
calibration phantom   275
Candida   347
capillary vessel   368
carbon
– dioxide   335
– monoxide   149
cardiac
– advanced evaluation   45
– anatomy   89
– angiosarcoma   355
– arrhythmia   320
– asthma   209, 210, 212
– biomarker   179
– calcifi cation   269
– catheterism   302, 419
– cycles   30
– – chronology   101
– diastole   106
– drugs   132
– echinococcosis   389
– fi broma   286
– fl ow rate   103
– hemangioma   354
– hemodynamics   209
– hydatidosis   386
– lipoma   353
– liposarcoma   357
– lymphoma   355, 384
– marker testing   388
– myxoma   285
– neoplasm   166, 285, 389
– osteosarcoma   286
– output   118, 170
– pacemaker   302
– pulsation artifact   114
– resynchronization therapy   247
– rhythm   109
– sarcoma   356
– scanning, ECG-synchronized   4
– surgery   386
– tamponade   256, 347, 352, 353
– thrombus   284
– troponin   222
– tumor   381, 384, 389
cardinal vein   290

cardiomegaly   170, 216, 217, 318, 420
cardiomyopathy   4, 178, 217
cardiopathy   102, 103
cardio-thoracic scanning   6
– area detector   10
cardio-vascular
– comorbidity   177
– disorder   175, 177
Carney complex   285
carotid artery dilatation   204
catheter-based ventriculography   256
cavitary tuberculosis   334
CCA, see conventional coronary angiography
celiprolol   179
cellular interstitial pneumonia   147
central blood volume   120
cephalization   211
Chagas’ disease   281
chest
– pain   5, 147, 234
– – evaluation   221
– – syndrome   243
– radiograph   65, 209
– – postero-anterior (PA)   65
– wall deformity   125
choriocarcinoma   334
chronic
– bronchial disease   419
– heart failure   215
– intermittent hypoxia   177
– obstructive pulmonary disease (COPD)   175, 188, 204, 

374
– – exacerbation   168, 176
– – pulmonary hypertension   181
– pericarditis   349
– thromboembolic pulmonary hypertension (CTEPH)   

166
Churg-Strauss
– syndrome   144, 198, 201
– vasculitis   147, 148
circulatory collapse   162
circumfl ex artery (CX)   38
cMPR, see curved multi-planar reformatting
coarctation of the aorta   265
cobbler’s chest   397
cob-web sign   227
Coccidioides   347
collagen vascular disease   168
collimation   81
commissural fusion   325
computed radiography (CR)   66
computed tomography (CT)
– angiogram (CTA)   61
– – injection protocols   62
– colonoscopy   49
– coronarography   79
– dose index (CTDI)   68
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– dual-source system (DSCT)   6–8
– dynamic angiography   7
– helical scanning   71
– pulmonary angiography (CTPA)   75
– scanners   5
– – 16-slice   5
– – 64-slice   5
computer-aided diagnosis (CAD) tools   49
computer-simulation technique   75
cone angle   9
cone-beam
– artifact   9
– reconstruction   73
congenital
– anomalies of the pulmonary vein   308
– cardiopathy   408
– central alveolar hypoventilation syndrome   204
– heart disease   293, 318, 382
– pulmonary dysplasia   419
congestive heart failure   189, 210, 216, 283, 417
constrictive pericarditis   284, 349, 404, 406, 408
continuous diaphragm sign   352
contrast agent/medium   7, 53, 118, 178
– injection
– – duration   56, 61
– – fi rst pass   55
– – fl ow rates   56
– – protocol   53
– – recirculation effect   55
– – strategies for cardiovascular CT   59
contrast-to-noise ratio   18
conventional coronary angiography (CCA)   241
conversion effi ciancy   70
convolution kernel/fi lter   38, 39
COPD, see chronic obstructive pulmonary disease
cor
– pulmonale   184
– triatriatum   309
coronary
– angioplasty   411
– arterial bypass graft (CABG)   412
– artery   114
– – anatomy   96
– – bifurcation points   115
– – bypass graft   84
– – disease (CAD)   5, 14, 49, 178, 189, 241, 243, 249
– – fi stula (CAF)   417
– – motion   116
– – opacifi cation   106
– – plaques   46
– – segmentation   99
– – stenosis   222, 242, 278
– – stent lumen visibility   117
– atherosclerosis   187, 279
– – plaque   243
– calcifi cation   180, 273, 278, 279
– fi stula   418

– mycotic aneurysm   420
– ostia   96
– sinus   101, 290, 313
– steal syndrome   171, 420
– stenosis   224
– vein, anatomy   101
coronary-bronchial fi stula   419
coronary-pulmonary artery fi stula   420
coronary-to-bronchial anastomosis   417
corticosteroid   136, 142, 147, 150, 201
crazy paving pattern   213
C-reactive protein   204
creatine kinase MB isoenzyme   222
CREST syndrome   198
cruoric emboli   161
cryptogenic shunt   124
CT, see computed tomography
CTA, see computerized tomography angiogram
CTEPH, see chronic thromboembolic pulmonary hyper-

tension
curvature
– calculation   186
– ratio   187
curved multi-planar reformatting (cMPR)   40, 242
cusp asymmetry   259
CX, see circumfl ex artery
cyanosis   297, 331
cyanotic congenital heart disease   418
cyclosporine   350
cytomegalovirus   347

D

D dimmer test   225
DAH, see diffuse alveolar hemorrhage
Damus procedure   332
data measurement system (DMS)   8
deep vein thrombosis   4, 386
degenerative valve disease   210
descending aorta   178
diabetes mellitus   278
diastole/diastolic   79
– distensibility   188
– dysfunction   193
– heart failure   188
– stiffness   188
DICOM   69
diffuse alveolar
– damage (DAD)   215
– hemorrhage (DAH)   146
diGeorge syndrome   328
digital radiography (DR)   66
dilated coronary sinus   301
diltiazem   80
dioxygen   131
disproportionate hypoxemia   181
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distribution equilibrium   120
diverticula   256, 346
dobutamine stress echocardiography (DSE)   411, 412
dose
– accumulation   18
– modulation, ECG-controlled   19, 33
– reduction in chest CT   73
dose-length product (DLP)   18, 68
double z-sampling   7
double-outlet right ventricle   329
DRES syndrome   148
Dressler’s syndrome   348
drug-induced
– anaphylaxis   140
– angioedema   139
– lung disease   133
– lupus   133, 152
– respiratory disease   131
– – Hill criteria   134
– – Iry scoring   135
– – Naranjo criteria   134
– respiratory emergency   139
– severe pneumonitis   143
DSCT, see dual-source CT system
DSE, see dobutamine stress echocardiography
dual-energy
– analysis   366
– CT angiography   370
dual-source CT system (DSCT)   6, 7, 12, 16, 222
ducts of Cuvier   290
ductus arteriosis   266
dyslipidosis   151
dysphagia   169
dyspnea   188, 221, 233, 234

E

early arterial contrast medium dynamics   54
EBCT, see electron beam CT
ECG, see electro-cardiography
ECG-triggered coronary CTA   19
Echinococcus granulosus   386
echocardiography   162, 164, 259, 388
EDV, see end diastolic volume
effective
– dose   18, 68
– mAs concept   18
Ehler-Danlos syndrome   397
Eisenmenger’s syndrome   331
ejection fraction   32, 47
electro-cardiography (ECG)   3
– auto-current dose variation   82
– gating
– – technique   35
– – with increased pitch   33
– leads positioning   79

– prospective triggering   271
– pulsing   18, 19, 33, 82
– retrospective gating   83, 272
– tracking   242
electron beam CT (EBCT)   23, 242
elongated tendinous cord   406
embolectomy   393
emboli   285
embolotherapy   231, 375
emphysema   181, 190, 234
end-diastole/diastolic   32, 47
– volume (EDV)   104
endobronchial obstruction   231
endocarditis   258, 334, 381
– nonspecifi c   100
– right-sided   382
endoglin   170
endomyocardial fi brosis   282
endothelial cell junction damage   123
end-systole   23, 41
enlarged lymph nodes   216
ENT (ear, nose, and throat) endoscopy   140
eosinophilia/eosinophilic   143
– pneumonia   143
epinephrine   141
ERR, see excess relative risk
erythrocyte   148
esmolol   80, 105
esophageal
– atresia   297
– rupture   222
Eustachian valve endocarditis   382
E-wave   102
excess relative risk (ERR)   67
exercise stress test   402, 404
exposure time per image   30
exsudate   349
extra-alveolar vessel   368
extra-cardiac vascular shunt   332
extra-systole   35
extravascular
– hydrostatic pressure (HPev)   122
– oncotic pressure (OPiv)   122

F

fan-beam geometry   25
fat embolism   381
fatigability   398
feeding vessel sign   388
Fermi function model   253
FEV1, see forced exspiratory volume in 1 s
fi brillin   258
fi brillin-1-defi cient aorta   259
fi broblast   286
fi broma   285, 286, 354
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fi brous
– pericardium   90
– plaque   244
fi bulin   258
fi eld of view   84
fi lling defect   75
fi ltered back-projection   10
fi rst pass effect   54
fi sh mouth sign   262
fi stula of the circulatory system   418
fi xed array detector   7
fl at thorax   403
focal spot motion   70
Fontan operation   329
foramen ovale patency (FOP)   169
forced
– exspiratory volume in 1 s (FEV1)   176, 375
– vital capacity   176
foreign body embolism   381
fossa ovalis   124, 183
Fourier transform   120
Framingham risk score   278
Frank-Starling law   102, 103
fronto-sagittal index   399
fungal
– endocarditis   382, 392
– pericarditis   347
funnel chest   397

G

ganglionic blocker   131
gas
– embolism   381
– exchange   121, 122
gene therapy   264
geometric effi ciancy   70
global cardiac function   47
glycoprotein IIB/IIIA receptor inhibitor-induced alveo-

lar hemorrhage   133
GOLD strategy   177
graft-versus-host rejection   376
ground-glass opacity   211, 213
Guillain-Barre syndrome   233

H

Halasz syndrome   310
half-scan
– reconstruction   242
– segment   25, 29
– sinogram   12
Haller’s index   400, 404, 405
Hampton hump   387
heart

– chamber, anatomy   90
– failure   162, 413
– fi brous skeleton   93
– herniation   126
– isolation   45
– metastatic disease   393
– orthotopic transplantation   421
– rate   101
– – control   79
– tumor   383
heart-lung interaction   109
heart-rate-dependent temporal resolution   187
helical
– overscan   72
– scanning   71
– – ECG-gated   28
hemangioma   354
hemangiomatosis   168
hematoma   141, 229, 285
hemiazygos   294
– vein   295
hemithorax symmetry   402
hemochromatosis   104
hemomediastinum   230
hemopericardium   350
hemoptysis   146, 221, 230–232, 234, 321, 419, 420
hemosiderosis   215
hemothorax   230
heparin-induced thrombocytopenia (HIT)   386
hepatic enhancement   119
hepatopulmonary syndrome (HPS)   333
hereditary hemorrhagic telangiectasia (HHT)   170, 333
hermipericardium   230
hexamethonium   131
HHT, see hereditary hemorrhagic telangiectasia
hibernating myocardium   251
high-resolution computed tomography   74
high-spatial frequency reconstruction algorithm   71
hilar haze   213
Histoplasma   347
horseshoe lung   311
Hounsfi eld
– attenuation   364
– units value   43
hydatic cyst   382
hydatid pulmonary embolism   386
hydrochlorothiazide   139
hydrochlorothiazide-induced pulmonary edema   133
hydropericardium   352
hydrostatic
– edema   123, 215
– pressure   122
hydrostatic-oncotic pressure ratio   123
hydrothorax   125
hypercapnia   203
– acidosis   181
hypercoagulability   412
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hyperinfl ation of the retro-sternal lungs   184
hyperparathyroidism   281, 282
hyperplasia   84
hypertension   226
hypertrophy   325
– cardiomyopathy   254
hyperventilation syndrome   118, 233
hypogenetic right lung syndrome   311
hypothermic circulatory arrest   393
hypoxemia   149, 168, 169, 183, 333
hypoxemic pulmonary vasoconstriction   110
hypoxia   203, 204, 335
hypoxia-induced atherosclerosis   177
hypoxic
– brain damage   141
– vasoconstriction   369

I

idiopathic
– aneurysm   325
– sleep-related non-obstructive alveolar hypoventilation   

203
illumination model   44
image
– noise   62, 71, 276
– postprocessing   37
immunologic lung disease   197
inconclusive stress test   243
index of thoracic fl attening   400
infandibulum   91
infarction scar   254
infective endocarditis   165, 200, 258, 382, 406, 417
– treatment   392
inferior
– aortic recess   343
– vena cava   295
– – compression   408
inferolateral myocardial infarction   420
infi ltrative lung disease   143
injection protocol   53
inlet-outlet detection   369
in-plane voxel size   38
in-stent restenosis   15
interauricular wall   90
interleukin   204
interlobular septum   212, 213
interstitial
– pneumonitis   143
– pulmonary edema   212
interventricular
– dependence   110
– septal confi guration   186
– septum (IVS)   162, 187
– wall   90
intimal fl ap   227

intima-media thickness (IMT)   204
intracardiac thrombus   284
intracavitary cardiac metastasis   386
intracranial abscess   298
intramural
– hematoma (IMH)   225, 226, 228
– hemorrhage   230
intrapericardial teratoma   353
intrapulmonary shunting   334
intrathoracic pressure   110, 117
intravascular
– hydrostatic pressure (HPiv)   122
– oncotic pressure (OPiv)   122
iodine   180
– concentration   56
– enhancement   364
– fl ow   56
– fl ux   60
– uptake   16
ionizing radiation   67
ischemic
– cardiomyopathy   187, 188
– heart disease   177, 188, 205
isotropic sub-millimeter resolution   37
IVS, see interventricular septum

K

Kerley lines   212
Klippel-Feil syndrome   397
Koch’s triangle   303
krypton   180, 376
Kymogram algorithm   35

L

LAD, see left anterior descending artery
larger lumen sign   227
leafl et calcifi cation   281
left anterior descending artery (LAD)   38
left ventricle/ventricular
– ejection fraction (LVEF)   190
– hypertrophy   205, 264
– remodeling   205
– vein   301
left-sided cardiac dysfunction   209
– functional consequences   210
left-sided superior vena cava (LSVC)   289
– chest X-ray   298
– computed tomography   299
– conventional venography   299
– echocardiography   299
– into the left atrium   303
– into the right atrium   303
– MRI   300
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left-to-right shunt   170, 171, 192, 289, 297, 307, 318, 320, 
331

leiomyosarcoma   285
leukemia   166
leukocytosis   148
levoatrio-cardinal vein   313, 315
levo-cardiogram effect   59
Libman-Sacks endocarditis   200
lipid plaque   244
lipoma   353
lipomatous metaplasia   189
liposarcoma   357, 386
lobar atelectasis   193
lobectomy   193, 374, 414
low-level radiation   67
LSVC, see left-sided superior vena cava
luminal stenosis   228
lung
– attenuation   369
– biopsy   150
– cancer, screening programs   74
– infl ation   110
– involvement in systemic disease   197
– melanoma   166
– microcirculation   367
– motion artifact   112
– parenchyma   74, 365
– parenchymal disease   170
– perfusion   181, 361, 367
– – gravitational stratifi cation   369
– – imaging   368, 369
– – scans   370
– sequestration   346
– transfusion-related injury   133
– transplantation   190, 376
– twinkling star artifact   113
– vascular disorder   204
– volume reduction surgery   190
lupus myocarditis   200
LVEF, see left ventricle ejection fraction
lymphangitis carcinomatosa   213
lymphoma   166, 384

M

main pulmonary artery (MPA), transverse diameter   182
major aorto-pulmonary collateral artery   329
mammography   68
Marfan’s syndrome   226, 230, 259, 325, 397, 407, 408
mAs
– defi nition   18
– effective concept   18
mass score   275
matrix metalloproteinase inhibitor   264
maximum intensity projection (MIP)   10, 37, 40, 211, 

230, 242

– thin-slab   40, 42
maximum opacity   44
MDCT, see multi-detector row computed tomography
meandering vein   316, 317
mecamylamine   131
mediastinal
– lymph node   216
– lymphadenopathy   216
meloxicam   142
mesothelioma   353, 354
metacholin   374
methemoglobinemia   146
metoprolol   80, 179, 223
– tartrate   80
microsphere injection   121
microvascular blood fl ow   121
mid-diastole   32
mid-systole/systolic   23
– velocity   115
migraine headache   124
minimal intensity projection (MinP)   234
minocycline   143
MIP, see maximum intensity projection
mis-triggering   26
mitral
– annulus calcifi cation   281
– regurgitation   281, 283
– ring   93
– valve   93, 247
– – calcifi cation   279
– – prolapse   405, 407, 408
– – stenosis   281
mobile clot   165
Monte Carlo technique   18
morphometry   121
motion artifact   6, 62, 74, 110, 271
– in the lung   112
MPR, see multi-planar reformation
Müller maneuver   205
multi-detector row computed tomography (MDCT)
– scanners   71
– sixteen-slice system   3
– non-ECG-gated   112
– protocol   223
– scanners
– – temporal resolution   29
multi-planar reformation (MPR)   10, 34, 37, 38, 242
– curved   40
multi-segment reconstruction   12, 29, 32, 116, 187
mural thrombus   230
muscular hypertrophy   187
myasthena gravis   233
mycotic aneurysm   230
myocarditis   197, 200
myocardium/myocardial
– calcifi cation   281
– cells   102
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– edema   254
– fat   189
– infarction   178, 189, 244, 247, 251, 281, 412
– – sequelae   255
– injury   162
– ischemia   205, 251, 302, 411, 417
– perfusion
– – defect   11
– – imaging   252
– pseudo-aneurysm   256
– segmentation   100
– viability   247
– wall thickening   251
myositis   200
myxoedema   350
myxoma   285, 383, 392

N

narrow collimation scanning   10
neonatal hypoxia   329
neurogenic edema   123
neuro-muscular disorder   204
nimesulide   142
nitric oxide   131
nitroglycerin   80, 223
non X-ray-based imaging   76
non-bronchial systemic collateral artery   231
non-calcifi ed plaque   244
noncruoric emboli   165
non-ECG-gated thoracic MDCT   112
non-Hodgkin’s lymphoma   355, 384
non-ischemic dilated cardiomyopathy   193
non-rheumatic calcifi ed aortic stenosis   191
non-ST segment elevation myocardial infarction 

(NSTEMI)   222, 251
non-vital myocardium   254
Norcadia   347
NSAID   141, 142
NSTEMI, see non-ST segment elevation myocardial 

infarction
nuclear explosion   67
Nuss technique   399, 400

O

obesity-hypoventilation syndrome   181, 203
oblique sinus   344
obstructive
– disease of the pulmonary circulation   161
– sleep apnea syndrome (OSAS)   181, 203
oncotic pressure   122
organizing pneumonia   144, 151
orthostatism   404
orthotopic heart transplantation   421
Osler-Weber-Rendu syndrome   333

osteogenesis imperfecta   397
osteosarcoma   285, 286
ostium secundum defect   308
overload edema   145

P

PACA, see proximal anomalies of the coronary arteries
pacemaker   106, 302, 382
PAD, see pulmonary artery distensibility   181
papillary
– fi broelastoma   285, 383
– muscle   92
– – calcifi cation   283
PAPVR, see partial anomalous pulmonary venous return
paradoxical embolism   386, 392
paraffi noma   149
paraganglioma   285
parasitosis   350
parathyroidectomy   284
parent ductus arteriosus   168
parietal pericardium   342
partial anomalous pulmonary venous return (PAPVR)   

191, 307, 308, 310
– chest X-ray   318
– computed tomography   318
– digital pulmonary angiography   319
– in a persistent LSVC   312
– in the azygos vein   310
– in the coronary sinus   313
– in the hemiazygos vein   313
– in the IVC   310
– in the left innominate vein   312
– in the right atrium   310
– in the SVC   310
– MRI   319
– of the left lung   314
– treatment   321
passive ventilation   362
patent ductus arteriosus   258, 265, 346
patent foramen ovale (PFO)   124, 169, 183, 205, 331
Patlak analysis   11
PAU, see penetrating atherosclerotic ulcer
PAVM, see pulmonary arterio-venous malformation
peak aortic enhancement   118
pectus excavatum (PE)   126, 397
– cup type   401
– indication for surgery   399
– saucer type   401
penetrating atherosclerotic ulcer (PAU)   226, 229
pentalogy of Fallot   328
penumbra   70
perfusion
– imaging   252, 365
– measurement   361
– scintigraphy   361, 374
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peribronchial cuffi ng   212
peribronchovascular tissue   210
pericardiectomy   349
pericarditis   110, 197, 346, 347
– drug-related   348
– epistenocardica   348
– radiation-induced   348
pericardium/pericardial   90, 341
– calcifi cation   283
– congenital absence or defects   346
– CT scanning   346
– cyst   346, 347
– disease   198, 341
– effusion   155, 169, 198, 346, 350
– fi broma   354
– fi brosarcoma   357
– fl uid   345
– hemangioma   354
– lipoma   353
– malignant neoplasm   357
– mesothelioma   354
– neoplasm   353
– recess   343, 345
– sarcoma   355
– teratoma   353
– thickened   349
perivenous streak artifact   57
permeability edema   123, 215
PFO, see patent foramen ovale
photon starvation   73
PHT, see pulmonary hypertension
picture archiving and communication system (PACS)   69
pitch   9
planimetry   259
plaque
– burden   46, 244
– in the coronary artery   46
– smearing   276
plaque-evaluation tool   46
platypnea-orthodeoxia syndrome   125, 331
pleural
– disease   233
– effusion   144, 152, 155, 216, 284
– space   210
pleuritic chest pain   297
pneumococcus   348
pneumonectomy   126, 170, 414
pneumonia   65, 170, 335
pneumopericardium   350
pneumothorax   65, 352
Poland syndrome   397
polar map representation   47
postcapillary pulmonary hypertension   232
postcaval recess   344
posterior crown   96
postinfarction
– pericarditis   348

– pseudo-aneurysm   189
post-patient collimator   69
postprocessing, advanced tools   47
preload   102, 184
pre-processing   45
prevalent stroke   205
progressive systemic sclerosis (PSS)   198
projection angle   30
proximal anomalies of the coronary arteries (PACA)   

191
pseudoaneurysm   228, 229, 256, 334, 420
pseudofi lling defect   114, 115
pseudo-pseudo-scimitar syndrome   316
pseudo-scimitar syndrome   316
pseudosequestration   232
PSS, see progressive systemic sclerosis
pulmonary
– angiography   388
– annulus   325
– arterial hypertension   170
– arterial stenosis   325
– arterio-venous malformation (PAVM)   170, 232, 233
– artery   93
– – aneurysm   232, 233
– – distensibility (PAD)   181
– – hypertension   177
– – pressure   118, 368
– – wall distensibility   169
– atresia   328, 329
– – with intact ventricular septum   329
– – with ventricular septum defect   329
– blood fl ow measurement   121
– circulation   104, 117, 146, 161
– CTA protocol   59
– disorder   204
– edema   122, 123, 145, 153, 214, 235, 320
– – hydrochlorothiazide-induced   133
– embolism   3, 4, 17, 49, 65, 75, 114, 119, 161, 221, 222, 247, 

367, 370, 373, 381
– – cardiac origin   388
– – D-dimer   387
– – diagnosis   387
– – helical CT   387
– – imaging modality   387
– – magnetic resonance   388
– – subsegmental   39
– – treatment   392
– – V/Q scans   387
– emphysema   214
– fi brosis   151
– – amiodarone-induced   155
– gas exchange impairment   181
– hemorrhage, exercise-induced   123
– hypertension (PHT)   118, 146, 152, 166, 168, 181, 205, 

321, 331, 375, 417
– – disproportionate   181
– infarction   232, 321
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– infi ltrates and eosinophilia (PIE)   147
– manifestations of heart disease   209
– sequestration   171
– stenosis   320
– thromboendarterectomy   167
– transit time (PTT)   57, 59, 182
– trunk diameter   169
– valve/valvular   93
– – endocarditis   382
– – regurgitation   328
– – stenosis   325
– vascular resistance (PVR)   182, 192, 368
– vein   91, 170
– – recess   344
– veno-occlusive disease   217, 375
– venous pressure   210
– venous return   309
pulse oximetry   387
pulsus paradoxus   408
P-wave   35, 104, 105
pyopericardium   350

Q

QRS complex   79, 104
quantum detection effi ciancy   70
quarter-scan segment   29

R

radiation
– dose
– – automatic exposure control (AEC)   18
– – bioeffects   66
– – dosimetry   66
– – measurement   68
– – reduction   16, 71
– – with EBCT   273
– effective dose   68
– exposure   66
– – deterministic effects   66
– – stochastic effects   66
– hermesis   67
– low-level   67
– of the breast   68
– scattered   70
– sensitivity   68
– – of children   67
radio-frequency catheter ablation (RFCA)   389
radionuclide
– perfusion test   226
– scintigraphy   412
– stress test   221, 224–226
– ventriculography   164, 185
Rasmussen’s aneurysm   233, 334

Rastelli tube   331
RCA, see right coronary artery
rebinning   25
reconstruction
– algorithm   71
– kernel   84
– slice thickness   84
refl ex
– arterial vasodilatation   110
– bronchoconstriction   210
relapsing polychondritis   233
renal cell carcinoma   334
residue detection   369
respiratory sinus arrhythmia   110
restrictive
– pulmonary syndrome   398
– ventilatory defect   210
rhabdomyosarcoma   386
rheumatic mitral valve stenosis   279
rheumatoid arthritis   198, 200
rhinitis   142
rhythm irregularity   105
rhythmology   104
right coronary artery (RCA)   38
right superior vena cava   290
right ventricle/ventricular
– dysfunction   184
– ejection fraction (RVEF)   162
– hypertrophy (RVH)   184
– outfl ow tract (RVOT)   184, 186
right-to-left shunt   124, 125, 289, 294, 295, 327, 331
rotate/rotate geometry   7
rotation time   68, 81
round atelectasis   335, 374
R-R complex   106
ruptured aortic aneurysm   230
RVEF, see right ventricular ejection fraction
RVOT, see right ventricular outfl ow tract
R-wave   32, 34

S

salsalate   142
sarcoidosis   168, 213
sarcoma   334
– undifferentiated   356
sarcomer   102
scan fi eld of view (SFOV)   25
scanner radiation effi ciancy   69
scattered radiation   70
scimitar syndrome   310, 311, 316, 321
scoliosis   405
segmental pulmonary vein   315
septal
– bowing   186
– branches   96
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septic embolization   334, 381
serositis   200
serum cardiac biomarker   222, 224
SEV, see systolic ejection volume
SFOV, see scan fi eld of view
shaded surface display (SSD)   37
signal-to-noise ratio   65
silent myocardial ischemia   278
single-energy analysis   364
single-lung segment-counting technique   375
single-segment reconstruction   12, 29
single-tube scanner   71
sinus
– of Valsalva   407
– rhythm   104
– tachycardia   105
– venosus   290, 308
slab thickness   41
SLE, see systemic lupus erythematosus
sleep apnea syndrome   168, 203
sleep-disorder breathing (SDB)   204, 205
small airway disease   373
smoking   187
smooth cusp margin   262
soft plaque   244
SPECT   363
spiral
– length   84
– scanning, ECG-gated   28
– windmill artifact   9
spirometry   176
SSD, see shaded surface display
ST segment elevation myocardial infarction (STEMI)   

222, 251
stair-step artifact   11, 26
staphylococcus   348
Starling equation   122
statin-induced interstitial lung disease   133
STEMI, see ST segment elevation myocardial infarction
stenosis   42, 46, 190, 243, 308
stent thrombosis   412
step-and-shoot scanning   24, 26, 27, 84
sternal
– osteotomy   399
– torsion   402
Stewart-Hamilton equation   253
straight back syndrome   405
streak artifact   57, 121, 271, 310
streptococcus   350
stress
– echocardiography   224, 225
– relaxation   353
– test   224, 243, 414
stroke   298
– volume   47
stunned myocardium   251
superior aortic recess   343

supraventricular tachycardia   302
surrogate marker   180
swinging heart   350
systemic
– autoimmune disease   198
– infl ammation   177
– lupus erythematosus (SLE)   198, 200, 325
– sclerosis   200
– venous return   117, 293
systole/systolic   79
– cross section   182
– ejection volume (SEV)   104
– function   104
– ventricular ejection   102
– wall thickening   47
systole-diastole complex   106
systolo-diastolic motion artifact   183

T

TACO, see transfusion-associated circulatory overload
Takayasu arteritis   420
TAPSE, see tricuspid annular plane systolic excursion
Taussing-Bing heart   329
TEE, see transesophageal echocardiography
temporal resolution   25, 30
tendinous cord
– elongation   406
– rupture   406
tension pneumothorax   222
teratoma   285, 353
test bolus   56, 58, 121
tetralogy of Fallot   301, 327, 328, 418
TGV, see transposition of the great vessel 
Thebesian vein   296
thin-slab maximum intensity projection   40
thorax examination   109
thromboembolism   167, 381
thromboendarterectomy   167
thrombosis   321
thrombus   189
through-plane
– resolution   39
– voxel size   38
thyroid carcinoma   334
TIA, see transitory ischemic cerebral attack
time-attenuation curve   121
time-to-peak enhancement interval   58
tissue
– embolism   379
– enhancement   54
– eosinophilia   144
tracheal obstruction   336
traction bronchiectasis   216, 234
TRALI, see transfusion-related acute lung injury 
transcatheter embolization   421, 422
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transesophageal echocardiography (TEE)   169, 183, 206, 
389

transfusion-associated circulatory overload (TACO)   145
transfusion-related acute lung injury (TRALI)   145
transitory ischemic cerebral attack (TIA)   406
transmural
– myocardial infarction   282
– pressure   122
transposition of the great vessel (TGV)   329
– D-TGV   330
– L-TGV   330
transsudate   349
transthoracic echocardiography (TTE)   185, 387, 413
transverse sinus   343
traumatic
– aortic rupture   229
– arteriovenous fi stula   334
– coronary artery fi stula   421
tricuspid
– annular plane systolic excursion (TAPSE)   164, 185
– annulus displacement   164
– regurgitation   118, 162, 165
– stenosis   320
– valve   93, 257
– – endocarditis   382
trigger delay   58
trilogy of Fallot   325
triple rule out   5, 84, 185, 223, 225, 248, 249
trisomy 21   297
triton tumor   334
truncal valve   330
truncus arteriosus   330
tube
– current   68, 72, 75, 82, 272
– – automated modulation   62
– – modulation   18, 73, 226
– voltage   68, 71, 82
T-wave   35, 104
twinkling star artifact   113

U

umbilicovitelline vein   308
umbra   70
unicuspid valve   257
unstable angina (UA)   222, 251
upper airway obstruction (UAO)   136, 139
uremia   348
uric acid stone   16

V

vaccuum pump effect   106
VACTERL   297
Valsalva maneuver   110, 124, 183, 205
valve/valvular
– dysplasia   325

– endocarditis   388
– heart disease   198
– stenosis   258, 263
varicose venous dilatation   316
varicosity   308
vasa vasorum   226
– bleeding   228
– anastomosis   418
– dilatation   211
– disease   178
– enhancement   53, 54, 120
– – early effects   56
– metastasis   334
– pedicle   211
vascularitis   197
vasculitis   198
vasospasm   171
velocity
– mapping sequence   264
– trough   116
vena cava   90
veno-occlusive disease   168
venous
– oxygen saturation   125
– pressure   211
ventricular
– aneurysm   4, 189, 282
– arrhythmia   133, 189
– diastole   102
– distensibility   318
– dysfunction   210
– extrasystole (VES)   105
– hypertrophy   325, 327
– ischemia   162
– septal defect   297, 327
– systole   101
– wall calcifi cation   281
ventriculography, catheter-based   256
vertebral index   399
vessel
– analysis   45
– segmentation   45
viral pericarditis   347
visceral pericardium   342
volume-rendered display (VRT)   11, 12, 37, 42, 242
voxel   37
– compositing   43
– size   38
– transfer function   43
voxel-intensity histogram   42
VRT, see volume-rendered display

W

wall thickness   47
Watson syndrome   325
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weighted computerized tomographic dose index 
(CTDIw)   16

Westermark sign   387
windmill structure   8

X

xenon   376
– detector   70
X-ray
– beam   70
– iodinated contrast agents   54
– tubes   15
– –   focal spot   69
x-y direction   38

Z

z-axis resolution   39
z-coverage   11
z-direction   38
zero calcium score   281
z-fi lter reconstruction   9
z-fl ying focal spot technique   7, 8, 12
z-overscanning   70
z-reformation   29
z-resolution phantom   9
z-sampling technique   5, 8
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