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LIST OF ABBREVIATIONS 
 

AAS  acute aortic syndrome 

AD: aortic dissection 

AMVL  anterior mitral valve leaflet 

CT computed tomography 

CTA CT angiography 

ECG electrocardiography 

IMH intramural hematoma 

LVOT left ventricular outflow tract 

MDCT multidetector computed tomography 

MR  Magnetic Resonance  

PAR paravalvular aortic regurgitation 

PAU penetrating atherosclerotic ulcer 

PAVR percutaneous aortic valve replacement 

PET positron emission tomography 

PHT pulmonary hypertension 

PHV prosthetic heart valve 

TAVI transcatheter aortic valve implantation 

TAVR transcatheter aortic valve replacement 

TEE transesophageal echocardiography 

THV transcatheter heart valve 

TOE  transesophageal echocardiography 

TTE transthoracic echocardiography 

HR heart rate 

FBP Filtered Back Projection 

DSCT dual source computed tomography 

EP electrophysiology 
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1.1 HISTORICAL OVERVIEW OF VASCULAR IMAGING 
Despite significant worldwide efforts, cardiovascular diseases remain one of the world 
most common causes for overall mortality and morbidity (1). Therefore, accurate detec-
tion through imaging of vascular pathology is an important part in the prevention, detec-
tion and treatment of cardiovascular disease.  

Historically, vascular imaging has been in continuous development since the advent of 
radiography. It took only three months after the discovery of x-rays by William Roëntgen 
for the first radiographic image of blood vessels to appear, achieved by Haschek & Lin-
denthal in 1896 through injection of a Teichman mixture in the vessels of an amputated 
cadaveric hand (2). Since then, the development of imaging techniques to study human 
vessels has known many milestones, including, among others, the development of cath-
eter techniques and the application of various contrast agents in order to improve vascu-
lar visualisation.  

 

1.2 THE NEED FOR NON-INVASIVE VASCULAR IMAGING 
As contemporary and revolutionizing as these techniques may have been in their time, 
many have in the meantime been superseded by more sophisticated diagnostic and in-
terventional procedures which are now routine in clinical practice. 

However, these procedures remain invasive in nature, requiring a percutaneous approach 
and punction of a vessel in order to introduce an increasing varying array of catheters to 
directly visualize the targeted vessels. Such an intervention for diagnostic purposes, de-
spite being safe in experienced hands, incorporates an inherit risk for complications 
which, however small, cannot be discarded. 

The invasive nature of these techniques and the therefore necessary precautions often 
require short-term hospitalisation of the patient, careful monitoring during the procedure 
for potential complications, and post-procedural follow-up to ensure the patients safety. 
Therefore, the decision by a clinician to refer a patient for vascular imaging weights the 
need for diagnostic information versus the potential risk for complications induced by to 
the procedure. As such, a higher referral threshold is often in place in order to investigate 
by preference those patients most likely to benefit from invasive vascular diagnostic im-
aging. 

Introduction
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While the first application of ultrasonic waves in the human body for medical purposes 
can be attributed to Dr. George Ludwig of the Naval Medical Research Institute (Be-
thesda, Maryland) in the late 1940s, it was only in the second half of this century that 
ultrasound, computed tomography (CT) and magnetic resonance (MR) imaging became 
commercially available and worldwide clinically implemented. Since then, these tech-
niques have been further refined, becoming the highly sophisticated tools of today.  

CT 
Computed Tomography (CT) is today an essential medical imaging technique, with ex-
tensive clinical implementation in a wide range of medical specialities. The potential clin-
ical applications of CT have further expanded since the introduction of multislice CT. This 
CT generation has many key advantages especially suited for cardiovascular imaging, in-
cluding a larger anatomic coverage in a shorter amount of time compared with previous 
CT generations, with a comparable or even improved spatial resolution (3). Subsequent 
generations have further evolved refined many key properties, most notably speed of ex-
ecution, spatial resolution and post-processing capabilities (4, 5).  

Key for the further development of cardiovascular CT imaging was the introduction of 
ECG-gating techniques. This technique allows synchronisation of the ECG signal with the 
actual acquisition, providing motion-free images of heart and aorta under certain condi-
tions. This is essential for high quality non-invasive imaging of the coronary arteries and 
aorta (especially the aortic root). 

Nevertheless, gating CT techniques for cardiovascular imaging also introduce a new level 
of complexity to the scanning technique, generating a variety of potential imaging arte-
facts (6). Also, it is associated with a potential higher radiation exposure when compared 
with non-gated CT acquisitions. Finally, it further accentuates the need for proper patient 
selection and preparation. 

MR 
Similarly to CT, Magnetic Resonance (MR) imaging has evolved over the last decade into 
a powerful and versatile imaging tool, with many applications across different medical 
specialties. The development of new techniques with shorter acquisition times for imag-
ing of the great vessels, and further refined of sequences for tissue characterisation in 
cardiac imaging have led to the establishment of cardiac MR and MR angiography as an 
essential tool for the detection, pre-procedural planning and follow-up of a wide range of 
cardiovascular diseases. 
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1.3 CONTEMPORARY CHALLENGES FOR VASCULAR IMAGING WITH CT & MR  
With these developments, their application in the non-invasive diagnosis cardiovascular 
diseases has been extensively studied and validated, providing a much-needed pathway 
for evaluation in expanding clinical indications. Today, two of these indications stand out 
and have received considerable attention both in the professional literature as in the 
mainstream media. 

Screening for Coronary Artery Disease 
The clinical presentation of some vascular diseases is often non-specific or disproportion-
ate (in both senses) to the actual severity of disease.  

In the setting of e.g. stable chest pain, several techniques are therefore at the disposal of 
the investigating clinician to complement the clinical findings, and as such better assess 
the extent of possible vascular pathology. These include echocardiography, ergo-spirom-
etry stress testing and a variety of biological bloodmarkers to assess cardiovascular dis-
ease. Despite their widespread use and clinical implementation, the sensitivity and spec-
ificity of these test is in some cases insufficient to reach a reliable conclusion. Therefore, 
after a standard clinical workup, a subpopulation remains in which a conclusive answer 
regarding the presence and extent of coronary artery disease cannot be given.  

In order to confirm or discard e.g. coronary artery disease in this patient population, the 
clinical has often little choice but to order an invasive diagnostic imaging examination. In 
the setting of coronary artery disease, it has been however demonstrated that up to 40% 
of referred patients do not have significant coronary artery disease on angiography. This 
implies that the complaints of these patients were not caused by an underlying coronary 
artery disease, and consequently that the triage of these patients for an invasive exami-
nation can be further improved.  

Pre-procedural Patient Triage and Evaluation 
In the last decade, the medical community has seen a significant development in the 
treatment options for a range of cardiovascular diseases. Besides improved pharmaco-
logical treatment of some diseases, advances in technology have allowed to provide im-
proved care by the use of e.g. new prosthetic cardiac valves in valvular heart disease and 
by further optimizing electrophysiological interventions in patients with selected rhythm 
disorders. The success of these new procedures has increasingly come to rely on non-in-
vasive imaging for pre-procedural planning and follow-up after intervention. While echo-
cardiography remains an essential investigational tool, it suffers from the inherent draw-
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backs of a two-dimensional imaging technique. As such, contemporary selection algo-
rithms rely on 3D-imaging with CT and to a lesser extent MR for proper anatomy visuali-
sation. 
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In the last decade, there has been a steady increase in the use of non-invasive imaging for 
a great variety of cardiovascular conditions.  Continuous developments in both hardware 
and software have expanded the use of echocardiography, computed tomography (CT) 
and magnetic resonance (MR) imaging in both the diagnosis, pre-procedural assessment 
and follow-up of cardiovascular pathology. 

Simultaneously, technological innovations have also led to an increasing array of possible 
interventions for a number of cardiovascular conditions, including evolving treatment op-
tions in electrophysiology, aneurysmal atherosclerotic disease and cardiac valve pathol-
ogy. As invasive and non-invasive treatment options are developed, they are increasingly 
relying on imaging modalities for the selection of patients and to ensure procedural suc-
cess. 

The aim of this thesis is to further explore the role of non-invasive CT- and MR-imaging 
in this setting. Focus points include the evaluation of CT-imaging in electrophysiology in-
terventions, the benefits of CT- and MR-imaging in the pre- and post-procedural evalua-
tion of transcatheter valve replacements, and the impact of emerging CT- and MR tech-
nologies on radiation dose and diagnostic capabilities.  

The main research points of this work are: 

• New CT technologies help in the reduction of radiation exposure of patients in 
vascular imaging studies, including studies before and after cardiovascular inter-
ventions 

• CT and MR imaging can be used as reliable and reproducible tools for imaging 
evaluation of cardiovascular prostheses. Potential quantitative parameters are 
studied, with their potential functional repercussions. 

• Anatomical features which can play a role in the risk-assessment of complica-
tions after deployment of a cardiovascular prosthesis are discussed. 

• The role of the deformation of a vascular prosthesis in the functional improve-
ment of a patient is evaluated. 

• CT can be used as a valuable tool before and after electrophysiology interven-
tions 
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3.1 CONTEMPORARY OPTIONS FOR IMAGING OF THE CARDIOVASCULAR SYS-

TEM 
 
In general, the role of diagnostic imaging for the evaluation of cardiovascular disease has 
been well established through years of investigation and validation, providing direct vis-
ualization of the vascular anatomy of interest. Nevertheless, a more detailed look reveals 
that the term ‘imaging’ currently refers to a increasingly expanding array of imaging 
tools, both invasive and non-invasive in nature, which differ significantly in their specific 
properties, and by extension, their clinical application.  

Thorough knowledge of the characteristics of the current available imaging possibilities 
becomes especially important, as new therapeutic options emerge requiring very de-
tailed anatomical and functional information of a specific structure. A recent example is 
the increasing use of CT in the pre-procedural work-up of candidates for transcatheter 
aortic valve repair, adding superior 3D anatomy data of the aortic annulus to the decision-
making progress. As such, contemporary selection algorithms in the rapidly developing 
field of transcatheter valve repair or replacement, or in the application of prosthetic 
valves in general, always preferentially include CT as a 3D imaging tool. 

In this chapter, a multimodality imaging comparison for imaging of the great thoracic 
vessels (aorta and pulmonary arteries) is laid out, with detailed description of the ad-
vantages and drawbacks of each technique regarding to a specific pathology.  
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3.2 CORRELATION OF CHEST RADIOGRAPH AND CT OF THE HEART 

Introduction 
Ever since the use of Röntgen X-rays for diagnostic purposes, radiologists have been look-
ing at images of the heart, either intentionally or during review of a conventional chest 
radiograph. A chest radiograph is nearly always one of the first performed imaging mo-
dalities in the evaluation of suspected heart disease. Nevertheless, on many occasions 
the cardiac findings are not systematically reviewed by many radiologists, with only a 
vague assessment of cardiac size (the so-called ‘cardiothoracic ratio’) given in the final 
report.  

Many excellent textbooks and review articles exist about the semiology of the heart and 
great vessels on standard chest radiographs, both in the normal and cardiac patient (1-3). 
Furthermore, there have also been some reviews correlating plain film chest radiographs 
and cardiac magnetic resonance imaging (MRI) (4, 5).  

In recent years there has been an enormous interest in the non-invasive evaluation of the 
coronary arteries using 16- and now up to 320-slice computer tomography. This also 
means that many general radiologists are now becoming involved in routine imaging of 
the heart in mainstream practices, outside specialized academic centres. While most of 
the attention has focused on the evaluation and validation of CT angiography (CTA) of 
the coronary arteries, general heart morphology is rarely systematically reviewed. Nev-
ertheless, normal variants and pathologic morphological findings are frequently encoun-
tered during a CTA of the coronary arteries, as well as during CT of the chest performed 
for unrelated reasons.  

Therefore, the current state of non-invasive cardiac imaging offers a unique opportunity 
to review cardiac pathology using both conventional radiographs and multislice CT 
(MSCT) imaging. Furthermore, it helps to increase the knowledge of pathophysiological 
mechanisms involved in commonly encountered cardiac diseases, therefore increasing 
detection and eventually the value of the radiology report.  
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Anatomy Revisited 

Review of Basic Anatomy Radiographs/CT Correlation 
Many excellent textbooks and dedicated reviews exist on the anatomy of the heart and 
great vessels on conventional chest radiographs (1, 2, 6, 7). However, some anatomic is-
sues can be better understood when comparing the chest radiograph findings with a mul-
tiplanar imaging modality like CT or MRI (4, 5).  

Different anatomic structures contribute to the contours of the cardiac silhouette on a 
frontal and lateral projection (Table 1). When comparing a routinely acquired frontal pos-
tero-anterior chest radiograph with a coronal reformatted CT image, some key anatomic 
issues become apparent. First, the left border of the cardiac radiographs shadow is mainly 
formed by the slightly convex lateral wall of the left ventricle, together with contributing 
shadows from the distal portion of the aortic arch, the main pulmonary artery and the left 
atrial appendage. The right border is mainly composed by the convex lateral wall of the 
right atrium and the contour of the superior vena cava (Fig. 1, a).  

 

Fig. 1 Composite image of a conventional frontal (a) and lateral (b) chest radiograph and a MDCT of 

the same patient. The contribution of the heart chambers to the cardiac contours in the frontal and 

lateral view is as such better illustrated. 
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Most prominent anatomic 
structures contributing to the 
heart shadow contour 

Frontal projection Lateral projection 

Left border Distal portion of the aortic arch 
Main pulmonary artery 
Left atrial appendage 
Lateral wall of the left ventricle 

 

Right border Superior vena cava 
Lateral wall of the right atrium 
Inferior vena cava 
pars ascending aorta (when dilated) 

 

Anterior border  Right ventricle 
Main pulmonary artery 
Ascending aorta 

Posterior border  Superimposing pulmonary vein 
Left atrium 
Left ventricle 
Inferior vena cava 

Table 1 Anatomic outline of the heart on chest radiographs.  

This implicates that the frontal cardiac shadow does not usually reflect the (size of the) 
left atrium and right ventricle. It also means that the cardiothoracic ratio, initially devel-
oped to evaluate left ventricular dilatation, has its limitations as an initial indicator of 
overall heart size, since it does not take all chambers size into account. Furthermore, Rose 
et al stated that an increase in volume of up to 66% of the left ventricle is needed for the 
cardiothoracic ratio to reliably detect left ventricular enlargement (8).  Therefore, it is 
best suited for follow-up of known heart disease, since a normal cardiothoracic ratio does 
not exclude heart chamber dilatation.  

The lateral chest radiograph mostly reflects the contours of the right ventricle anteriorly 
and the left atrium posteriorly (Fig. 1, b). Opposite to the frontal chest view, the left ven-
tricle and the right atrium occupy a more central position in the cardiac shadow, and 
therefore do not routinely contribute to the global heart shadow contour. Normally, the 
retrosternal space remains free of any structures but becomes opacified as the right ven-
tricle significantly dilates. 
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Evaluation of heart chambers on axial CT images is less straightforward than it may seem, 
since the true axis of the heart is somewhat oblique and varies between patients. When 
evaluating chamber dimensions on plain axial images, cardiac chambers and structures 
may appear distorted and wrong assumption of size may therefore result. Therefore, 
when evaluating heart morphology, it is almost mandatory to be familiar with the com-
mon imaging planes of the heart which are used in magnetic resonance (MR) imaging and 
echocardiography. These views provide a structural way to assess global heart morphol-
ogy and atrioventricular relations, and facilitate comparison of the CT imaging findings 
with other imaging modalities.  The most commonly used imaging planes in a practical 
matter are the two-chamber view (both long and short axis) and the four chamber view 
(Fig. 2). 

 

Fig. 2 Contrast-enhanced MDCT images. a. Four-chamber view. b. Two-chamber view long axis. c. 

Two-chamber view short axis. Standardized views to look at the heart are illustrated. These images 

are oriented along the actual long and short axis of the heart, and as such are better suited to evaluate 

heart morphology. The colours indicate the different irrigation areas of the coronary arteries: LAD 

(blue), LAD-LCX (green), LCX (yellow) and RCA (red). 

The coronary arteries are under normal circumstances not visible on conventional chest 
radiographs. Their location can become apparent when extensive coronary calcification 
or a coronary stent is present. Nevertheless, even calcified coronary arteries can be very 
difficult to visualize (9, 10). Today, both electron-beam and conventional MSCT are far 
better suited to both detect and quantify coronary artery calcifications (11) (Fig. 3). 
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matter are the two-chamber view (both long and short axis) and the four chamber view 
(Fig. 2). 

 

Fig. 2 Contrast-enhanced MDCT images. a. Four-chamber view. b. Two-chamber view long axis. c. 

Two-chamber view short axis. Standardized views to look at the heart are illustrated. These images 

are oriented along the actual long and short axis of the heart, and as such are better suited to evaluate 

heart morphology. The colours indicate the different irrigation areas of the coronary arteries: LAD 

(blue), LAD-LCX (green), LCX (yellow) and RCA (red). 

The coronary arteries are under normal circumstances not visible on conventional chest 
radiographs. Their location can become apparent when extensive coronary calcification 
or a coronary stent is present. Nevertheless, even calcified coronary arteries can be very 
difficult to visualize (9, 10). Today, both electron-beam and conventional MSCT are far 
better suited to both detect and quantify coronary artery calcifications (11) (Fig. 3). 
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Fig. 3 Coronary artery calcifications. a-b. frontal and lateral chest radiographs. c-e Coronal and sagit-

tal MIP CT images.  Even extensive coronary calcifications can be difficult to see on chest radiographs 

(a, b). These calcifications are nevertheless easily seen on CT-images, where LAD (black arrow), LCX 

(open arrow) and RCA calcifications (grey arrow) can be identified. 

 

Like the coronary arteries the different heart valves are normally not visible on a conven-
tional chest radiograph. Their position can be assessed when extensive calcification is 
present, or when the patient has one or more prosthetic valves (Fig. 4). The most easily 
detected calcified valvular structure on plain chest film is the annulus of the mitral valve 
(Fig. 5). Calcifications of the aortic valve are, due (among other factors) to its retrosternal 
location, very difficult to assess on chest radiographs but easily evaluated with MSCT 
(Fig. 6). 
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Fig. 4 Tricuspid valve pros-

thesis in a young woman. 

a-b frontal and lateral 

chest radiographs. c-d Cor-

onal and sagittal reformat-

ted CT images. The position 

of the tricuspid valve can 

best be evaluated when it is 

replaced by a prosthesis, as 

in this case where valve re-

placement was indicated 

after valve destruction due 

to infectious endocarditis. 

 

 

 

 

 

 

 

Fig. 5 Extensive annular mi-

tral valve calcification in a 

52-year-old man. a-b 

frontal and lateral chest ra-

diographs. c-d Coronal and 

sagittal reformatted CT im-

ages.  

Extensive calcifications 

along the fibrous annulus of 

the mitral valve can be seen 

(arrow). 
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Fig. 6 A 63-year-old man with extensive aortic valve degeneration. a-b frontal and lateral chest radio-

graphs. c-d Coronal and sagittal reformatted CT images. The CT images reveal extensive clunky calci-

fications in the aortic valve leaflets (c-d). Nevertheless, these calcifications remain difficult to see on 

the conventional radiographs (a-b, arrow). 

Imaging Anatomy of the Left Ventricle 
When describing specific portions of the heart and left ventricle, several anatomic refer-
ence terms are used which are often unfamiliar to many radiologists not involved in car-
diac imaging. The left ventricle is subdivided in three main segments: the apical, middle 
and basal segment (Fig. 7). The basal and middle segments are further subdivided into 
anterior, anterolateral, posterolateral, posterior, posteroseptal and anteroseptal subseg-
ments. The apical segment is divided into anterior, lateral, inferior and septal subseg-
ments. This standardized and widely used segmentation of the left ventricle in 17 myo-
cardial segments (16 + apex) has been introduced by the American Heart Association (12). 
These different anatomic landmarks also partially reflect the distribution of irrigation of 
the myocardium by the coronary arteries, and are applied in e.g. the further specification 
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of myocardium infarcts. As such, when speaking e.g. about a so-called “anterior” infarct, 
it is meant that the infarct occurred in the anterior wall of the left ventricle, often indicat-
ing a significant lesion in the left anterior descending artery. 

 

Fig. 7 Contrast-enhanced MDCT anatomy of the left ventricle. a. Four-chamber view. b. Two-chamber 

view short axis. The different anatomic segments of the left ventricle are reviewed. The four-chamber 

view shows the apical (red), middle (blue) and basal (green) segments. The anatomic orientation on 

the two-chamber short axis view is further illustrated on the two chamber view. 

 

Heart Chamber Evaluation 

General Characteristics 
Chamber dilatation can be difficult to assess on conventional chest radiographs. An initial 
evaluation could be initially directed to signs of left atrial dilatation, followed by ventric-
ular assessment (7). Nevertheless, it can be very difficult to impossible to correctly iden-
tify the type of ventricular enlargement on radiographs alone (7). 

As previously stated, chamber dilatation can occur even in patients with a normal cardio-
thoracic ratio. Nevertheless, this measurement can be used in the initial heart size evalu-
ation to make a first distinction between “small” heart and “big” heart disease (7).  “Small” 
heart disease (normal cardiothoracic ratio) is mostly associated with pressure overload 
and reduced ventricular compliance, as “big” heart disease has usually an underlying 
pathophysiology of volume overload or myocardial failure (7). Pericardial effusion can 
also be encountered in this group. 
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Other patient-related factors such as gender, age and especially body height of the indi-
vidual can also have a slight influence on atrioventricular dimensions (13). While there are 
no multiple studies with large series measuring the dimensions of the different cardiac 
chambers and myocardial wall on CT, a first study has appeared deriving mean values for 
cardiac dimensions, volumes, function and mass using CT in a normotensive, non-obese 
population free of cardiovascular disease. (14)   

Besides its contour the myocardial wall is not directly visible on a chest radiograph, unless 
calcifications are present (e.g. old myocardial infarction). The thickness of the myocar-
dium varies with the heart cycle, reaching its minimum thickness at the end of the dias-
tolic phase and its maximum during systolic phase. The myocardium thickness is com-
monly measured at the interventricular septum in the end-diastolic phase. As a general 
rule, the average thickness must not exceed 10 mm, but can nevertheless be considered 
as being between normal limits up to 11 mm in large individuals. Every measurement of 
12 mm or higher is however considered abnormal.   

While CT is due to its intrinsic slice-based imaging nature better suited and sensitive for 
the evaluation of chamber size, CT images must be interpreted with caution in non-ECG 
gated acquisitions. The lack of ECG-gating may result in portions of the scan being ac-
quired e.g. in the systolic phase of the heart cycle. As such, the thickness of the left ven-
tricular myocardium may appear thicker thereby mimicking hypertrophic changes.  

Evaluation of Pathology with Normal Chamber Dimensions 
Some heart conditions have no or only minimal impact on overall chamber size, due to 
the nature of the underlying pathophysiological process or the presence of only minimal 
changes in the initial stage of disease. 

Given the projection nature of conventional radiographs, they do not directly provide in-
formation about the thickness of the myocardium. Therefore, the heart shadow in con-
ventional chest radiographs is often normal in conditions with slight or moderate myo-
cardium thickening without obvious chamber dilatation. This can be the case in e.g. left 
ventricular hypertrophy (Fig. 8), an often-encountered heart condition with global, often 
concentric increase of the left ventricular mass most commonly due to arterial hyperten-
sion or valvular stenosis-regurgitation. On the other hand, CT is very well suited to depict 
the concentric hypertrophic thickening of the left ventricle.  
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Fig. 8 A 52-year-old man with known arterial hypertension. a. Conventional chest radiograph. b. Con-

trast-enhanced MDCT with four- and two chamber views. The frontal chest radiograph (a) shows no 

abnormalities. The MDCT images (b, c) clearly show a uniformly thickened-hypertrophic left ventricular 

wall, as seen in concentric left ventricular hypertrophy. 

Left Heart Imaging 
As previously discussed, the left atrium is often best appreciated on the lateral chest ra-
diograph, but important clues of atrial enlargement can often nevertheless be seen on 
the frontal view. In this projection, the left atrium is under normal conditions not very 
good visible since it occupies a rather central position and is as such often obscured by 
the other overlying cardiac structures and the spine. When atrial dilatation occurs, signs 
can be seen on conventional chest radiographs. These signs are better understood when 
the position of the left atrium is correlated with the surrounding structures using the bet-
ter spatial display possibilities of MSCT.  

The left atrium is only going to contribute to the frontal heart shadow projection when 
it’s significantly increased in size. When the left atrium is significantly dilated, it will 
mainly extend in a latero-lateral fashion, with a more prominent shadow of the left atrial 
appendage on the frontal projection. This leads to an additional bulge of the left heart 
contour, just under the level of the main pulmonary artery (Fig. 9). Further atrial enlarge-
ment can also lead to a ‘double density’ on the right and/or left cardiac border as it ex-
tends into the adjacent lung.  
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Fig. 9 A 63-year-old man with left atrial dilatation. a. Frontal conventional chest radiograph. b. Coro-

nal reformatted contrast-enhanced MDCT. The frontal chest radiograph reveals an additional bulge 

on the left heart contour (a, arrow), corresponding to an enlarged left atrial appendage in left atrial 

dilatation (b, arrow). 

Splaying of the carina is explained as the left atrium lies below this anatomic structure. 
When extensive atrial dilatation occurs, it compresses the carina from inferior as such in-
creasing the angle between the main bronchi (Fig. 10). This can be appreciated on coro-
nal CT views, but can be less evident on chest radiographs when left atrial dilatation is not 
extensive. 

The left border of the cardiac shadow is mainly composed by the left ventricle. When this 
ventricle increases in size, it will do so by extending the apical shadow in a (left) lateral, 
inferior and posterior way. Furthermore, the apex will acquire a more rounded morphol-
ogy. These signs are more prominent as the left ventricle increasingly dilates. 

The left ventricle can globally increase in size due to increased volume or pressure, or as 
a result of an underlying cardiomyopathy. However, it can also dilate as a consequence 
of changed wall kinetics after a myocardial infarction. In such a case, the dilatation can be 
regional according to the affected area of diminished perfusion. This can lead to e.g. a 
dilatation of the apex of the left ventricle after an anterior infarction (Fig. 11). The apex 
can also calcify, and be as such easily detectable on chest radiographs as these calcifica-
tions become more extensive (Fig. 12). 
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Fig. 10 A 71-year-old woman with cardiomegaly and right heart failure. a, b. Conventional chest radi-

ograph. c-f. Contrast-enhanced MDCT. The conventional chest XR shows a clear dilatation of the 

whole heart, with a double contour on the right cardiac shadow produced by an enlarged left atrium 

(arrows indicate left atrial contour). Note also the almost complete retrosternal opacification on the 

lateral chest view, compatible with right heart (ventricular) dilatation. The MDCT images confirm 

among others a prominent bi-atrial dilatation (c-f), which contributes to the prominent right heart bor-

der and as such produces the double contour (dashed lines). 

 

 

Fig. 11 A 54-year-old man with left ventricular dilalation secondary to an old anterior myocardial in-

farct. The images show leftward extension of the cardiac shadow (a), with left ventricular dilatation 

on the MDCT image (b), corresponding to extensive wall thinning and apical dilatation after myocardial 

infarction. 
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Fig. 12 A 63-year-old man with 

an old apical infarction. a, b. 

Conventional chest radiograph. 

c. Contrast-enhanced MDCT 

image. The conventional chest 

radiograph reveals an semicir-

cular calcification at the level of 

the left ventricular apex (a, b). 

The MDCT images show an old 

calcified apical infarction with 

extensive wall thinning and 

prominent mural thrombus due 

to absent contraction (c, d). 

 

 

 

 

 

One of the drawbacks of conventional chest radiographs is that it mainly depicts the con-
tours of cardiac structures. As such, it does not provide sometimes vital diagnostic infor-
mation (Fig. 13). In contrast, CT is very well suited to evaluate the thickness, structure 
and contrast enhancement of the ventricular wall.   

 

 

Fig. 13 a. Conventional frontal chest radiograph. b, c. contrast-enhanced MDCT. A 24-year-old man 

with a non-specific dilatation of the left ventricle (a). MDCT confirms the left ventricular dilatation, but 

additionally shows the enlarged myocardium with a prominent trabecular morphology (b, c), compat-

ible with a non-compaction cardiomyopathy. 
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Right Heart Imaging 
Analysis of right ventricular volume and function is an essential part in the detection and 
management of both congenital and acquired heart disease as well as pulmonary vascu-
lar disease. It reflects changes of abnormal pressure or volume encountered in conditions 
like right ventricular outflow obstruction, intracardiac shunts, and pulmonary pathology 
like pulmonary hypertension and vascular abnormalities (15). While echocardiography 
and MRI are also widely used in the evaluation of the right heart, there is still an important 
role for conventional chest radiographs in the follow-up of right heart pathology. Further-
more, visible abnormal findings in the right heart often go undetected and underreported 
on chest and cardiac CT due to lack of knowledge.  

As previously stated, the right border of the cardiac contour on a frontal chest radiograph 
is mainly formed by the right atrium. Under normal conditions the right ventricle does 
not contribute to this image, unless it is significantly dilated. When the right border of the 
cardiac silhouette enlarges, one must therefore first consider right atrial enlargement, 
especially when the right border is more than 5 cm from the midline on a frontal chest 
radiograph (16, 17). One must however keep in mind that both left and right atrial dilata-
tion often coexist. In analogy with the left heart, a double contour can sometimes be ap-
preciated on the frontal chest radiograph formed by the left and the dilated right atrium 
(Fig. 10).  

When right heart dilatation is present, this will usually more evident on the lateral chest 
view as the right ventricle enlarges superiorly and anteriorly as such obscuring the ret-
rosternal space (Fig. 10). Other signs on the frontal projection include dilatation of the 
pulmonary trunk, increased convexity of the left upper cardiac contour and elevation of 
the cardiac apex (16-18). 

Since the myocardial wall of the right ventricle is not visible as such on a conventional 
chest radiograph, CT is much better suited than conventional radiographs to detect initial 
changes of increased wall thickness. As such, while the signs of e.g. pulmonary arterial 
hypertension are already visible on a chest radiograph, CT will additionally detect the hy-
pertrophic changes of the myocardium (Fig. 14). 
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Fig. 14 A 65-year-old woman with pulmonary hypertension. a, b. Conventional chest radiograph. c, d. 

Contrast-enhanced MDCT. The conventional chest radiograph (a, b) shows prominent dilatation of the 

pulmonary arteries, but no obvious sign of right heart dilatation. The MDCT images additionally reveal 

a thickened wall of the right ventricle (c, d), but without concomitant dilatation. 

The right heart can reflect abnormalities in the pulmonary vasculature. This can be ac-
quired conditions like pulmonary embolism with subsequent acute or chronic right heart 
failure, but it can also have a congenital vascular etiology like a partially anomalous pul-
monary venous connection. In such conditions findings on chest radiographs are fairly 
non-specific, but CT is excellent to show both the vascular abnormalities and its morpho-
logical effect on the right heart chambers. Finally, a dilated ascending aorta can also con-
tribute to an outward bulge of the right upper heart contour, a sign suggestive for under-
lying degenerative or congenital aortic valve disease or arterial hypertension (Fig. 15) 
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Fig. 15 A 32-year old man 

with a bicuspid aortic valve. 

a-b Conventional chest ra-

diograph. c-d Contrast-en-

hanced MDCT images. The 

frontal chest radiograph (a) 

reveals an outward bulge of 

the right upper heart con-

tour. The MDCT images (c, 

d) clearly show a dilated as-

cending aorta which causes 

this additional shadow. 

 

 

 

 

 

Other Pathology 

Calcifications 
Cardiac calcifications are often helpful in assessing cardiac disease, as they help to local-
ize and identify anatomic structures like valves and pericardium, and can be a marker for 
specific diseases. Most visible calcifications are of a dystrophic nature, secondary to a pre-
vious inflammatory process like rheumatic mitral stenosis or as a result of myocardial in-
farction and scar formation. They can also appear as a sign of degeneration secondary to 
the wear and tear of a (congenitally) malformed structure like a bicuspid aortic valve. The 
shape or character of the calcifications can be helpful in determining its origin.  

The visibility of calcifications on plain film depends on many factors, both technique- and 
patient-related (19). Plain films of the chest are primarily designed for visualization of the 
lung parenchyma, and provide as such less detail of bone and calcium compared with a 
dedicated examination. In this respect is fluoroscopy better in visualizing calcifications, 
with better dynamic imaging possibilities. The technical quality of the chest plain film and 
the circumstances in which it was acquired are also relevant, as e.g. inadequate pene-
trated films or portable chest films taken in the intensive care unit are less suitable to 
detect small calcifications for obvious reasons. Finally, the calcifications have to be large 
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enough and/or in sufficient quantities present and in a convenient location in order to be 
reliably detected during a routine chest plain film examination 

Valvular calcifications can be detected on chest radiographs, but are more easily visual-
ized with CT. The most commonly encountered calcifications are encountered in the aor-
tic valve leaflets and the annulus of the mitral valve (Table 2).  Calcifications of the fibrous 
mitral valve annulus are one of the most commonly visualized valve calcifications, since 
the position of the mitral valve is not extensively overshadowed by projection of other 
large adjacent anatomic structures (Fig. 5). Furthermore, annular calcifications are gen-
erally thick and coarse, as opposed to mitral leaflet calcifications which have a more del-
icate appearance and are therefore almost never reliable visualized on chest radiographs. 
Annular mitral valve calcifications are most of a chronic degenerative nature, but can also 
be associated with end-stage renal disease. 

 Mitral valve Aortic valve 
Involved structure annulus 

leaflets (rare) 
annulus & leaflets 

Etiology  < 4th decade: congenital (bicuspid valve) 
> 6th decade: acquired valve degeneration (tricuspid 
valve) 

Character dense, ring-like clumps 
(annulus) 

thick, heavy calcifications (leaflets) 

Function usually normal function 
mostly insufficiency when 
present 

stenosis 

Table 2 Differentiation between annular mitral valve and aortic valve calcifications 

Calcifications of the aortic valve are commonly seen in older individuals on a degenerative 
basis (Fig. 6), but can also be the result of wear and tear of a congenital bicuspid valve. 
Degenerative aortic leaflet calcifications are, just as annular mitral calcifications, gener-
ally dense and heavy calcifications. Due to the retrosternal position of the aortic valve and 
overshadowing structures like pulmonary vessels, they are not easily visualized on chest 
radiographs. They are nevertheless routinely seen on CT examination, which can further 
assess possible associated thickening of the leaflets. Finally, tricuspid and pulmonary 
valve calcifications are extremely rare. 
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Myocardial calcifications are most commonly encountered after a myocardial infarct, 
subsequent to necrosis, haemorrhage or fibrosis of myocardial tissue (19). Its nature is 
therefore dystrophic, with a location closely related to specific terminal irrigation areas 
of the coronary arteries. Myocardial calcifications are found in 8% of infarcts which are 
minimum 8 years old, and are mostly located in the anterior wall and in the apex of the 
left ventricle (19, 20). They usually appear as dense curvilinear calcifications in a mostly 
dilated segment of the left ventricular apex. On chest radiographs, they can be found left 
to the midline on a frontal projection, and anterior on a lateral projection adjacent to the 
pleural lining (Fig. 12). Note that due to post-infarct dilatation and remodelling, the left 
ventricle will regionally expand as the affected wall segment weakens, producing a more 
prominent convex contour of the left heart shadow contour. CT can additionally reveal 
the extensive wall thinning and the effects of changed wall kinetics like the presence of 
mural thrombus (Fig. 12, c-d). One must further always take into account that the calci-
fied myocardial tissue represents an underestimation of the infarct size.  

Occasionally, calcifications can be encountered in the left atrium. One particular specific 
location is the left atrial wall near the appendage. The exact etiology of calcifications in 
this location remains not fully understood, but it is highly correlated with long-standing 
rheumatic disease (21). These calcifications have a thick, coarse appearance comparable 
with annular mitral valve calcifications. They are located left to the midline on a frontal 
chest radiograph, near the vicinity of the left atrial appendage (Fig. 16). They may have a 
semicircular appearance, as they tend to appear around the orifice of the atrial append-
age (21).  

Pericardial calcifications can result from an underlying infection, trauma, hemorrhage 
and radiotherapy (19). Although pericardial calcifications are often associated with peri-
carditis due to an underlying chronic infectious or inflammatory disease, this is not always 
the case. In most cases, the etiology of pericarditis remains unknown. A thickened, less 
elastic and more fibrotic pericardium can lead to a decreased (right) heart function in con-
strictive pericarditis. Almost half of the cases of constrictive pericarditis appear to be idi-
opathic, while the other two main known reasons were iatrogenic: previous pericardi-
otomy and mediastinal radiotherapy. Other etiologies include uremia and infections, as 
tuberculosis continues to remain an important cause of constrictive pericarditis in the 
Third World (Fig. 17).   
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Myocardial calcifications are most commonly encountered after a myocardial infarct, 
subsequent to necrosis, haemorrhage or fibrosis of myocardial tissue (19). Its nature is 
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the case. In most cases, the etiology of pericarditis remains unknown. A thickened, less 
elastic and more fibrotic pericardium can lead to a decreased (right) heart function in con-
strictive pericarditis. Almost half of the cases of constrictive pericarditis appear to be idi-
opathic, while the other two main known reasons were iatrogenic: previous pericardi-
otomy and mediastinal radiotherapy. Other etiologies include uremia and infections, as 
tuberculosis continues to remain an important cause of constrictive pericarditis in the 
Third World (Fig. 17).   
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Fig. 16. A 57-year-old man 

with long-standing rheu-

matic disease. a, b. Conven-

tional chest radiographs. c, 

d Contrast-enhanced MIP 

MDCT images. e. Volume-

rendered MDCT image. The 

conventional chest radio-

graphs show amorphous 

calcifications projection at 

the level of the left atrial 

appendage (a, b, arrow). 

The MDCT images further 

reveal that these calcifica-

tions are along the orifice 

and proximal wall of the left 

atrial appendage (c-e, ar-

row). 

 

 

 

 

 

 

Common imaging features of pericarditis are the presence of a thickened and enhancing 
pericardium, often associated with a pericardial effusion. These findings can be seen on 
a standard chest CT, but are not depicted on chest radiographs. Gross calcifications, 
which can be seen on chest radiographs, were only seen in 28% of the cases. Neverthe-
less, the presence of pericardial calcification must always raise the suspicion of constric-
tive pericarditis.  
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Fig. 17 A 30-year-old woman with known tuberculosis. a,b. Conventional chest radiograph. c. Non-

enhanced MDCT. Coarse calcifications can be detected on the conventional chest radiographs along 

the lining of the left ventricle (a,b). The MDCT images confirm the presence of these calcification along 

a thickened pericardium (c). These imaging findings together with the clinical history are compatible 

with a (long-standing) tuberculous pericarditis. 

Pericardial calcifications may appear as focal plaques, and/or as a curvilinear dense line 
along the pericardium (Fig. 18). They can be coarse and thick in long-standing disease 
like tuberculosis (Fig. 17). They always follow the contour of the heart on both frontal and 
lateral projections, and are usually located along the atrioventricular grooves and lower 
diaphragmatic portions of the pericardium. Other distinguishing features from myocar-
dial calcifications are given in Table 3. 

 

  Myocardium Pericardium 

Etiology ischemic (most common) infection, trauma, hemorrhage, radiation 
atrioventricular grooves 

Most common location left ventricle (apex, anterior wall) lower/diaphragmatic portions of the peri-
cardium 

Distribution left heart 
localized 

left & right heart 
diffuse 

Character fine, curvilinear small or thick (long-standing disease) 
clunky calcifications 

Table 3 Differentiation between myocardial and pericardial calcifications 
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Fig. 18 A 56-year-old man 

with pericardial calcifica-

tion. a, b. Conventional 

chest radiograph. c, d. Con-

trast-enhanced MDCT. 

There is evident calcifica-

tion along the pericardial 

lining of the left ventricle on 

the conventional images (a, 

b). On MDCT, these calcifi-

cations are shown to a bet-

ter extend (c, d). Images 

courtesy of Dr. N. Goyal 

and Dr. S. Abbara, Massa-

chusetts General Hospital, 

Boston, USA. 

 

Coronary artery calcifications can occasionally be detected on chest plain film examina-
tions, especially when the reader is familiar with the locations of the coronary arteries 
(10). Coronary artery calcification may be identified on a frontal chest film in triangular 
region defined by the left heart border, the spine and the top of the left ventricle, and in 
the lateral view over the interventricular septum or anterior atrioventricular ring (10, 19). 
They generally appear as (curvi)linear or tram-track densities along the course of a coro-
nary artery.  

Despite the available literature on detecting coronary artery calcifications on plain chest 
films, this modality has little value in daily practice for this indication. In the last decade, 
it has been clearly established that coronary artery calcifications are far better detected, 
evaluated and quantified using spiral and electron-beam CT compared with a conven-
tional chest radiograph (Fig. 3) (11, 22). Even when the existence of coronary calcifica-
tions is known, they still can be difficult to assess on a chest radiograph and are therefore 
inconsistently detected (9). Therefore, a conventional chest radiograph is better not used 
as a replacement for a CT calcium scoring examination (9). 
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Fig. 19. A 72-year-old 

woman with infectious peri-

carditis and pericardial ef-

fusion. a.  Conventional 

chest radiograph. b-d. Con-

trast-enhanced MDCT im-

ages. The conventional 

chest radiograph reveals an 

enlarged heart shadow (a), 

but no further specification 

is possible. The MDCT im-

ages (b-d) show a substan-

tial pericardial effusion due 

to infectious pericarditis, as 

such leading to the men-

tioned enlarged cardiac sil-

houette. 

Pericardial Effusion and Pneumopericardium 
Pericardial effusion can have many etiologies, and can be serous, chylous or hemorrhagic 
depending on the cause. Despite many described signs, the appearance on chest radio-
graphs is in practice many times non-specific unregarding of the cause, often revealing 
cardiomegaly without any further possible specification (Fig. 19) (7). Even the so-called 
water-bottle appearance is non-specific and subject of interpretation (7). Furthermore, a 
small amount of blood in the pericardial sac can cause an acute cardiac tamponade with-
out significantly affecting the size of the cardiac shadow on conventional radiographs. CT 
can easily depict pericardial effusion (Fig. 19, b-d), but is due to the widespread use of 
echocardiography almost never used solely for this indication. It is an excellent tool to 
assess the size and location of pericardial effusion, but it tends to overestimate the 
amount of fluid in comparison with echocardiography (23). The density of pericardial ef-
fusion is generally between 10-40 HU, and is as such hypodense compared with the adja-
cent myocardium (24). This density depends on relative amounts of the protein (fibrin) 
and possible hemorrhagic content component (24). 

On the other hand, CT is far better suited that conventional radiographs to detect air in 
the pericardial sac (pneumopericardium). Pneumopericardium is far less common than 
pneumomediastinum, and will most commonly be found after penetrating trauma and 
(cardiac) surgery (Fig. 20). These kinds of patients will nowadays nearly always be inves-
tigated with CT, which is the modality of choice to visualize gas or air in the pericardial 
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sac. While a pneumocardium can be detected on conventional chest radiographs as a lu-
cency confined to the pericardial sac, this can often be obscured by superimposing struc-
tures like lung consolidations and large pleural effusions. On occasion, it can be difficult 
to distinguish between pneumopericardium, pneumomediastinum and even pneumo-
thorax on chest radiographs, especially in suboptimal imaging conditions like in intensive 
care units. Furthermore, although rare these entities are not mutually exclusive. Sound 
knowledge of the involved anatomy and the properties of the involved spaces can never-
theless be problem-solving on many occasion (Table 4, adapted from (25)). When doubts 
persist, CT has proven an excellent tool to both detect the abnormal air and evaluate its 
extend and possible etiology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 20 A 72-year-old man with post-operative dyspnea after surgical abdominal aneurysm repair. a, 

b. Conventional chest radiograph. c-d. Contrast-enhanced axial and sagittal reformatted MDCT im-

ages. The images show an evident pneumopericardium developed after periocardiocentesis for drain-

age of a significant post-operative pericardial effusion. While the air in the pericardial sac can be seen 

on the conventional chest XR images, it is at least partially obscured by the concomitant large pleural 

effusion. However, the diagnosis is straightforward on the MDCT images. Images courtesy of Prof. Dr. 

E. Coche, UCL, Brussels, Belgium. 
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 Pneumopericardium Pneumomediastinum Pneumothorax 

Relative frequency rare + + 

Configuration of gas Broad band surrounding heart Multiple thin, lucent 
streaks of air 

Apical lucency (up-
right), medial basal lu-
cency (supine), deep 
sulcus sign (supine) 

Distribution Limited to pericardium, as such 
outlines ascending aorta and 
main pulmonary artery but does 
not extend to aortic arch, along 
trachea or bronchi, or into the 
neck 

Outlines mediastinal 
structures (aorta, airway, 
oesophagus, pulmonary 
artery). Commonly ex-
tends into the neck 

Less likely to outline 
mediastinal structures. 
Anteromedial (supine), 
apical (upright) 

Position variable with 
patient position? 

yes no yes 

Associated findings Thickening of pericardium 
hydropneumopericardium 

  

Table 4 Differentiation between pneumpericardium, pneumomediastinum and pneumothorax. 

 

Tumors of the Heart and Pericardium 
The most commonly encountered pericardial mass is the pericardial cyst. These well-de-
fined lesions are a not uncommon finding encountered during routine chest CT per-
formed for other reasons. They represent an embryogenic defect, and are mostly asymp-
tomatic without further clinical relevance. While they may occur anywhere in the pericar-
dium, the vast majority makes contact with the diaphragm and are mostly located at the 
right cardiophrenic angle (Fig. 21). Most pericardial cysts are due to their size and location 
not usually seen on conventional chest radiographs, but their plain film characteristics 
have been described (26).  When large, they are smoothly marginated without any calci-
fications. CT further confirms the sharp delineation and additionally reveals the low-at-
tenuation content. Higher density cysts can be occasionally found. 
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Fig. 21 An incidental finding in a 26-year-old man. a. Conventional chest radiograph. b. Non-enhanced 

MDCT. There is an additional shadow in the right paracardial region (a), which on MDCT corresponds 

with a cystic structure located in the right paracardial fat. These findings are consistent with a pericar-

dial cyst. Images courtesy of Dr. Philip Chappel, Jan Palfijn Ziekenhuis, Merksem, Belgium. 

Cardiac masses can arise from different origins. They may be vegetations or thrombi sec-
ondary to e.g. infection, mitral valve disease, myocardial infarction or a hypercoagulable 
state due to an underlying condition. Cardiomyopathies can also present with a more 
prominent focal component in the myocardium, as such mimicking a primary cardiac 
mass. True neoplastic processes arising from the heart are rare, and can be both benign 
and malign. Metastatic processes to the heart and pericardium are nevertheless 20-40 
times more frequent than primary heart tumors (27). 

Different imaging modalities today exist to visualize a mass in the heart and pericardium. 
On many occasion a conventional chest radiograph will be one of the first radiological 
examinations performed. While this exam has not the cross-sectional capabilities of more 
advanced techniques like CT and MR imaging, it can provide an initial assessment of the 
location of the mass but also of its hemodynamic effects on the heart (Fig. 22, a-b). While 
it is beyond the scope of this chapter to give a detailed overview of the different cardiac 
and pericardiac masses, there are nevertheless some imaging signs suggestive of a car-
diac mass (Table 5, adapted from (27)). CT, MR and other modalities like ultrasound can 
be further used to differentiate between a primary mass of the heart and an adjacent me-
diastinal process, and to evaluate its effect on the surrounding tissues (Fig. 22, c-d). While 
CT provides excellent anatomic detail of the investigated region, MR has the additional 
benefit to provide both better tissue characterization and functional information. 
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Signs suggestive of a cardiac mass 

Abnormal focal bulge of the heart contour 

Apparent extrinsic displacement of the heart and great vessels 

Pericardial effusion and/or pericardial thickening 

Functional abnormalities 

Intracavitary masses/filling defects 

Asymmetric pulmonary edema due to pulmonary vein obstruction 

Table 5 Signs suggestive of a cardiac mass 

The Post-operative Heart 
Few organs have seen such an intensive and successful research in the development and 
implementation of innovative surgical techniques and various medical devices as the 
heart. As such, procedures like coronary artery bypass grafts (CABG), valve repair tech-
niques using different kinds of valve prosthesis and the use of numerous cardiac pace-
makers and defibrillators are routinely encountered in almost any radiology practice. Fur-
thermore, many devices as left ventricular assist devices and intra-aortic balloon pumps 
are also increasingly being used for circulatory assistance. Therefore, it is imperative for 
a radiologist to become acquainted with the normal and abnormal findings after such in-
terventions (28, 29). 

Cardiac Pacemakers & ICD’s 
There are a large number of medical electronic devices to assist in maintaining or improv-
ing heart function, as in controlling heart rhythm in patients at risk for rapid ventricular 
arrhythmias. 

Both pacemakers and implantable cardioverter defibrillator (ICD) devices are perma-
nently implanted devices consisting of a battery-operated electronic device with pacing 
wires or leads placed into the heart to generate electric impulses. While pacemakers are 
usually used to regulate cardiac rate, ICD’s are additionally indicated for monitoring and 
therapy in patients at risk for sudden death resulting from ventricular fibrillation or tach-
ycardia. 
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Fig. 22 A 56-year-old woman with an angiosarcoma of the heart. a, b Conventional chest radiograph. 

c, d. Contrast-enhanced MDCT images. An additional shadow is seen at the left heart border on con-

ventional chest radiographs (a, b). Small nodular opacities can also be discerned in the lung paren-

chyma. Further investigation with contrast-enhanced MDCT (c, d) revealed an invasive angiosarcoma 

primary along the left heart border with lung metastasis. Images courtesy of Prof. Dr. J. Bogaert, UZ 

Gasthuisberg, Leuven, Belgium. 

There are many varieties of pacemakers and ICD’s and many ways of positioning the leads 
depending on the specific device and its intended function. Therefore, it is on many oc-
casions practically impossible for a radiologist unaware of the patient’s specific condition 
to correctly establish the proper positioning of the leads (29).  
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Chest radiographs are the most commonly used imaging method to visualize the position 
of the leads. They can also demonstrate tip dislodgement, lead fractures and device mi-
gration. Chest radiographs and fluoroscopy are still applied to look for pacemaker lead 
fracture, although nowadays this can also be achieved by electronic lead testing.  

 Although chest radiographs remain an important imaging tool in the evaluation of the 
correct positioning of pacemakers and ICD’s, they lack the cross-sectional and 3D capa-
bilities of MSCT, e.g. for the evaluation of cardiac perforation or coronary sinus transec-
tion (Fig. 23, a-b). MSCT has nevertheless the significant disadvantage of beam harden-
ing artifacts at the electrode tip, as such complicating a correct evaluation of tip position 
(Fig. 23, c-d). 

Fig. 23 A young woman 

with suspected pace-

maker lead perforation. 

a,b Conventional chest 

radiograph. c,d contrast-

enhanced MDCT.  The 

conventional radio-

graphs reveal no clue re-

garding possible perfora-

tion with the pacemaker 

leads. On MDCT, the 

pacemaker tip at the 

apex of the right ventri-

cle cannot be assessed 

correctly due to exten-

sive artefacts (c). How-

ever, the lead at the right 

atrium can be better vis-

ualized, as such reveal-

ing a perforation of the 

right atrial wall (d). 

Devices for Cardiopulmonary Support  
Many devices for cardiopulmonary support are being used in mainstream and dedicated 
contemporary cardiovascular surgical centres, reflecting the pace of continuing innova-
tion during recent years in this field. Most these devices are used as a temporary device 
for circulatory assistance, like roller and centrifugal pumps during open heart surgery or 
afterwards as a short-term left ventricular assist device (30). As with pacemakers and 
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ICD’s, these devices are initially evaluated using conventional chest radiographs. Never-
theless, since they are normally applied in patients receiving acute clinical care, often only 
a portable chest radiograph taken at the intensive care unit is available. When complica-
tions are suspected, CT is often a problem-solving technique providing relevant answers 
in a single examination (Fig. 24, a-f). 

 

Fig. 24 A 68-year-old man with a left-ventricular assist device. a, b Conventional chest radiographs. c-

f Contrast-enhanced MDCT images. The chest radiographs show several bypasses from the left-ven-

tricular assist device to the various cardiac chambers (a, b). The correct position of the bypasses is bet-

ter assessed with MDCT (c-e), which further reveals an arterial leak adjacent to one of the bypasses (f, 

arrow) with subsequent development of a large hematoma. 

Coronary Artery Bypass Grafts 
Conventional chest radiographs are always used in the follow-up of patients who under-
went coronary artery bypass grafts (CABG) as an important parameter in the monitoring 
of the cardiovascular and pulmonary status. While the findings on chest radiographs in 
the post-operative period have been well-documented by several authors (31), this imag-
ing modality is traditionally never used to assess the coronary bypass grafts. A conven-
tional angiography used to be the only way to directly visualize the different arterial and 
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venous coronary bypass grafts, but several authors have reported promising result using 
MSCT to assess graft patency and dysfunction (32). A comparison of chest radiographs 
and MSCT regarding CABG patients can provide a refreshing anatomic review of the most 
commonly used bypass techniques, as such helping the radiologist in correctly interpret-
ing the post-operative radiograph. While the bypass grafts can not be directly visualized 
on a chest radiograph, the position of the applied surgical clips can often indicate which 
coronary arteries have been bypassed, and whether an arterial and/or venous graft was 
used (Fig. 25). Furthermore, conventional chest radiographs are often the first imaging 
modality to indicate a possible complication after surgery, prompting further investiga-
tion with MSCT (Fig. 26). 

 

Fig. 25 A 63-year old man with CABG. a, b Conventional chest radiographs. c-e Contrast-enhanced 

MDCT images. The conventional chest images show multiple surgical clips along the course of the 

LIMA-LAD (black arrow) and venous-marginal bypass (white arrow). The course of the venous bypass 

over the RCA is less obvious. The subsequent contrast-enhanced MDCT examination confirms the pres-

ence of a arterial LIMA-Lad bypass and a venous bypass to a marginal branch, both bypasses still pa-

tent. However, only the surgical clips along the course over the venous RCA bypass can be seen (grey 

arrow), with no opacification of the bridging vein indicating occlusion. 
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Fig. 26 A 65-year-old man with a sudden development of a mass in de left lung apex. a. conventional 

chest radiograph. b, c Contrast-enhanced MDCT images. Two days after CABG a rapidly evolving 

opacification was seen on a frontal chest radiograph (a). The suspected diagnosis at that time was a 

acute dissection of the aorta with subsequent rapid dilatation. However, MDCT clearly showed a post-

operative hematoma with no aortic injury (b, c). 

 

Conclusion 
It has become evident that due to rapid changes in the non-invasive evaluation of the 
heart and coronary arteries with CT, many radiologists are becoming increasingly in-
volved in the routine evaluation of this previously often neglected anatomic structure. 
However, it also represents a unique opportunity to refresh basic anatomic and patho-
physiologic concepts of the heart, with subsequent better detection and understanding 
of normal and abnormal findings. The correlation of chest radiographs with CT is some-
thing that with current PAC systems is increasingly available, and provides an opportunity 
to become a more active player in the evaluation and management of a patient with car-
diac disease. 
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3.3 IMAGING OF DISEASES OF THE THORACIC AORTA AND PULMONARY AR-

TERIES 
 

Introduction 
A wide variety of diseases can affect the great thoracic arteries. They include entities re-
sulting from long-standing atherosclerotic degeneration (e.g. aortic aneurysms) that as 
such can go undetected for a prolonged time, as well as diseases presenting with acute 
severe and potentially life-threatening symptoms, like pulmonary embolism and acute 
aortic dissection. As clinical signs and other preliminary tests are often unreliable to es-
tablish a correct diagnosis, patients suspected of having thoracic vascular disease are in 
general promptly referred for imaging examinations to establish presence and extent of 
disease. In clinical practice, a wide variety of modern imaging techniques is generally 
available, including echocardiography, computed tomography (CT), magnetic resonance 
imaging (MRI) and positron emission tomography (PET), the latter sometimes combined 
with computed tomography (PET-CT).  

Given the amount of morphological and functional information which can be derived 
from these imaging modalities, the acquired data imaging is increasingly not only used 
for diagnostic purposes, but forms also an important cornerstone in the pre-procedural 
planning of a variety of interventional procedures.  In this chapter, we will provide an over-
view of the most important diseases of the thoracic great vessels, and discuss the specific 
contributions of different imaging modalities. 

Acute Aortic Syndrome 

Introduction 
The term ‘acute aortic syndrome’ (AAS) is often used to refer to a number of potentially 
life-threatening diseases, which can all present with acute chest pain (1). Traditionally, 
AAS encompasses three entities: classic aortic dissection (AD), intramural hematoma 
(IMH) and penetrating atherosclerotic ulcer (PAU).  While these components of AAS have 
historically been considered separate entities, this view has been recently challenged. Im-
provements in CT imaging, including the introduction of ECG-triggered acquisitions, 
have increased the available imaging detail of the aortic wall leading to a better under-
standing of the underlying pathophysiological mechanism (2). It has also been demon-
strated that the different AAS entities have both discriminating and overlapping features, 
which can dynamically evolve over time (3). This is especially true for classic aortic dissec-
tion and intramural hematoma, which can be considered two different presentations of 
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the same pathologic process arising from the aortic media. Conversely, a PAU has a com-
pletely different etiology, as it is the consequence of an atherosclerotic degeneration of 
the intimal layer.  

Clinical Presentation 
The clinical presentation of AAS is often non-specific, with a common denominator of 
severe chest pain. In acute aortic dissection, this is often described as intense, acute, 
shearing/tearing, throbbing or sometimes migratory. When the ascending aorta is in-
volved, pain can be referred to the anterior chest, throat, neck and jaw. When the ab-
dominal aorta is also affected, patients can have back- and abdominal pain. Furthermore, 
patients can develop ischemic symptoms due to stenosis and occlusion of side branches 
of the aorta by the dissection flap. 

Given the myriad of potential clinical complaints, clinical features are as such unreliable 
to differentiate between the different etiologies of AAS and other important entities such 
as myocardial infarction and pulmonary embolism (4). Additional non-invasive imaging is 
therefore needed to establish the correct diagnosis and initiate the appropriate treat-
ment.  

Classification 
Two classifications of aortic dissection exist: the DeBakey classification and the Stanford 
classification (5, 6). The DeBakey classification distinguishes 3 different types of dissec-
tion. Type I involves the ascending aorta, the arch, and a variable length of the thoracic 
and abdominal aorta. Type II is restricted to the ascending aorta. Type IIIA is confined to 
the descending thoracic aorta and type IIIB extends in the abdominal aorta to the bifur-
cation/iliac vessels.   

The Stanford classification only distinguishes between two types: type A and B aortic dis-
section. Type A is defined as involving the ascending aorta, regardless of further involve-
ment of the aortic arch and descending aorta. A Stanford type-B dissection includes every 
dissection in which the ascending aorta is not involved.   

Many centres routinely use the Stanford classification as the distinction between a dis-
section with its origin proximal or distal from the ostium of the left subclavian artery 
quickly differentiates between different treatment strategies (in general urgent surgery 
for type A dissection vs. strict hypertension control and follow-up for uncomplicated type 
B dissections). 
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Classic Aortic Dissection – Intramural Hematoma 
An aortic dissection is caused by a primary intimal tear. While the exact etiology of this 
entry tear is often unknown, several predisposing conditions exist which can affect the 
integrity of the media (Table 1). One of the most common risk factors is long-standing 
arterial hypertension, which increases shearing forces on and augments stiffness of the 
aortic wall. Other causes include connective tissue disorders like Marfan and Ehlers-
Danlos syndrome, and traumatic aortic deceleration injuries. 

Risk factors for acute aortic dissection 
Acquired arterial hypertension 
 pregnancy 
 inflammatory disease (Giant cell aortitis, Takayashu, SLE) 
 syphilitic aortitis 
 traumatic deceleration injury 
 cocaine abuse 
 iatrogenic (i.e. percutaneous coronary angiography) 
Inherited Marfan syndrome 

 Ehlers-Danlos syndrome 
 adult polycystic disease 
 Turner syndrome 
 Noonan syndrome 
 osteogenesis imperfecta 
 polycystic kidney disease 
Congenital bicuspid aortic valve 
 aortic coarcation 

Table 1 Risk factors for acute aortic dissection 

Once an intimal tear has developed, this acquired entry point allows blood from the aorta 
to disseminate in the media layer and extent both proximally and distally with inward dis-
placement of the intima (figure 1). The entry tear is typically located at the site of highest 
wall tension, most often a few centimetres above the aortic valve or at the attachment 
site of the ligamentum arteriosum just distally from the left subclavian artery origin (Fig. 
1).  
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Fig. 1 Contrast-enhanced CT-scan of a Stanford Type-B aortic dissection. The axial image (a) clearly 

shows a defect in the intima wall (arrow), allowing blood to flow from the original true lumen (T) into 

the vessel wall, as such, creating a second false (F) lumen. A second oblique sagittal reformatted image 

of the same patient (b) shows that the resulting dissection flap (arrow) has its origin just distally from 

the ostium of the unaffected left subclavian artery, a typical location for a classic Stanford type-B dis-

section. 

This intramural blood flow and the consequent dissection of the aortic wall commonly 
lead to a double-barrel lumen consisting of two channels: a true and a false lumen. The 
false lumen is completely contained within the aortic media, and divided from the true 
lumen by a dissection flap consisting of intima and a portion of the media layer. 

In a classic dissection, both an entry and exit site exists for the intramural flowing blood. 
Consequently, both true and false lumina contain flowing blood, with faster flow in the 
true lumen. As pressure builds in the false lumen, the cross-sectional diameter of the true 
lumen decreases and often becomes the smallest channel (Fig. 2). 
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Fig. 2 Contrast-enhanced CT-scan of a 

Stanford type-A aortic dissection. The 

axial CT image shows a double-barreled 

aortic lumen, consisting of a small true 

lumen (T) and a larger false (F) lumen. 

Note the difference in contrast enhance-

ment between these two channels, re-

flecting a different flow speed. The 

slower flow in the false lumen further 

contributes to the forming of thrombus 

material adjacent to the posterior aortic 

wall (asterisk). Also, there is an overall 

increase in diameter of the affected aorta 

as a post-dissection aortic dilatation set-

tles in secondary to decreased wall 

strength. Finally, a pericardial effusion 

can also be appreciated (arrow), a com-

mon finding in Stanford Type-A aortic 

dissections. 

 

 

Conversely, an intramural hematoma is best understood as a dissection in which there is 
a clear intramural entry site, but no clear or adequate exit site for the blood back in the 
true lumen. As such, the false lumen contains thrombosed blood, and remains the small-
est channel next to a larger true lumen (Fig. 3). It is important to realize that over time an 
exit site can develop, allowing an intramural hematoma to transgress into a channel with 
flowing blood and reaching the configuration of a classic dissection (Fig. 4). 
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Fig. 3 Contrast-enhanced CT-scan of an aortic dissection, with retrograde extension into the ascending 

aorta. The axial image (a) shows a clear defect in the aortic wall (arrow), as entry site for a classic 

Stanford type-B aortic dissection with two channels of flowing blood: the true (T) and false (F) lumen. 

The sagittal reformatted image (b) shows retrograde extension of this dissection into the aortic arch 

and ascending aorta. However, in contrast to the initial rupture in the descending aorta, the dissection 

flap (arrows in b) does not have a re-entry site. As a consequence, in the ascending aorta the false 

lumen contains stagnant blood, with thrombus from the aortic sinus upwards, as such forming an in-

tramural hematoma (IMH in b, c). An axial image at a mid-level of the ascending aorta (c) shows that 

the intramural hematoma (arrows) has a slight hyperdense appearance, and can be distinguished from 

a large pericardial effusion (asterisk). These images show an initially Stanford type-B dissection with a 

secondary retrograde acquired Stanford type-A dissection, in which both intramural hematoma and 

classic dissection are simultaneously present in the same patient. 
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Fig. 4 Contrast-enhanced CT examina-

tions of the same patient within a time 

span of a week, initially presenting with 

acute chest pain. The first CT examina-

tion (a, b) shows a Stanford type-B dis-

section starting just distally from the 

ostium of the left subclavian artery and 

ending just above the renal arteries. 

However, while the entry site is clearly 

visible (arrow in a), there is no identifia-

ble exit site. As such, the false lumen if 

formed by an intramural hematoma 

consisting of mostly stagnant blood (as-

terisk in a, b). Six days later, the patient 

was re-evaluated on clinical grounds. 

The second CT examination (c, d) now 

shows multiple new defects in the dis-

section flap (asterisks in c, d). With the 

development of these multiple entry 

and exit sites, the false lumen contains 

now flowing blood. The now increased 

pressure in the false lumen pushes the 

dissection flap inwards (arrow in d), 

with true and false lumen now having 

similar dimensions. 

 

Imaging techniques 
Many imaging techniques can be used to visualize an aortic dissection, each with their specific 
strengths and weaknesses. An overview is given in Table 2. 
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Radiography 

While a chest radiograph is often the first imaging examination performed in a patient 
with acute chest pain, its value in the evaluation of a potential acute aortic event is very 
limited.  Several signs including widening of the mediastinum and aortic contour, dispar-
ity in size between the ascending and descending aorta, changes in aortic configuration 
on serial examinations and displacement of aortic calcification by at least 10 mm have 
been described but remain non-specific.  

Ultrasound 

Ultrasound techniques available for the detection of AAS include transthoracic and 
transoesophageal echocardiography (TTE/TOE).  

Both TOE and TTE are non-invasive, widely available and relatively inexpensive imaging 
modalities. They can also be performed bedside in a critically ill patient. 

TTE is a valid imaging choice to detect complications involving the aortic valve, e.g. aortic 
regurgitation.  However, a large part of the ascending aorta and aortic arch are often not 
visualized with TTE due to poor acoustic window. TOE is superior in depicting the ascend-
ing aorta and therefore useful in the further evaluation of a potential type A dissection 
(Fig. 5). Also, it can simultaneously visualize complications as aortic regurgitation (with a 
dissection involving the aortic sinus), pericardial effusion, coronary artery involvement 
and left ventricular function. It is less suitable for evaluation of the distal ascending aorta 
and proximal aortic arch. TOE can also detect localized wall thickening in patients with 
intramural hematoma. 

Nevertheless, both TTE and TOE are operator-dependent techniques, which are unable 
to visualize the complete thoracic aorta, and can produce false-positive results due to re-
verberation artefacts. As such, they are rarely relied upon as the sole diagnostic imaging 
modality in patients with suspected acute aortic syndrome and have a more complemen-
tary function. 
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Fig. 5 Parasternal long-axis 

transthoracic echocardio-

graphic image demonstrating a 

Stanford type-A dissection 

with a hyperechogenic dissec-

tion flap (arrow). Ao: aorta, as-

terisk: aortic valve. 

 

 

 

 

 

Computed Tomography 

Computed tomography angiography (CTA) is the imaging technique of first choice in pa-
tients with acute aortic syndrome. CTA is the only imaging modality that can provide an 
accurate and complete assessment of the whole thoraco-abdominal aorta and side-
branches in a very short examination time, with a reported sensitivity and specificity for 
aortic dissection of more than 95%. Furthermore, it can simultaneously evaluate all other 
non-vascular structures (such as the pulmonary parenchyma and visceral abdominal or-
gans), thus allowing detection of an alternative etiology for the acute clinical presenta-
tion.  

In practice, all CTA examinations are invariably performed with the use of intravenous 
contrast administration for optimal vascular enhancement and evaluation. However, an 
initially performed non-enhanced CT scan can have incremental value in patients with 
suspected aortic dissection as it can depict a hyperdense acute intramural hematoma 
(Fig. 6), that may not otherwise be seen. Our recommendation is to add an unenhanced 
examination to your institutional CT protocol for evaluation of patients with suspected 
aortic dissection. 
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Fig. 6 CT examination of a type-A dissection presenting as an intramural hematoma. Axial (a) and 

sagittal (b) unenhanced CT images. The spontaneous hyperdense acute intramural hematoma (aster-

isks) is clearly seen on these unenhanced CT images. Note the typical semicircular crescent-like shape 

of the hematoma, and the extension into the aortic sinus (arrow in b). 

Despite all the clear advantages of CTA over other imaging modalities, its use of an io-
dinated contrast agent and associated radiation exposure limits its application in patients 
with impaired renal function and known intolerance to iodinated dye. Radiation exposure 
is especially an important issue, as patients with a stable type B dissection require follow-
up imaging over years to monitor for the development of (among others) a post-dissec-
tion aneurysmal dilatation of the affected aortic segments. Consequently, and especially 
in young patients, many centres often use MRI for follow-up of stable patients with a type 
B dissection. However, the recent introduction of iterative reconstruction techniques has 
made radiation dose less of a concern (7, 8) 

Magnetic Resonance Imaging 

Both non-contrast (phase-contrast and time-of-flight techniques) and contrast-en-
hanced acquisitions are available to visualize the thoracic aorta with MRI. However, non-
contrast techniques have significant drawbacks including a longer examination time, a 
shorter anatomic coverage, and more difficulty to differentiate between slow-flow ef-
fects and the presence of thrombus. Consequently, contrast-enhanced MR angiography 
(MRA) is the method of choice to evaluate the thoracic aorta for the presence and extent 
of dissection. 
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MRA has similar advantages over echocardiography as CT, including a comparable high 
sensitivity and specificity (>95%) to diagnose aortic dissection, a large anatomic coverage 
and the evaluation of the relation of the dissection flap with aortic side branches. Addi-
tionally, given the lack of radiation exposure, multiple acquisitions are possible to visual-
ize the dynamics of contrast enhancement of the true and false lumen with no compro-
mise to the patient’s safety (Fig. 7). The use of Gadolinium-chelates as a contrast agent 
makes MRA also the technique of choice in patients with impaired renal function. It is also 
a good choice for repeated follow-up of patients with a known and stable (type B) dissec-
tion to monitor for the presence and evolution of a post-dissection aortic aneurysm. Fi-
nally, it has increased sensitivity compared with CT to detect an intramural hematoma, 
providing as such additional value to CT in equivocal cases. 

Fig. 7 Follow-up of a Stanford 

type-B aortic dissection in a 52-

year-old man. Sagittal reformat-

ted T1-weighted images after in-

travenous contrast administra-

tion, acquired in arterial (a) and 

venous (b) phase. These MR angi-

ography images demonstrate the 

presence of a double-barreled aor-

tic lumen, consisting of a true (T) 

and false (F) lumen. In the first-

pass arterial images (a) the true 

lumen is nicely enhanced with al-

most no opacification of the false 

lumen. The image acquired 60 s 

(b) later now shows the delayed 

enhancement of the false lumen, 

compatible with slower flow.  

However, it is a technically more complex study with a longer examination time, requiring 
a higher level of patient cooperation compared with CT. Therefore, it is less suitable for 
critically ill patients. Also, while the anatomic coverage acquired during a single study is 
generally large enough to cover the thoracic and supra-renal aorta, contrary to CT most 
MR systems cannot cover the whole aorta and iliac arteries in a single examination. These 
disadvantages make MRA rarely the first imaging choice in a patient with a suspected 
aortic dissection. 
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Angiography 

In every mainstream radiology practice, the excellent sensitivity and specificity of CT and 
MRI for diagnosing acute aortic dissection have completely obliterated the need for inva-
sive angiography for this indication. While both direct and indirect signs of aortic dissec-
tion can be distinguished using angiography (including visualization of the intima and lu-
mina, inward displacement of the true lumen by the intima flap and the presence of aortic 
valve regurgitation), it has virtually no place in the initial evaluation. Furthermore, and 
despite the high sensitivity and specificity for the detection of dissection, it only visualizes 
the lumen and is not suitable for detection of an intramural hematoma, peri-aortic com-
plications and total size of the aorta.  

However, the continuous development of percutaneous intervention techniques has in-
creased their potential application in the treatment of selected patients with type B dis-
section, in recent years reflected as an increased number of endovascular stenting proce-
dures in specialized centers. While not commonplace, highly specialized imaging tech-
niques like cine-angiography of different segments of the aorta and intravascular or 
phased-array linear ultrasound may additionally provide a supporting role during these 
aortic interventions. These adjuvant techniques may as such further contribute to a bet-
ter distinction between true from false lumen, detect side branch compromise, and fur-
ther facilitate interventions such as flap-fenestration.  

Structured Reporting 

Communication of the imaging findings to the surgeon and clinician is facilitated when 
using a logically structured report. A summary of the most important points to evaluate 
can be found in Table 3. 

Generally, echocardiography will be used to evaluate the presence and extent of a dissec-
tion in the aortic root and ascending aorta. It also provides excellent assessment of the 
functional cardiac repercussions in general, and more specifically at the level of the aortic 
valve. 

A more complete and accurate evaluation of an aortic dissection can be delivered with 
contrast-enhanced CT or MR. Here, presence and extent of the dissection must be accu-
rately evaluated, as well as the involvement of the supra-aortic and splanchnic side 
branches. 

Finally, the possibility of treatment using an endovascular approach in type B dissection 
can be evaluated, discussing entry- and exit sites and potential sealing locations. 
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The following items should be looked for and discussed in the different imaging reports 

Echocardiography (TTE & TEE) 

• Presence and extension of an acute aortic dissection in the ascending aorta & root 
• Involvement of the aortic valve and degree of aortic valve insufficiency 
• General functional cardiac assessment 
• Evaluation of potential complication: pericardial effusion, peri-aortic hematoma 

Unenhanced CT-examination 

• The presence and extension of an intramural hematoma 
• Displacement of intima calcifications suggestive for dissection 

 

 Contrast-enhanced CT & MR examinations 

• The presence of an aortic dissection 
• Classification of the dissection according to the Stanford classification 
• The extension of the dissection into the splanchnic and supra-aortic arteries 
• The presence of concomitant aortic aneurysms with double oblique measurements of their size 
• Complication: pericardial effusion, extension into the aortic sinus, aortic valve and coronary arteries, im-

minent aortic rupture / haemothorax, signs of ischemia (brain, cardiac & abdominal organs) 
• Eligibility for endovascular repair in case of a Stanford type-B dissection. Look for suitable proximal and 

distal sealing zones 
• Iliac and femoral vessels (diameters, calcifications, elongation) 
• Aorta (diameter, calcification, angulation) 

 

-          Conclusion 

• The presence, extension and classification of the aortic dissection 
• The presence of complications 
• Suitability for endovascular repair in case of Stanford type B aortic dissection 

 
 
Table 3 Structured reporting 
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Vasculitis 

Introduction 

A broad variety of diseases can lead to symptomatic inflammatory changes in the arterial 
wall. In clinical practice the distinction is made between large vessel vasculitis (i.e. giant 
cell arteritis and Takayasu arteritis), medium vessel and small vessel vasculitis (9). In this 
chapter, we will focus on thoracic aortitis, which can have different infectious and non-
infectious causes (Table 4). 

Non-infectious Infectious 

Takayasu arteritis 
Giant cell arteritis 
Behçet’s disease 
Ankylosing spondylitis 
Relapsing polychondritis 
Rheumatoid arthritis 
Idiopathic isolated aortitis  

Pyogenic infection 
Tuberculous aortitis 
Syphilitis aortitis  

Table 4 Classification of thoracic aortitis 

 

Clinical Presentation 

The initial clinical presentation of aortitis is often characterized by non-specific symp-
toms like persistent fever without a clear origin, malaise, night sweating and arthralgia. 
In patients with a late clinical presentation often symptoms related to complications 
(stroke, myocardial infarction, heart failure, aortic rupture and ischemia distal to a steno-
sis) can be observed (9). In patients with giant cell arteritis, a minority (15%) shows in-
volvement of extracranial vessels. In this subgroup of patients amaurosis fugax may be 
the presenting symptom if the ophthalmic artery is involved. In contrast, Takayasu arte-
ritis develops characteristically in the thoracic aorta with involvement of the subclavian 
arteries. It can extend into the abdominal aorta/iliac and femoral vessels and cause hy-
pertension due to occlusion/stenosis of the renal arteries (Table 5).  
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Giant cell arteritis Takayasu’s arteritis 

Age at onset of disease >50 years 
New headache 

Associated with stiffness and pain of the joints  
Temporal artery abnormality 

Elevated erythrocyte sedimentation rate 

Abnormal findings on biopsy of temporal artery 

Age at onset of disease <40 years 
Claudication of an extremity 
Decreased brachial artery pulse 
Difference in systolic blood pressure between arms 
A bruit over the subclavian arteries or the aorta 
Evidence of narrowing or occlusion of the entire aorta 
in imaging studies 

Table 5 Differentiation between Takayasu arteritis and giant-cell arteritis 

Imaging Techniques 

Several imaging modalities are used and suitable for evaluation of patients with (sus-
pected) thoracic aortitis. The advantages and disadvantages of the different techniques 
are listed in Table 6.  

Imaging modality                    Advantages                                                        Disadvantages 

Ultrasound High spatial resolution (0.1mm) 
Wall elasticity measures 
Calcium/plaque imaging 
Directional blood flow 
Non-invasive 
Portable 
Relatively cheap 

Not all vessels are accessible 
(aorta/subclavian) 
Operator-dependent 
No measurement of disease activ-
ity 

MRI/MRA Moderate resolution of wall (1mm) 
Good lumen visualization 
Suitable for measurement for dis-
ease activity (edema/DCE) 
Wide coverage 

Expensive 
Relative long acquisition times 
Moderate plaque/calcium imaging 

CTA Moderate resolution of wall (1mm) 
Good lumen visualization 
Suitable for measurement of dis-
ease activity (DCE) 
Wide coverage 
Plaque / calcium imaging  

Radiation exposure 
Iodinated contrast 

18FDG PET-CT Disease activity measured by SUV 
quantification 
Early detection 
Wide coverage  

Limited information on arterial wall 
morphology 
Expensive 
Limited access  

Table 6 Comparison of imaging modalities in large vessel vasculitis 
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Radiography 

Radiography can demonstrate very non-specific findings such as a dilated aorta or medi-
astinal widening due to dilatation of aortic branch vessels. In the late phase, calcifications 
can be present in the aortic arch and the descending aorta. Radiography can be of value 
in ruling out alternative explanations of non-specific vascular complaints such as cervical 
ribs in patients with thoracic outlet syndrome.  

Ultrasound 

In patients with aortitis, ultrasound can demonstrate a hypoechogenic halo around the 
arterial lumen, stenosis and occlusions in 93% of the cases (10). Differentiation between 
arterial wall inflammation and atherosclerosis is crucial and clinically very relevant. Sev-
eral echographic characteristics are associated with arterial wall inflammation: concen-
tric and long segment involvement, the presence of minimal amount of plaque content 
and the location of the lesion (atherosclerosis has typical preferential locations) (11). Fur-
thermore, a luminal halo is 100% specific for wall inflammation and is absent in patient 
with atherosclerosis (10). TTE can be useful to evaluate the ascending aorta and the pres-
ence of aortic regurgitation. TOE can evaluate a larger section of the thoracic aorta.  

Computed Tomography 

Computed tomography (CT) is often the preferred initial imaging modality. Unenhanced 
CT images can demonstrate mural calcifications. CT angiography can demonstrate vessel 
wall thickening representing vessel wall inflammation. Typically, a double-ring pattern is 
present with a poor enhancing ring centrally and well-enhancing ring peripherally. Fur-
thermore, a hypodense ring around the vessel wall (vessel wall thickening) representing 
peri-vasculitis can be visualized as well. Besides this vessel wall thickening, peri-vascular 
infiltration can be a presenting sign in patients with vasculitis. Moreover, CTA can reveal 
the presence of mural thrombi. Furthermore, CTA can very accurately (sensitivity 93% 
and specificity 98%) demonstrate findings typical for the late phase of the disease: arte-
rial stenosis, occlusions, dilatations and aneurysm formation (Fig.  8) (11, 12). 
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Fig. 8 A 72-year-old of Southeast Asian origin with complaints of chest pain. Note two partially throm-

bosed aneurysms (asterisk) with a diameter of approximately 3 cm of the left circumflex coronary ar-

tery. The patient reported having been diagnosed with Kawaski disease as a child. 

Magnetic Resonance Imaging 

MRI is a superior imaging technique compared to CTA and ultrasound in evaluating early 
and late arterial wall inflammation.  MRI has additional value in evaluating the large ar-
teries in patients with large vessel arteritis, especially Takayasu arteritis (10, 13, 14). How-
ever, in patients with giant-cell arteritis the role for MRI is limited. MRI can accurately 
depict vessel wall inflammation and mural thickening. Furthermore, MRI can also demon-
strate peri-vasculitis as soft tissue around the vessel wall. T2 inversion recovery weighted 
images can depict mural oedema as hyperintense signal, which correlates to active early 
disease (13). Although experimental, diffusion-weighted MRI has shown promise to de-
tect inflammatory changes in the thoracic aorta. MR angiography is suitable for the de-
tection of late findings in aortitis such as stenosis, dilatations and aneurysms (Fig. 9, 10). 
Furthermore, MRI can reveal involvement of the aortic valve and quantify concomitant 
aortic valve regurgitation or stenosis. Oedema imaging is very sensitive (sensitivity up to 
94%) in detection of large-vessel vasculitis (11).  Furthermore, dynamic contrast-en-
hanced MRI can accurately (sensitivity up to 86%) monitor inflammation activity with a 
comparable accuracy to FDG-PET examinations (11, 15). Enhancement of the vessel wall 
decreases in case of lower disease activity.  
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Fig. 9 Takayasu disease in a 25-year-old female with intermittent claudication. In the maximum inten-

sity projection image of the first-pass MR angiography (a) a smoothly delineated stenosis in the distal 

aorta with a typical “hour-glass” morphology (arrow). Corresponding axial T1-weighted images per-

formed before (b) and after (c) intravenous contrast administration show concentric wall thickening 

with intense enhancement after contrast (arrow). 

PET-CT 

F-18-fluorodeoxyglucose (FDG) - PET-CT is an imaging technique which is able to visual-
ize vessel wall metabolism. In patients with aortitis, vessel wall inflammation metabolic 
rate will increase resulting in a higher uptake and accumulation of FDG in inflammatory 
cells. In the literature, PET-CT has a varying sensitivity (77-92%) and specificity (77%-
100%) for diagnosing arteritis (10, 13, 16). 

PET-CT is not able to detect arteritis in small arteries (<4mm) (17), because of limited spa-
tial resolution. Besides disease detection, PET-CT is suitable for disease monitoring and 
to evaluate the metabolic treatment response (15). 

Angiography 

Prior to the widespread use of CT and MRI, angiography was considered the standard of 
reference for evaluation of aortitis. However, it has been virtually abandoned for this in-
dication because early signs of aortitis such as vessel wall thickening and perivasculitis 
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are not visualized. In the late phase, angiography can nicely evaluate smooth long seg-
ments stenosis, dilatations and aneurysms. Furthermore, angiography can demonstrate 
collaterals in patients with stenosis. Angiography is an invasive technique and has nowa-
days no role in the diagnostic algorithm. It is used to perform interventional procedures 
such as percutaneous angioplasty and stent insertions in patients with long-standing ar-
terial stenosis due to aortitis.  

Fig. 10 A 29-year-old female with long-standing complaints of lower 

and upper extremity intermittent claudication due to Takayasu dis-

ease. Note the multiple smooth, short segmental stenoses (arrow-

heads), as well as aneurysmal dilatation of the proximal right sub-

clavian artery (short, upper arrow) and a somewhat longer seg-

mented stenoses in the distal abdominal aorta (long arrow) and 

common iliac arteries (short, lower arrows). These findings are char-

acteristic of circumferential vessel wall thickening due to inflamma-

tion. The right brachial artery is nearly occluded (asterisks). 
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Structured reporting  

A proposal for structured reporting is given in Table 7.  

The following items should be looked for and discussed in the different imaging reports  
 

Ultrasound   

• Presence of a hypoechogenic halo around the arterial lumen  
• The extent and the length of the segment suspected of arterial wall inflammation  
• Differentiation from atherosclerosis    

Contrast-enhanced CT & Magnetic Resonance Imaging examinations  

• The presence of vessel wall thickening and peri-vasculitis  
• The extension and the involvement of the specific vessels  
• The presence of late signs of aortitis such as stenosis, dilatations, occlusions, aneurysms  
• Disease activity determined with dynamic contrast-enhanced MRA and IR T2 edema imaging   

18FDG PET-CT examinations  

• The presence and extent of aortitis   
• Disease activity determined with quantification of FDG uptake and comparison with previous examina-

tions  

Conclusions  

• The presence, extension of aortitis  
• The presence of late complications  
• Disease activity   

Table 7 Structured reporting 
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Imaging of the postoperative aorta  

Introduction 

Post-operative imaging of the aorta has become increasingly popular over the last dec-
ade, due to continuous and significant development in the surgical and endovascular 
treatment options of a variety of diseases affecting the aortic root and thoraco-ab-
dominal aorta. Broadly, these interventions include the evaluation of surgical vascular re-
constructions and the assessment of endovascular endoprostheses. 

Thoracic Aorta: Surgical Interventions and Endografts 

Surgery on the thoracic aorta is generally performed for aneurysmatic dilatation or dis-
section. Common surgical interventions include replacement of the ascending aorta up 
to the aortic arch by prosthetic graft material. These are very invasive procedures, poten-
tially requiring circulatory arrest under deep hypothermia if the arch vessels are involved. 
Combined replacement of the aortic valve and ascending aorta is called a Bentall proce-
dure. Aneurysmatic dilatation of the entire thoracic aorta can also be managed in a two-
stage approach. First, the ascending aorta and arch are replaced surgically with a pros-
thetic graft vessel. At the anastomosis with the descending aorta the graft is inverted and 
extends for several centimetres in the lumen (the so-called elephant trunk) (Fig. 11). Sub-
sequently, a stented graft is placed in the descending aorta with the proximal landing 
zone in the distal free end of the graft. This free end of the graft should not be mistaken 
for a dissection on CT. Thoracic endovascular aneurysm repair (TEVAR) using stent grafts 
similar to those used in abdominal EVAR are used to treat descending aortic aneurysms, 
aortic ulcers, traumatic aortic injury, and in some centres even dissection. Overstenting 
of the aortic arch vessels is preferentially avoided, unless the arteries at risk can be by-
passed. Complications include endoleaks, pseudoaneurysm formation, stent migration, 
kinking and rupture. 

Imaging Modalities 

Several imaging modalities are used in the evaluation after aortic surgery and endovas-
cular procedures. While echocardiography is usually limited in its anatomic scope, it tra-
ditionally provides important functional information after aortic valve replacement. How-
ever, recent advances in MR and especially CT technology have increasing added func-
tional information to the excellent morphological evaluation provided by these modali-
ties. As such, MR may play an important role in the evaluation of patients after valve re-
placement with non-stented biological valves. 
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Fig. 11 Sagittal oblique (a) and axial oblique (b) CT reconstruction of the aorta in a patient who under-

went replacement of the ascending aorta and arch with a graft. The distal end of the graft extends into 

the lumen of the descending aorta, the so-called elephant trunk (arrows). This should not be mistaken 

for an aortic dissection, which is also present in this patient and can be seen in the descending aorta 

(arrowheads). 

Ultrasound 

TTE and TOE can image only a small part of the thoracic aorta and as such their use is 
very limited, except for assessment of the aortic valve in case of Bentall or TAVR proce-
dures.  

Computed Tomography 

CT with intravenous contrast material is the preferred technique for assessment and fol-
low-up of the thoracic aorta after surgery due to its availability, speed and high spatial 
resolution. Acquisition is timed at maximal contrast enhancement in the aorta. To reduce 
or eliminate motion artefacts of the aortic root and ascending aorta, ECG-gated acquisi-
tions that may be combined with a high pitch are recommended (18).  

Anastomoses are predilection sites for false aneurysm formation and should be carefully 
evaluated. Kinking of the graft material is seen quite regularly and usually does not cause 
hemodynamically significant stenosis (Fig. 12). Aortic surgery performed using cardio-
pulmonary bypass and cannulation sites may present with characteristic findings on CT 
(19). As with prosthetic heart valves (PHV) implantation, polytetrafluoroethylene (PTFE) 
material is also used to reinforce the suture lines at anastomoses of interposition grafts 

Multimodality Imaging of the Cardiovascular System 

8181

3



Non-invasive Imaging for Cardiovascular Interventions 

 82 

of the aorta. Since PTFE is hyperdense on CT it should not be mistaken for contrast ex-
travasation. Its location and appearance (at suture lines and often a circular strip) are 
clues used for identification (Fig. 13). Checking with the surgical report may be helpful in 
case of doubt.  

Fig. 12 Coronal oblique CT image of a 

patient after replacement of the as-

cending aorta with an interposition 

graft. Notice the kinking of the graft 

in the lesser curvature of the graft, 

causing part of the graft wall to fold 

into the lumen (arrow). 

 

 

 

 

Fig. 13 Same patient as in Fig. 11. Mul-

tiplanar reconstruction perpendicular 

to the aorta showing the hyperdense 

circular PTFE material around the 

aorta at the distal anastomosis (aster-

isks). 
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TEVAR graft stent material generally does not cause artefacts that impair image assess-
ment. 3D volume rendered images can be helpful in detecting stent fracture or bending. 
Using fixed anatomical landmarks, stent migration should be assessed. 

Magnetic Resonance Imaging  

MRI can be used to assess endovascular stent grafts. Most current stent grafts are MRI 
compatible but safety issues must always be addressed (20). Specific MR- device com-
patibility should be checked with the relevant manufacturer and/or on the official site of 
the Institute for Magnetic Resonance Safety, Education, and Research (www.mris-
afety.com). The stent itself generates signal voids due to the metal components (21). The 
use of turbo spin-echo sequences can mitigate most artefacts except when stainless steel 
stents are used. Stent diameters measured on MRI are comparable to those measured on 
CT. Although MRI offers dynamic imaging, this advantage is offset by the lower spatial 
resolution compared to CT, the somewhat blurred appearance of the stent and duration 
of the image acquisition. Therefore, MRI is not routinely used for TEVAR follow-up. Novel 
4D flow imaging is likely to provide new insights into the dynamics of thoracic aorta dis-
ease but is still confined to a research setting in specialized centres (22). Nevertheless, 
the potential of 4D MR imaging to simultaneously provide flow-sensitive hemodynamic, 
(semi-)quantitative and operator-independent information additional to the already ex-
cellent morphological anatomy evaluation may prove an exciting new future investiga-
tion tool, both in the pre- and post-operative patient (23, 24). 

PET-CT 

PET-CT has been used in patients with suspected aortic graft or stent infection. Although 
promising, normal reference values are lacking (25). Furthermore, atherosclerotic 
plaques may show FDG uptake as well, making it difficult to discriminate between ather-
osclerosis and infection.  
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Structured reporting 

A proposal for structured reporting is given in Table 8. 

The following items should be looked for and discussed in the different imaging reports 

Contrast-enhanced CT & MR examinations 

Aorta:  
• diameter  
• calcification  
• anastomoses 
• false aneurysms  
• graft kinking 
• PTFE material 
 
TEVAR:  
• stent position 
• kinking / angulation 
• stent fracture  
• endoleaks 
 
Conclusion 

• Comment on stent or graft position and anastomoses 
• Comment on presence of thrombosis or other complications 
 

Table 8 Structured reporting 
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Pulmonary circulation 

Introduction 

Non-invasive imaging of the pulmonary circulation is a common task in every imaging 
department. In practice, most of the attention focuses on the evaluation of the pulmo-
nary arteries and right heart when pulmonary embolism, a relatively common cardiovas-
cular emergency, is suspected. Furthermore, imaging plays also an important role in the 
work-up of patients with pulmonary hypertension. 

Clinical Presentation 

Acute Pulmonary Embolism 

Acute pulmonary embolism (PE) is mostly a consequence of underlying deep venous 
thrombosis (DVT). As such, several predisposing factors exist including prolonged immo-
bilization due to surgery or major trauma, presence and manipulation of deep venous 
lines, chronic heart or respiratory failure, oral contraceptive therapy, smoking, pregnancy 
and malignancy. Non-thrombotic emboli are rare. 

The major clinical consequence of PE is primarily hemodynamic, with pulmonary artery 
clots leading to increased vascular resistance, syncope and systemic hypotension. The 
clinical condition may then rapidly progress to shock and death due to acute right ven-
tricular failure.  The suspicion of PE is usually based on a combination of clinical findings 
(including dyspnea, non-specific chest pain, cough, hemoptysis and syncope), laboratory 
findings like elevated plasma D-dimer (a non-specific marker for the presence of acute 
clot) and the patients’ medical history (e.g. recent surgery or prolonged immobilization). 
However, despite the development of clinical scoring systems like the Wells score and the 
widespread availability of D-dimer tests, imaging (mostly CT) is nearly always requested 
to exclude or confirm the presence and extent of PE.  

Pulmonary Hypertension 

Pulmonary hypertension (PHT) is defined as an abnormal elevated pressure of the pul-
monary circulation due to a wide variety of diseases, with a mean resting pulmonary ar-
terial pressure of 25 mm Hg or more (26). The recently updated1 Dana Point classification 
of 2013 (27) recognizes five groups (Table 9), grouping different manifestations of the 
disease that share similar pathophysiological traits. The clinical course extends from an 

                                                                            
1 Since the publication of this paper, this classification has been updated during the 5th World Sym-
posium held in Nice, France 2013. See also Simonneau G. et al, J Am Coll Cardiol. 2013 Dec 24;62(25 
Suppl):D34-41. doi: 10.1016/j.jacc.2013.10.029. 
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asymptomatic compensated status, over symptomatic episodes of decompensation, to 
finally advanced decompensated disease with right-sided heart failure. 

When PHT is suspected, a multistep approach is usually needed to not only establish the 
diagnosis, but also to detect the specific cause, evaluate right ventricular functional and 
hemodynamic impact and to establish a proper treatment course. Several imaging mo-
dalities have a specific contribution in this multifactorial process.  

Group Description 

1 Pulmonary arterial hypertension 

1.1 Idiopathic pulmonary arterial hypertension 

1.2 Heritable 

1.3 Drug and toxin induced 

1.4 Associated with connective tissue diseases, HIV infection, portal hypertension, congenital heart 
disease and schistosomiasis  

1’ Pulmonary veno-occlusive disease and/or pulmonary capillary haemangiomatosis 

1’’ Persistent pulmonary hypertension of the newborn 

2 Pulmonary hypertension due to left heart disease 

3 Pulmonary hypertension due to lung diseases and/or hypoxemia 

4 Chronic thromboembolic pulmonary hypertension 

5 Pulmonary hypertension with unclear or multifactorial mechanisms 

Table 9 Dana Point classification of pulmonary hypertension 

 

Imaging Techniques for Acute Pulmonary Embolism 

Of all available imaging techniques, CT is the most commonly used when acute PE is sus-
pected. However, other imaging techniques can be valuable adjuncts. 

Radiography 

Chest radiography has little value in the diagnosis of acute PE. While it can show an alter-
nate etiology in a patient with acute chest pain (e.g. infectious pneumonia), it has no 
place in confirming or excluding PE in modern medical practice.  
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Compression Ultrasonography of the Lower Limbs 

Because 90% of acute PE cases arise from a DVT of a lower limb (28), compression ultra-
sonography (CUS) has a clear role in establishing a primary etiology for acute PE. For 
proximal DVT, CUS has a sensitivity over 90%, with a specificity of about 95%, revealing 
a DVT in 30-50% of patients with PE (29, 30). It has also been reported that detecting a 
proximal DVT with CUS in a patient suspected with PE is enough to start anticoagulant 
therapy without further testing, which can be helpful in pregnant patients (31). Neverthe-
less, given the widespread availability of CT, CUS has currently no role as a primary diag-
nostic tool for acute PE, as it does not directly visualize PE. It can rarely be used as a 
backup tool to reduce false-negative examinations when only single-detector CT equip-
ment is available, or to avoid CT when positive in patients with contraindications for io-
dinated contrast medium (32). 

Ventilation-Perfusion Scintigraphy 

Ventilation-perfusion scintigraphy (V/Q scan) is a well-known, validated and safe imaging 
tool for suspected PE, with only few allergic reactions described. A normal perfusion scan 
safely excludes PE. A non-diagnostic V/Q scan in a patient with low clinical probability for 
PE can also be acceptable for excluding PE (32). A high-probability V/Q scan confirms PE 
with a high degree of probability.  However, in patients with low clinical probability, a 
high-probability V/Q scan has a low positive predictive value, warranting further testing 
(32). Similarly, all other combinations of V/Q scan results and clinical probability should 
be further investigated to confirm or exclude PE (32). Finally, a V/Q scan has no use in 
detecting alternative etiologies for acute chest pain as it provides little anatomic detail. 
Consequently, it has been mostly replaced by CT as the initial imaging tool for detecting 
PE.  

CT 

Advances in CT technology and the widespread availability of multidetector CT systems, 
which are among others characterized by an isotropic submillimeter spatial resolution 
combined with an ever-increasing acquisition speed, have made CT the primary imaging 
tool for both detecting and excluding PE in an acute clinical setting (Fig. 14). A properly 
executed contrast-enhanced CT examination can detect and exclude PE with a high sen-
sitivity and specificity up to subsegmental arteries. Nevertheless, it remains unclear if fur-
ther testing is needed when a patient with a high clinical probability has a negative CT 
examination (32).  
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Fig. 14 Contrast-enhanced 

axial CT image in a 72-year-

old men complaining of 

shortness of breath after a 

recent surgical interven-

tion. The image shows ex-

tensive and bilateral pul-

monary emboli (asterisk). 

CT imaging is often the first 

choice in such an acute set-

ting for the detection of pul-

monary embolism. 

 

 

 

 

Recent advances in CT technology have further introduced the application of dual-energy 
techniques for the evaluation of PE. In dual-energy acquisitions, images are acquired at 
two different tube potentials (usually 80 and 140 kVp), either with one or two detector 
tubes (depending on the manufacturer). As such, the difference in attenuation of differ-
ent structures at different energy levels allows for a better differentiation between tissues 
such as soft tissue, iodine and air in the chest. In the setting of PE, this technique has 
shown promise for an improved detection of PE by quantification of lung perfusion by 
assessing the iodine concentration in the lung parenchyma in contrast-enhanced CT 
scans (33) (Fig. 15). Furthermore, some investigators are evaluating the application of 
dual-energy CT for the differentiation between acute and chronic PE (34). However, tech-
nical challenges, lack of multicenter prospective trials, and the limited availability of dual-
energy CT systems currently limit the application of this technique in mainstream radiol-
ogy practices. 
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Fig. 15 Contrast-en-

hanced dual-energy CT 

in a middle-aged 

woman suspected of 

having an acute pulmo-

nary embolism. While 

the conventional CT im-

ages didn’t reveal any 

segmental or subseg-

mental emboli in the 

pulmonary artery, the 

CT-derived perfusion 

images clearly show 

several perfusion def-

fect in the right long, 

most prominent in the 

basal segment. Image 

courtesy of Dr. Dan 

Devos, RUG Ghent Uni-

versity Hospital. 

 

MRI 

MRI is not often used for the detection of acute PE, as it is less readily available and is a 
technically more complex examination. Furthermore, while it can be used in selected pa-
tients with impaired renal function or a contra-indication for intravenous iodinated con-
trast administration, its ability to detect PE does not match the high sensitivity and spec-
ificity of CT. Despite reported excellent sensitivity and specificity for proximal PE, these 
values rapidly decline for more distally located clots with up to 30% inconclusive results 
(35).  

Pulmonary Angiography 

Historically, direct angiographic visualization of the pulmonary arteries has been the 
method of choice for the evaluation of suspected PE. However, advances in CT technol-
ogy and the use of V/Q scans have largely replaced this imaging tool for this indication. 
Furthermore, it is associated with the known potential complications of a percutaneous 
vascular puncture, catheter manipulation, and technical complexity additionally to simi-
lar radiation exposure and iodinated contrast administration risks as CT. In practice, pul-
monary angiography is now very rarely performed for this indication, except in cases 
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where other non-invasive imaging tools are inconclusive (32). In selected cases, it can be 
used for endovascular thrombectomy. 

Echocardiography 

Echocardiography is unable to directly visualize PE, unless located very centrally. How-
ever, it can accurately assess the hemodynamic impact of PE on right ventricular func-
tion. Also, it can be used at the bedside in a critically ill patient with shock or hypotension, 
where an echocardiographic absence of right ventricular overload and dysfunction virtu-
ally excludes PE as a cause of hemodynamic deterioration (32). In non-critical non-high 
risk patients, echocardiography is used to further stratify between the low- to intermedi-
ate risk categories, and to follow-up right ventricular morphology and function. 

 

Imaging Techniques for Pulmonary Hypertension 

Radiography 

In practice, a chest radiography is one of the first imaging examination performed in a 
patient suspected of pulmonary hypertension. However, typical signs of PHT are only ap-
parent late in the disease (Fig.  16), limiting the diagnostic value of chest radiographs, 
especially in follow-up. Nevertheless, this simple examination can on occasion reveal an 
underlying etiology of PHT, including interstitial lung disease and emphysema.  

Fig. 16 Conventional chest 

film reveals prominent bilat-

eral pulmonary artery shad-

ows. While this finding is sug-

gestive of underlying pulmo-

nary hypertension, its lack of 

specificity and sensitivity 

makes it of little use in clinical 

practice for this diagnosis. 
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CT 

CT has an important role in the evaluation of patients with PHT, delivering information 
regarding vascular, parenchymal and cardiac anatomy. The size of the main pulmonary 
artery is easily evaluated on contrast-enhanced CT examination, where a diameter of 29 
mm or more has a positive predictive value of 97% for PHT (Fig. 17). When dilated, a seg-
mental artery-to-bronchus diameter ratio of 1:1 or more in three or four lobes has a re-
ported specificity of 100% for PHT. However, a main pulmonary artery diameter of less 
than 29 mm does not necessarily exclude PHT.  

 

Fig. 17 A 72-year-old man with long-standing pulmonary hypertension. A severely dilated pulmonary 

trunk can be seen (a), together with a dilated and hypertrophic right ventricular wall (asterisk in b), the 

latter consistent with a chronic condition. Note also the typical inward bowing of the ventricular sep-

tum (arrow in b). 

The hemodynamic impact of increased pulmonary pressure on the right heart can also be 
seen on (especially ECG-gated) CT examinations, and includes right ventricular hypertro-
phy and dilatation, dilated inferior vena cava and hepatic veins, and a straightening or 
leftward bowing of the interventricular septum (Fig. 17) Nevertheless, it has little added 
value over echocardiography and cardiac MRI in this respect. 

Finally, every CT examination for PHT must include an assessment of the lung paren-
chyma, as it may harbor the underlying cause of PHT, including extensive interstitial lung 
disease (Fig. 18) and signs of chronic thromboembolic disease. CT can also show intra- 
and extracardiac vascular shunts, which may be an underlying cause of PHT. 
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Fig. 18 A 65-year-old 

woman with pulmonary hy-

pertension due to severe in-

terstitial lung disease. 

While CT is very sensitive in 

documenting the interstitial 

pathologic findings, it is, 

however, often not able to 

provide a specific diagnosis 

due to the amount of over-

lapping findings between 

different interstitial lung 

diseases. 

 

 

Cardiac MRI 

Providing a combined morphological and functional evaluation of the heart, cardiac MRI 
can deliver valuable information regarding ventricular volume, mass, wall abnormali-
ties/fibrosis, and function together with a morphological evaluation of the proximal pul-
monary vasculature in one examination. Phase-contrast imaging can also provide flow 
velocity measurements in the main pulmonary artery, with decreasing flow velocity in 
patients with PHT. It can also detect and quantify intracardiac shunts as a cause for PHT. 

In comparison with CT, cardiac MRI is nevertheless a more complex examination requir-
ing more patient cooperation and expertise from the performing radiologist. As such, it 
application is generally decided on a case-by-case basis.  

Echocardiography 

Echocardiography is one of the most important imaging modalities in pulmonary hyper-
tension, as it can reliably assess right ventricular function and morphology (Fig. 19). It is 
a safe examination, which is routinely used to follow the effect of treatment. Despite 
these clear advantages over CT, it cannot provide any information regarding the status 
of the lung parenchyma. As such, both echocardiography and CT are complementary to 
each other and form the cornerstone for non-invasive imaging in the evaluation and fol-
low-up of patients with PHT. 
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Fig. 19 Echocardiography can 

quickly and reliably assess right 

ventricular function and mor-

phology, revealing in this case, 

typical findings of long-standing 

pulmonary hypertension with a 

hypertrophic right ventricular 

(RV) wall (asterisk) and inward 

bowing of the ventricular septum 

(arrow). RA: right atrium; LA: left 

atrium 

 

 

 

 

 

 

Right-heart Catheterization 

Right-heart catheterization is the only test that can directly calculate resistance in the 
pulmonary arteries by dividing transpulmonary pressure by the cardiac output. No angi-
ography is usually performed. Therefore, and despite advances in non-invasive imaging 
techniques like CT and cardiac MR, it remains the reference standard for the diagnosis of 
pulmonary hypertension, further aiding in the differentiation between pulmonary hyper-
tension and pulmonary arterial hypertension. As with every intervention, it suffers from 
the usual potential complications of a vascular percutaneous puncture, and it does not 
deliver morphological information. 

Structured reporting 

A proposal for structure reporting can be found in Table 10. 
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The following items should be looked for and discussed in the different imaging reports 

Echocardiography (TTE & TEE) 

• Peak tricuspid regurgitation velocity (m/s) 
• Right ventricle / left ventricle basal diameter ratio > 1.0 
• Flattening of the interventricular septum 
• Right ventricular outflow Doppler acceleration time, presence of midsystolic notching 
• Early diastolic pulmonary regurgitation velocity (>2.2 m/sec) 
• Inferior cava diameter (>21 mm with decreased inspiratory collapse) 
• Right atrial area (end-systole, > 18 cm2) 
• Pulmonary artery diameter > 25 mm 

 Contrast-enhanced CT  

• Presence and extent of pulmonary embolism, effect on right-heart morphology: ventricular dilatation and hy-
pertrophy 

• Diameter of the main pulmonary artery: > 29 mm is suggestive for pulmonary hypertension 
• Complications of PE like lung infarction 
• Status of lung parenchyma: e.g. presence of interstitial lung disease, emphysema, … 
• Look for intra- and extracardiac shunts as a potential cause for pulmonary hypertension. 

Magnetic Resonance Imaging 

• Detection of proximal PE, evaluation of main pulmonary artery dimension 
• Morphological and functional evaluation of the right heart 
• Evaluation and quantification of potential intracardiac shunts 

V/Q scan 

• Report on low, intermediate to high probability of the presence of PE 
• Look for signs of chronic thromboembolic disease 

Compression ultrasonography of the lower limbs 

• Presence and extent of DVT 

Right-heart catheterization 

• Report pressure measurements for confirming diagnosis and treatment monitoring of PHT 
• Assess severity of haemodynamic impairment, perform vasoreactivity testing in selected patients 

Conclusion 

• use CT for detection/exclusion of PE and complications, or to detect an alternate diagnosis 
• use echocardiography and to a lesser extent MR for further functional and morphological evaluation. MR can 

also be used for proximal PE when CT is contra-indicated 
• use V/Q scan for detection of PE when CT is contra-indicated or inconclusive, or when chronic thromboem-

bolic disease is suspected 
• right-heart catheterization with pressure measurements is gold standard for diagnosis of pulmonary hyper-

tension 
Table 10 Structured reporting 
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Aneurysmatic Disease 

Introduction 

Imaging of atherosclerotic aortic disease forms an important part of the daily routine in 
every radiology department. This is to a great extent due to the increasing age of the 
general population and the associated greater prevalence of atherosclerotic disease. Fur-
thermore, advances in endovascular treatment options have significantly reduced the 
need for open surgery in many cases of aneurysmal atherosclerotic disease, further em-
phasizing the role of non-invasive pre-operative imaging for optimal pre-interventional 
planning.  

Clinical Presentation 

Aneurysmatic disease remains often asymptomatic for a prolonged period of time, or 
presents with non-specific complaints such as backache. As such, an atherosclerotic aor-
tic aneurysm is often detected incidentally during imaging for unrelated reasons. When a 
patient has a known predisposition for vascular disease, e.g. in case of known valvular 
disease or pre-existing conditions like Marfan syndrome, (often non-atherosclerotic) vas-
cular disease can be detected in its initial stage during screening examinations, often per-
formed with CT or MRI (Fig. 20). 

 

Fig. 20 Axial contrast-enhanced CT image at the level of the diaphragm in a patient with an inci-

dentally detected small pseudo-aneurysm (arrow). On the initial CT examination, only a small out-

pouching of the left aortic wall is seen, with some surrounding soft tissue stranding. On subsequent 

follow-up examination performed after 2 (b) and 4 (c) weeks, a rapid growth of the pseudo-aneurysm 

(arrow) is clearly seen, illustrating the utility of CT for follow-up of even small but suspected vascular 

lesions. 
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Aortic Dimensions and the Need for Intervention 

Although normal reference values for the ascending thoracic aortic diameter vary, the 
general opinion is to consider 4 cm the upper limit of normal. Aneurysmatic dilatation of 
the thoracic aorta has multiple etiologies, the most common being cystic media degen-
eration associated with normal aging processes and atherosclerotic disease. Other etiol-
ogies include connective tissue diseases such as Marfan syndrome, a bicuspid aortic valve 
and aortic dissection. Operative repair of the aorta is considered if the diameter of the 
ascending aorta exceeds 5.5 cm, or 5.0 cm in case of connective tissue disease. An even 
lower threshold of 4.5 cm can be considered in case of planned aortic valve surgery, with 
additional risk factors, including family history of dissection, size increase of >3 mm/year 
(in repeated examinations using the same technique and confirmed by another tech-
nique), severe aortic regurgitation, or desire for pregnancy (36).   

There is general agreement on the levels that are used to measure the diameter of the 
thoracic aorta: annulus, sinus of Valsalva, sinotubular junction, ascending aorta, arch and 
descending aorta. Unfortunately, there is no binding consensus on the exact measure-
ment procedure. This is partly due to the fact that some imaging modalities like ultra-
sound only allow diameter measurements in a single plane. Consequently, this measure-
ment may be significantly affected by the chosen imaging plane as well as the used im-
aging technique and operator. Furthermore, the dynamic diameter changes present in a 
dilated thoracic aorta due to the pulsatile blood flow may be as much as 12%, and thus be 
significant especially when comparing follow-up examinations (37). 

In practice, we promote the use of CT or MR-based double-oblique reconstructions per-
pendicular to the vessels' axis for diameter measurements (Fig. 21). Furthermore, one 
must also consider that the aortic cross-sectional morphology is often not perfectly cir-
cular. In such instance, one can choose to report either the largest or both the maximal 
short- and long-axis diameter at each anatomic level. Irrespective of the chosen meas-
urement technique, it is of the utmost importance to use it consistently because only then 
a reliable comparison in time is possible, as many patients undergo multiple examinations 
during follow-up.  
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Fig. 21 CT images of a patient with a bicuspid aortic valve and aneurysmatic dilatation of the ascending 

aorta. In order to measure the diameter of the sinus of Valsalva accurately in this patient, a double 

oblique reconstruction in plane with the sinus of Valsalva (middle panel) is mandatory. Using a multi-

planar mode with three axes perpendicular to each other, a double oblique reconstruction is easily ob-

tained. By adjusting the purple axis in the left and right panel perpendicular to the sinus of Valsalva, 

the in-plane reconstruction in the middle panel is obtained. 

If possible, the aortic valve should be assessed concomitantly with the used imaging tech-
nique. The presence of a bicuspid valve is associated with aortic dilatation, and must be 
always considered when a dilated ascending aorta is found in a younger patient (Fig. 22). 
Furthermore, aortic valve insufficiency may be associated with aortic root dilatation and 
should therefore be evaluated. 

Imaging Techniques  

CT is the most commonly used imaging technique for initial assessment and follow-up of 
aneurysmatic disease of the thoracic aorta. However, other imaging techniques, espe-
cially MRI, can be used as an alternative in specific situations. 

Radiography 

Chest radiography has little value in the diagnosis of aneurysmatic disease of the thoracic 
aorta. It can provide a first clue to its presence by demonstrating a wide aortic shadow, 
but otherwise remains non-specific. 

Echocardiography 

Using echocardiography, only portions of the ascending aorta and arch can be visualized 
whereas the descending aorta cannot. The usual limitations of echocardiography (oper-
ator dependence, poor acoustic windows in certain patients (COPD, obesity)) also apply. 
Furthermore, for accurate measurement of the diameter, ideally a double-oblique orien-

Multimodality Imaging of the Cardiovascular System 

9797

3



Non-invasive Imaging for Cardiovascular Interventions 

 98 

tation perpendicular to the aortic axis is used, which is difficult to obtain with echocardi-
ography. However, echocardiography does provide valuable information on the mor-
phology and function of the aortic valve, which is of value for reasons mentioned above. 

 

Fig. 22 This contrast-en-

hanced coronal CT image il-

lustrates a fusiform dilata-

tion of the ascending aorta 

(asterisk) in a 38-year-old 

man. Note also the peculiarly 

advanced degeneration of 

the aortic valve (for his age), 

with thickened and heavily 

calcified leaflets (arrow). 

Closer examination with CT 

revealed a bicuspid aortic 

valve. 

 

 

 

 

 

CT 

Contrast-enhanced CT is the most commonly used imaging technique for diagnosis and 
follow-up of aneurysmatic disease of the thoracic aorta. It provides high-resolution three-
dimensional image datasets that can be reformatted in any desired imaging plane at 
every anatomic level of the aorta. This is especially helpful, as previously explained, for 
diameter measurement perpendicular to the vessel’s long axis. Furthermore, three-di-
mensional volume rendering views enable clear visualization of the entire aorta, facilitat-
ing pre-operative planning in complex cases. Due to the motion of the ascending aorta, 
ECG-gated or triggered acquisitions are often used and prove especially helpful to assess 
the aortic root. Radiation exposure is currently less of an issue with modern scanners be-
ing able to image the entire thoracic aorta at around 2 mSv (38). Besides morphological 
information on the aorta, CT can also demonstrate aortic valve insufficiency resulting 
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from annulus dilatation by showing central non-coaptation of the aortic valve leaflets. 
However, outside selected cases echocardiography and MRI are still being preferred in 
practice to assess the aortic valve, as they benefit from a longer experience and scientific 
validation for this indication and provide functional as well as anatomical information.  

MRI 

MRI provides an alternative to CT in selected cases, its main advantage being the lack of 
radiation and iodinated contrast exposure. The former is particularly valuable in young 
patients with frequent follow-up examinations, the latter in elderly patients with de-
creased renal function. Contrast-enhanced MRI provides excellent anatomic detail of the 
ascending and descending aorta as well as the arch (Fig. 23). Similar with CT, 3D contrast-
enhanced MRI sequences allow image reformatting of the aorta in various planes after 
the acquisition providing as such a correct assessment of aortic cross-sectional dimen-
sions. However, some techniques require the definition of the imaging plane before the 
actual acquisition, making it on occasion difficult to see whether one is truly perpendicu-
lar to the vessels’ axis (especially in a tortuous thoracic aorta). 

However, ECG-gating is still needed if adequate visualization the aortic root is required in 
order to eliminate motion artefacts and resultant blurring of the aortic borders, making 
this portion of the examination technically more complex. Other more advanced tech-
niques like ECG-gated steady state free precession acquisitions offer dynamic imaging of 
the aorta along the cardiac cycle, allowing diameter measurements to be performed in 
systole or diastole as desired. Finally, black blood imaging usually offers the best contrast 
between the aortic lumen and wall, and is therefore often used in the investigation of 
possible infectious/inflammatory wall disease (Fig. 24).  Nevertheless, it suffers from long 
acquisition times as a breath-hold maneuver is required for each image, making it less 
applicable in older or less cooperative patients. 

Also, MRI offers concomitant evaluation on the aortic valve for insufficiency, which may 
deliver a cause for premature aortic dilatation, especially in younger patients.  
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Fig. 23 Contrast-enhanced MR angiography of the aorta in a 52-

year-old man for follow-up of a known aneurysm at the aortic isth-

mus (asterisk). Long-term follow-up of such a findings is required for 

close monitoring of the aneurysms’ dimensions. The use of MR an-

giography for this indication is very well suited, as it can provide the 

necessary information without the need of repeated radiation expo-

sure and with a much better tolerated contrast agent compared 

with CT. 

 

 

 

 

 

 

 

 

 

 

 

Conventional Catheter Angiography  

Invasive conventional catheter angiography has no place in the current era for diagnosis 
of thoracic aortic aneurysms but is of course an integral part of endovascular thoracic an-
eurysm repair. 

Structured reporting 

A proposal for structure reporting can be found in Table 11. 
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The following items should be looked for and discussed in the different imaging reports 

Echocardiography (TTE) 

•    Aorta (annulus and arch) diameter 
•    Aortic valve morphology (bi- vs. tricuspid) and insufficiency/stenosis 
•    Left ventricular function and morphology (e.g. dilatation due to longstanding insufficiency, hyper-

trophy related to stenosis) 

 Contrast-enhanced CT  

• Use of ECG-triggering or gating and phase (systole / diastole) used for diameter measurements 
• Aortic diameter in double oblique reconstructions (levels see below) 
• Aortic valve morphology (bi- vs. tricuspid) and insufficiency (central non coaptation in diastole) 

 

Magnetic Resonance Imaging 

• Use of ECG-gating and phase (systole / diastole) used for diameter measurements 
• Acquisition sequence used for measurements 
• Aortic diameter in double oblique reconstructions if possible (levels see below) 
• Aortic valve morphology (bi- vs. tricuspid) and insufficiency (phase contrast imaging) 
• Left ventricular function 

Conclusion 

• use double oblique reconstructions for diameter measurement when possible 
• use specific anatomical sites for diameter measurement: annulus, sinus of Valsalva, sino-tubular 

junction, ascending aorta, arch, descending aorta. 
• always try to assess aortic valve morphology and function 

Table 11 Structured reporting  
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4.1 THE RELATION BETWEEN IMAGE QUALITY, PATIENT SAFETY AND THE EVO-

LUTION OF TECHNOLOGY 

 

There are not so many medical specialties in which the relation between technology, its 
clinical implementation and the resulting patient care is as closely linked as in radiology. 
This is especially true in the field of cardiovascular imaging, in which the inherent motion 
of the anatomy of interest and the required level of spatial resolution poses specific chal-
lenges to the imaging equipment and the radiologist. 

A proper knowledge of the underlying CT- and MR-technology in cardiovascular imaging 
remains essential in order to achieve the best possible results. This is, among others, re-
flected in the choice of CT scan technology by the radiologist, carefully selected to 
achieve maximum diagnostic results under the specific clinical condition of the patient. 
Failure to do so may not only result in unsatisfactory image quality, but also in an unnec-
essary higher radiation exposure of the patient. Given recent insights in the potential 
long-term effects of radiation exposure through medical imaging, this topic is currently 
the subject of intense debate and research. As a result, significant improvements have 
been made by CT manufacturers in order to obtain a lower radiation exposure without 
loss in image quality.  

Furthermore, image quality can be further degraded by several artefacts as the end result 
of the complex interaction between a CT scanner and a moving target (heart, coronary 
arteries, aortic root). Independent of other confounding factors, these artefacts can sig-
nificantly limit the application of CT under specific conditions. 

In this chapter, the underlying techniques for cardiac imaging using CT and the relation 
between image quality and radiation exposure are studied. The origin of several potential 
artefacts is explained, and potential solutions are offered. 
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4.2 IMAGE QUALITY IN CORONARY CT ANGIOGRAPHY: CHALLENGES AND 

TECHNICAL SOLUTIONS 

 

Abstract 

Multidetector CT angiography (CTA) has become a widely accepted examination for non-

invasive evaluation of the heart and coronary arteries. Despite its ongoing success and 

worldwide clinical implementation, it remains an often-challenging procedure in which im-

age quality, and hence diagnostic value, is determined by both technical and patient-related 

factors. Thorough knowledge of these factors is important to obtain high-quality examina-

tions. In this review, we discuss several key elements that may adversely affect coronary 

CTA image quality as well as potential measures that can be taken to mitigate their impact. 

In addition, several recent vendor-specific advances and future directions to improve image 

quality are discussed. 
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Introduction 

The high negative-predictive value of coronary CT angiography (CTA) makes it a suitable 
tool for excluding significant coronary artery disease (1). Coronary CTA is technically 
complex and places a greater emphasis on scanning technologies than any other type of 
CT examination. Indeed, coronary arteries both have small calibre and varying degrees of 
motion during the cardiac cycle (2). Image quality can be degraded by many patient- and 
technique-related factors. Image artefacts are causes for misinterpretation, making the 
diagnostic accuracy of coronary CTA to a great extent dependent on their recognition 
and operator-awareness (2, 3). Potential problems related to these artefacts include in-
sufficient tissue contrast, limited spatial and temporal resolution and inadequate volume 
coverage. The aim of this review was to discuss these technical issues, important recent 
vendor-specific solutions as well as future directions. 

Image Quality in Coronary CT Angiography 

The basic principle of coronary CTA is to acquire a motion-free volumetric data set 
through the heart during peak coronary artery enhancement. The final image quality and 
associated radiation exposure are determined by both technical and patient-related fac-
tors. Image quality is therefore a complex entity for which there is no single objective 
scale. It has been recently established that coronary artery size is an important parameter 
in determining image quality (4). While spatial resolution, as discussed in the next para-
graph, is the only objective method to evaluate image detail, other factors have been dis-
cussed in the literature. In practice, the final end point of all factors influencing coronary 
CTA image quality is their impact on image interpretation, which assumes that all of the 
following quantitative or qualitative variable scaling should be within an “acceptable” 
range: noise, vascular enhancement and coronary motion. 

Image noise is one of the principal determinants of image quality, and it mainly depends 
on the number of X-ray photons reaching the detector. Image noise is influenced by tech-
nical and patient-related parameters (e.g. weight and anatomy), regardless of the filters 
used during the image reconstruction process to achieve the desired amount of image 
sharpness vs noise. Image noise can be measured quantitatively by placing a region of 
interest (ROI) in contrast- enhanced structures (e.g. left ventricle cavity or thoracic aorta). 
The then obtained standard deviation of the Hounsfield unit values within the ROI area is 
a measure of image noise. Background noise can also be considered as the standard de-
viation of a ROI within the air (e.g. trachea or main bronchus) (5). Although no standard 
cut-off values of image noise have been reported, some authors suggested values of +/- 
30HU for improved coronary CTA image quality (6-8). 
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Besides image noise, image interpretability is further influenced by the degree of vascular 
enhancement. Previous reports have suggested that a vascular attenuation value of >400 
HU in the aorta is required for coronary CTA image interpretability (6-10). 

While vascular enhancement and image noise both are defining parameters in determin-
ing image quality, in practical terms it is more useful to use the signal-to-noise ratio. Sig-
nal- to-noise ratio is a generic term to indicate how much signal vs how much noise a 
particular image has. Similarly, contrast- to-noise ratio is determined by the differences 
in CT density values between different materials vs the background noise. When image 
noise and vascular enhancement are adequate, the remaining interpretability factors are 
motion related. These are subjective by nature, evaluated visually as apparent blurring of 
the coronary artery contours and luminal visualization using Likert scales (4, 11, 12). 

Factors Affecting Image Quality 

Technical parameters mainly include temporal resolution, spatial resolution, contrast res-
olution and radiation dose. It is further essential to synchronize image acquisition with 
cardiac motion by simultaneous electrocardiogram (ECG) recording. These technical fac-
tors are closely linked to each other in terms of balancing image quality vs radiation ex-
posure (3, 13). 

Temporal resolution is the minimal time necessary to compile all X-ray data that are re-
quired to calculate or reconstruct one cross-sectional CT data set. A high temporal reso-
lution is required in coronary CTA to ensure motion-free image quality of the fast-moving 
coronary arteries. The most relevant parameter with a proportional impact on temporal 
resolution is the rotation speed of the gantry tube. 

Spatial resolution defines the ability of a CT scanner to discern high-contrast anatomic 
details and is often specified in terms of line pairs per centimetre obtained from phantom 
scans. It must be considered both in the scan x–y plane (in-plane) as well as in the z direc-
tion (through-plane). Technically, the full width half maximum (FWHM) of the point 
spread function expresses the performance of CT scanners with regard to spatial resolu-
tion. The FWHM defines whether two adjacent structures will be represented separately 
in the images; two structures separated by at least one FWHM can in general be distin-
guished from each other, whereas two structures separated by <1 FWHM are bound to 
merge together in the reconstructed image. As such, the spatial resolution depends on 
the detector properties, but also on the reconstruction filter used, the object contrast and 
image noise. Since this information is not available on images, the voxel size is often used 
as an alternative surrogate marker (14). 
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Voxel size depends on pixel size within the axial image and through-plane resolution. It is 
determined by the matrix (e.g. 512 x 512) and the field of view, whereas through-plane 
resolution depends on the detector aperture width and focal spot size. According to the 
Nyquist frequency equation, the minimal coronary diameter evaluable without sampling 
error should be at least the double of the voxel size (3). An intrinsic spatial resolution (ex-
pressed as FWHM ) of about 0.5–0.7 mm, a voxel size of about 0.5 3 0.5 3 0.5 mm or smaller 
are, in general, adequate to image most of the epicardial coronary arteries. 

Fast coverage of the entire heart using the shortest acquisition time helps to avoid 
breathing-related artefacts, which can be achieved by increasing detector size and there-
fore anatomic coverage per rotation. In current multidetector CT scanners, detector ar-
rays (N x T) range from about 40 mm to 160 mm, where T is the individual slice thickness 
and N is the number of simultaneously acquired slices. When the whole heart is within 
the anatomic detector coverage per rotation, no table movement is necessary. Other-
wise, a varying amount of table movements and number of heart cycles is necessary to 
ensure complete cardiac coverage. The associated pitch is defined as the ratio of table 
feed per rotation to the detector coverage; p = table feed/(N x T), with typical values in 
CCTA ranging from 0.2 to 0.4 with single X-ray tube scanners, and up to 3 with dual-
source CT (DSCT) (13). 

The often-used term “contrast resolution” refers to the smallest difference in material 
density that can be detected between adjacent objects; it is often described as percent-
age (%) density difference at a defined exposure level. 

Radiation exposure can be quantitatively assessed by standard technical dose de-
scriptors: the volume CT dose index (in milligray) and dose-length product (in milligray 
centimetre). The estimated effective dose (E; in millisievert) represents the biological risk 
by the whole-body dose to a reference human. It is preferably estimated by using a de-
tailed computational organ dose model that accounts for selected techniques, anatomi-
cal location of the scan and patient size (15, 16). For practical reasons, a rough estimate 
can also be provided by using a general dose–length product to E conversion coefficient, 
the so-called k-factors that are determined by the anatomical location. The reported use 
of conversion factors that are established for conventional chest CT k=0.014–0.017 mSv 
mGy-1 cm-1 tend to severely underestimate the E in coronary CTA, where a value of k = 
0.026 mSv mGy-1 cm-1 is more appropriate (15). The estimation of E remains problematic 
for partial-body exposure, with an inherent relative uncertainty of approximately +/- 40% 
(17). Therefore, the exact impact of dose-reducing strategies should be evaluated by us-
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ing technical dose descriptors. Nevertheless, E remains valuable to compare dose be-
tween anatomic regions and with other imaging modalities. Radiation dose is closely re-
lated to image quality, and both are influenced by virtually all patient-specific and CT ac-
quisition parameters, including tube current (milliampere), energy (kilovoltage), gantry 
rotation speed, scanning length and table speed (17). 

Image Quality and Artefacts 

Image artefacts usually result from the failure of previously mentioned determinants of 
image quality. Clinically relevant artefacts on CCTA and their potential solutions are sum-
marized in Table 1. The most common artefacts are related to cardiac, pulmonary or bulk 
body motion, resulting in coronary artery blurring (Fig. 1) and stairstep artefacts (Fig. 2). 
Their presence depends on the scanner temporal resolution, but also on the presence of 
extracardiac movement such as respiratory or voluntary motion. 

 

Fig. 1 Long-axis curvilinear reformation of the right coronary artery on a prospective electrocardiogram 

(ECG)-triggered coronary CT angiography scan shows cardiac motion-related blurring artefact of the 

second segment (a, circle), due to a high heart rate (HR), as shown on the simultaneously recorded ECG 

(b, average HR = 75 bpm). 
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Fig. 2 Long-axis curvilinear reformation of the right coronary artery on retrospective electrocardiogram 

(ECG)-gated coronary CT angiography shows stairstep artefacts (a, arrows) due to cardiac arrhythmia, 

as shown on the simultaneously recorded ECG.  

Blurring occurs when the temporal resolution is insufficient to accurately register the 
moving targeted structure (e.g. when data sampling exceeds the diastolic rest period, ei-
ther due to a high heart rate (HR), or due to the selection of an inappropriate reconstruc-
tion window). The right coronary artery is most commonly affected owing to its higher 
velocity and range of motion compared with other coronary segments (2). 

Banding or stairstep artefacts are section gaps in imaging data due to cardiac phase mis-
registrations between consecutive gantry rotations. The most frequent causes are ar-
rhythmia or HR variation during acquisition. 

Beam hardening is caused by an increase in mean photon energy of the X-ray beam when 
it passes through a cross-section with heterogeneous density. The lower energy photons 
of the polychromatic beam are primarily absorbed, resulting in a higher mean energy of 
the beam when it reaches the detector. It results in dark bands throughout the image, the 
so-called streak artefacts. In practice, these artefacts are typically generated by highly 
attenuating structures or interfaces such as high iodine con- centration (e.g. in the supe-
rior vena cava), surgical clips and metallic implants (pacemaker, stent struts). 

In blooming artefacts, high-attenuation objects appear larger than they are. This results 
from multiple factors, including inadequate photon energy and partial volume effect; the 
latter is caused by an insufficient temporal and spatial resolution particularly in the z-di-
rection (13). Coronary stents, and to some extent vascular calcifications, are of special 
importance for attenuation-related effects, as they generate both streak and blooming 
artefacts, causing inappropriate vessel lumen visibility or in-stent visualization due to mo-
tion, partial volume effect and beam hardening (Fig. 3). 
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Table 1. Main coronary CT angiography artefacts causes and solutions 

Artefacts Problem Cause Solution 

Blurring Motion HR > acquisition speed 
Respiration during acqui-
sition 
Inappropriate cardiac cy-
cle phase reconstruction 

HR control (β- or calcium channel blockade, 
ivabradine) 
Breath-hold instructions 
Optimal cardiac cycle phase reconstruction 
Use multisegment acquisition/reconstruction 
and Intelligent boundary detection 

Stairstep or 
banding 

Motion 
Cardiac cycle phase 
misregistration 

HR variation (tachycar-
dia/arrhythmia) 
ECG signal failure 
Respiration during acqui-
sition 

HR control (β- or calcium channel blockade, 
ivabradine) 
Optimal cardiac cycle phase reconstruction 
ECG editing 
Pre-scan ECG quality check 
Breath-hold instructions 

Streak Dark bands through 
objects adjacent to 
high-attenuation struc-
tures (beam-harden-
ing effect) 

Metallic implants, surgical 
clips and coronary stents 
Vessel filled with high io-
dine concentration 

Avoid undiluted contrast (use saline bolus flush) 
Use a high-kilovoltage monoenegetic X-ray 
beam (dual-energy CT) 

Blooming High-attenuation ob-
jects appear larger 
than they are 

Coronary calcifications 
Metallic implants, clips 
and coronary stents 

Use high spatial resolution reconstruction algo-
rithms + iterative reconstruction (to decrease 
the noise) 
Use the smallest available focal spot 
Use a high kilovoltage monoenegetic X-ray 
beam (dual-energy CT) 

Windmill Highly attenuating 
structures are sur-
rounded by low-atten-
uating rims, and low 
attenuating structures 
appear larger and 
have a “fan-like” ap-
pearance 

Moving structures during 
acquisition 
HR > temporal resolu-
tion > spiral acquisition 
pitch 

Prefer sequential acquisition 
HR control (β- or calcium channel blockade, 
ivabradine) 
Optimize spiral scanning pitch 

Low attenu-
ating 

Air bubbles Air within the contrast 
material bolus 
Surgery 

Check i.v. line before contrast injection 
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Fig. 3 High-attenuating coronary CT angiography artefacts on long-axis curvilinear reformation im-

ages of the left anterior descending artery: (a) a 65-year-old male with history of multiple coronary 

stentings. Two stents are visible, with the proximal one being highly attenuating (arrow) and prevent-

ing lumen visualization, while the distal stent exhibits a better luminal visibility (arrowheads). (b) A 69-

year-old male with diabetes mellitus. Extensive calcifications prevent luminal assessment (arrows). 

Blooming artefact magnitude and stent lumen visibility largely depend on stent size, strut 
thickness, material and mesh design (18). Magnesium stents are far more favourable for 
coronary CTA than tantalum-coated stents with up to 90% in-stent visibility, depending 
on stent size (19). 

Helical artefacts with their typical windmill-like appearance are seen in moving objects 
during spiral acquisition, or in cases with ECG synchronization failure. The table move-
ment during the acquisition results in projections from slightly different parts of the ob-
ject. In coronary artery segments that are obliquely oriented along the z-axis, this spiral 
interpolation process results in hypodense areas surrounding the vessels (Fig. 4). 

Finally, image artefacts can also theoretically be caused by low-attenuating objects such 
as air bubbles introduced in the right heart or pulmonary artery during contrast material 
administration or in the mediastinum after surgery (2, 3). In practice, the hypodense 
zones surrounding these air bubbles do not alter coronary visibility. 

Image Quality Improvement Strategies 

All the major CT scanner vendors have devised their own proprietary solutions for ap-
proaching the key artefacts and technical limitations discussed above (Fig. 5 and Table 

2). Besides the discussed technical parameters, a successful coronary CTA also depends 
on proper patient selection and preparation (Fig. 6). Furthermore, as with every CTA ex-
amination, a strong and homogeneous arterial enhancement of the coronary arteries is 
required. Important parameters to consider here include contrast agent volume, iodine 
concentration, injection speed and bolus duration, which should be adjusted to the body 
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habitus of the patient [e.g. body mass index (BMI)] (20). Intraluminal contrast attenua-
tion, a determinant of image quality, is also influenced by other technical parameters 
(21), as for e.g. it has been showed that lowering the kilovoltage from 120kV to 100 kV 
not only reduces radiation exposure, but also results in a significant increase (27–36%) of 
the vascular attenuation at the same injection rate. 

 

Fig. 4 Coronal (a) and axial (b) reformats of coronary CT angiography shows low-density artefacts (ar-

rows) around the contrast-filled right coronary artery, due to inadequate spiral pitch with regard to 

heart rate. 

This is due to the higher attenuation of iodine at lower energy (22, 23). However, image 
noise is also increased in the range of 16–81% (22, 24), which allows further decrease of 
the tube energy to 80 kV only in children and adults with low BMI (21, 25). A more exten-
sive discussion falls outside the scope of this review. 
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Fig. 5 Major changes in coronary CT angiography technology over the first decade of the 21st century: 

while the number of detectors and the coverage have been increased more than 10-fold, the gantry 

rotation time has been decreased by more than a half. 

Patient Selection and Preparation 

Patients with heavily calcified coronary arteries are subject to a higher rate of false-posi-
tive examinations, owing mainly to streak and blooming artefacts generated by these 
high-density structures (26, 27). Even with 64-slice and newer CT systems, the sensitivity 
and specificity of coronary CTA for significant stenosis remains high in the presence of 
severe calcifications (28). Because motion further intensifies calcium-related artefacts 
(26), patients should be screened for compliance to breath-hold and HR stability. De-
pending on the temporal resolution of the scanner, patients with irregular HR or HR above 
a certain limit (typically 65 beats per minute) are pre-medicated with beta-blockers in 
some facilities, both to improve image quality and to reduce radiation exposure. How-
ever, the efficacy of beta-blocker administration to consequently achieve the targeted 
HR remains a subject of discussion (29). In patients with relative or absolute contraindi-
cations to beta-blocker administration, calcium-channel blockers and ivabradine are 
known alternatives (30). 

Finally, the administration of 0.4-mg sublingual nitroglycerin prior to coronary CTA in-
creases the coronary diameter for improved image quality, especially for smaller 
branches (31). 
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Table 2 Top four vendor recent technological advances in coronary CT angiography. ADMIRE, Ad-

vanced Modeled Iterative reconstruction; AIDR, Adaptive Iterative Dose Reduction; AIDR 3D, Adaptive 

Iterative Dose Reduction 3D; ASIR, Adaptive Statistical Iterative Reconstruction; ECG, electrocardio-

gram; FIRST, Forward Projected Model-based Iterative Reconstruction SoluTion; iDose4, i-dose itera-

tive reconstruction; IMR, Iterative Model-Based reconstruction; IRIS, Iterative Reconstructions in Im-

age Space; MBIR, Model-Based Iterative reconstruction; SAFIRE, Sinogram Affirmed Iterative Recon-

struction; 3D, three-dimensional. 

 

Fig. 6 (next page) Step-by-step strategies to optimize image quality and radiation dose with coronary 

CT angiography (CTA): different actions can be implemented to produce sizable effects towards image 

quality and radiation dose optimization with current coronary CTA technology. The grey boxes high-

light the role of expected technological advances. BMI, body mass index; BP, blood pressure; HR, heart 

rate; IR, iterative reconstruction; kV, kilovoltage; mA, milliampere. 

 

Item Vendor 
General Electric Philips Siemens Toshiba 

Arrhythmia Adaptative gating 
ECG R-peak Editor 

Autoarrhythmia detec-
tion 
ECG R-peak Editor 

Adaptive cardio se-
quence 
ECG R-peak Editor 

Arrhythmia detec-
tion 
ECG R-peak Edi-
tor 

Gantry rotation speed (ms) 280 270 250 275 

Maximum z-axis coverage/ro-
tation (sequential) (cm) 16 8 7.68 16 

Number of X-ray tubes 1 1 1 or 2 1 

Current detector technology Gemstone clarity NanoPanel prism 
(IQon) Stellarinfinity PUREVision 

Hybrid noise reduction soft-
ware acronym ASIR iDose4 

IRIS 
SAFIRE 
ADMIRE 

AIDR 
AIDR 3D 

Full noise reduction software 
acronym MBIR or Veo IMR  FIRST 
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Hardware Solutions 

Significant advances have taken place during the past decade for the main scanner hard-
ware component, the gantry, containing the tube(s) and detectors. All vendors have 
placed a critical emphasis on the improvement of the gantry rotation speed and (varying 
across vendors) the increase of number of detectors, as such improving the data acquisi-
tion (12, 32). Scan duration should be as short as possible to limit motion artefacts of the 
fast-moving coronary arteries. 

In coronary CTA, partial reconstruction algorithms allow image reconstruction from data 
acquired within a half gantry rotation, the so-called half-scan (3). This may be confusing, 
since the X-ray fan beam angle of the CT detectors (approximately 50°) plus a transition 
angle for smooth data weighting should be added to the 180° rotation, resulting in a min-
imal rotation of approximately 260° for image reconstruction (13). The influence of the 
fan angle increases if the positioning of the heart deviates from the centre of the scan 
field, resulting in lower temporal resolution. The maximal tube rotation speed of current 
scanners is within the range of 250–350 ms (Table 2). Additional hardware-based im-
provements of temporal resolution have been made possible with DSCT. DSCT is con-
structed with two X-ray tubes at an angle of approximately 90°, and two corresponding 
detector rows within a single gantry, resulting in a twofold increased temporal resolution 
in comparison with single-source scanners. 

Scanner tubes have benefited from flying focal spot technologies, along with improved 
power and cooling capacities. Emphasis on detector properties has led to increased sen-
sitivity to photons, along with reduced collimation and reduced refractory period be-
tween detected pulses. Since spatial resolution of multi-detector CT is influenced by col-
limation and focal spot size (13), it has especially improved since the introduction of sub-
millimetre (0.5–0.625mm) detector size elements. Recent detector technologies, along 
with tube energy rapid switching capacity and dual source in some vendors, have made 
dual-energy scanning possible, which allows assessment of the X-ray absorption spectra 
from a broad range of monoenergetic exposure. Regarding image quality, dual-energy 
acquisitions allow the reconstruction of the anatomy at both a low (virtual) and high en-
ergy (kilo-electron volt) (33), which may be helpful to mitigate streak artefacts or assess 
tissue iodine concentration. 

Increased detector coverage to 8 cm and 16 cm per gantry rotation using 256- and 320-
row detector scanners, respectively, currently enables heart coverage with minimal or 
even no table movement. Image acquisition time is shortened, requiring a minimal num-
ber of heartbeats (ideally one) and a shorter breath-hold, with less susceptibility to the 
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occurrence of arrhythmias or ectopic beats. An alternative approach for obtaining single 
heart beat coverage is by using fast table movement (high-pitch) spiral acquisition proto-
cols, currently only possible with DSCT systems (34). 

Software Solutions 

One of the specific challenges of coronary CTA is a correct ECG synchronization of the 
data acquisition to the HR of the patient. ECG synchronization can be either prospective 
or retrospective. With retrospective ECG-gated techniques, scanning is performed 
throughout the entire cardiac cycle. After all data have been obtained, a user-defined re-
construction of the desired segments of the cardiac cycle is performed, corresponding to 
the optimal phase of the coronary arteries with least coronary motion. Conversely, in pro-
spective ECG triggering, scanning is only performed during a predefined segment of the 
cardiac cycle, typically at end-diastole in lower and stable HRs. 

Temporal resolution is further influenced by the choice between monosegment and mul-
tisegment reconstruction (Fig. 7). The monosegment reconstruction mode is typically ap-
plied in HR of 65–75 bpm, the upper limit depending on the effective temporal resolution 
(gantry rotation time) of the available equipment. When used in higher HR, the delivered 
temporal resolution is insufficient to provide high-quality images. In such instances, mul-
tisegment reconstruction is typically used to improve the temporal resolution. In mul-
tisegment acquisitions, several partial scans at a given position are acquired, multiplying 
the temporal resolution by a factor equal to the number of segments. Contrary to mon-
osegment reconstructions, at least two heartbeats are needed, which can be acquired 
prospectively or retrospectively. Multisegment data acquisition can be applied in a pro-
spective triggering mode, if the detector array is large enough to cover a substantial part 
of the cardiac volume per rotation. In retrospective ECG-gated acquisitions, mul-
tisegment reconstructions require a smaller pitch for similar HRs than monosegment re-
constructions to provide sufficient data redundancy with regard to the actual HR (3, 35). 
Disadvantages of multisegment reconstructions include the requirement that all seg-
ment imaging should be performed within exactly the same phase of the cardiac cycle, 
and spatially adjacent segments have to be imaged in the same cardiac phase to build-up 
smooth half-scan intervals. Unfortunately, variations in consecutive cardiac cycles tend 
to increasingly lower image quality using multisegment reconstruction as compared with 
monosegment. Moreover, in retrospective gated acquisitions, there is a complex rela-
tionship between the cardiac cycle duration (HR), the rotation speed and multisegment 
reconstruction (36, 37). 
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Fig. 7 Coronary CT angiography in a 41-year-old male with a heart rate of 92 bpm: excellent image 

quality (arrows in a) of the right coronary artery is obtained on the long-axis curvilinear and orthogonal 

reformations after multisegment reconstruction of whole-heart data acquired over two cardiac cycles 

(arrows in b). The reconstruction of single segment data (arrow in d) resulted in a lower temporal reso-

lution and caused a poorer image quality (arrows in c). 

Other recently introduced motion-reducing software algorithms include automated 
boundary detection and algorithms using information from adjacent cardiac phases 
within a single cardiac cycle to characterize vessel motion (Fig. 8). As such, actual vessel 
position is determined at the target phase and adaptively compensated to reduce unex-
pected motion (38). 
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Fig. 8 Long- and short-axis 

multiplanar reformats of 

the right coronary artery on 

a prospective electrocardio-

gram-triggered acquisition 

with an average heart rate 

of 67 bpm without (a and b) 

and with a temporal resolu-

tion improvement algo-

rithm (c and d), allowing 

minimization of the cardiac 

motion-related blurring on 

the right coronary artery 

and assessment of the stent 

patency (arrows in a and c). 

 

 

 

 

Strategies to tackle arrhythmia depend on the type of acquisition: (i) for retrospective 
spiral acquisitions, arrhythmia-induced artefacts can be countered with retrospective ed-
iting of the re- construction phases based on the continuous ECG registration during the 
acquisition; (ii) for prospective and high-pitch spiral scans, the acquisition is automatically 
suspended and delayed to a following heartbeat when HR changes are detected (37). 

The in-plane spatial resolution of CT theoretically approximates the 0.1 mm and 0.2 mm 
spatial resolution of intravascular ultrasound and catheter angiography, respectively. 
However, in clinical practice, the in-plane spatial resolution is limited to approximately 
0.5 mm by the use of smoothing convolution reconstruction algorithms. Although such a 
spatial resolution is sufficient for the assessment of significant coronary artery stenosis in 
vessels of 1.5 mm or more in diameter, it may remain inadequate to assess stent patency 
and to confidently grade coronary stenosis in severely calcified arteries (39, 40). 

In order to achieve a spatial resolution comparable with catheter angiography, theoreti-
cally a 16-fold increase of the radiation dose would be needed, since an increase of spatial 
resolution proportionally increases image noise in standard filtered back projection (FBP) 
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reconstructions (13). Recently implemented noise reduction reconstruction algorithms, 
the so-called iterative reconstruction, in combination with dedicated sharp reconstruc-
tion algorithms theoretically allow decoupling of spatial resolution and image noise for 
better image quality and improved diagnostic performance for the evaluation of in-stent 
lumen (Figure 9) and coronary calcifications by reducing partial volume effects (41, 42). 

 

Fig. 9 Coronary CT angiography in a 55-year-old male with history of left main trunk, left anterior de-

scending and circumflex artery stenting: two different reconstructions algorithms (standard in a and 

sharper in b) are performed using iterative reconstruction techniques and the smallest field of view 

(8 cm). With the sharper reconstruction algorithm, higher image noise is seen as compared with the 

standard reconstruction, but more details of the proximal circumflex artery severe in-stent restenosis 

are seen (arrow in b), with a better correlation with catheter coronary angiography (arrow in c). 

Radiation Exposure Savings and Trade-offs  

Initially, coronary CTA was typically associated with radiation doses amongst the highest 
in medical imaging, with reported E ranging up to 16–32 mSv (43). Today, radiation ex-
posure has been drastically reduced by technical advances and the implementation of 
dose-efficient strategies, while maintaining high-quality images (44). Standard dose re-
duction strategies are: (i) dynamic tube current modulation by cardiac phase and tissue 
density, (ii) tube voltage reduction and (iii) dynamic collimation in helical acquisition. One 
study reported a dose reduction of 68% by shifting from retrospective to prospective ECG 
modulation in patients with a low and stable HR (mean 56 bpm) and a 53% dose reduction 
by switching the tube voltage from 120 kV to 100kV (45, 46). The limitations of tube volt-
age reduction are increased image noise levels and tube heating. It should therefore be 
primarily considered in patients who are not obese (BMI <30 kg m-2). Dynamic collimation 
helps to reduce undesired exposure due to z-axis overbeaming, which is particularly 
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prominent with helical scanning (24% dose saving) (47). More recent strategies to reduce 
dose are the above-discussed high-pitch DSCT acquisition, wide coverage scanners and 
iterative reconstruction. Compared with standard FBP, hybrid iterative reconstruction re-
fers to an algorithm using mathematical and statistical modelling to reduce image noise 
while trying to preserve high-resolution images by performing repeated backward “iter-
ative” reconstruction cycles, resulting in a reduction of exposure without increase of noise 
(42, 48). Although all manufacturers now employ at least one hybrid iterative reconstruc-
tion algorithm technology, the implementation and performance of these systems can 
vary significantly (41, 49). Further newer systems using full-iterative reconstruction are 
progressively being implemented. Obviously, the largest dose reductions can be 
achieved by a combination of previously described strategies (12, 34). 

Despite the fact that nowadays the E in coronary CTA can approach the level of annual 
background radiation under certain conditions, the female breast tissue dose remains a 
concern and is reported 10–30 times higher (50) compared with the achievable dose of 
2.0 mGy in standard mammography for standard breast thickness (51). 

Besides implementing the earlier described dose-efficient scan modes, further breast 
dose reduction can be achieved by selective in-plane bismuth shielding. Although contro-
versy still exists regarding its use owing to the deleterious impact on image noise, studies 
do report 40–50% breast dose savings (52). Moreover, a recent study reported a degra-
dation of the image quality and no effect on the amount of DNA damage using breast 
shielding during coronary CTA in females (53). 

Image Quality and Future Directions 

Further improvements in scanner hardware, software and image processing are promis-
ing for a better image quality and/or less radiation dose (Fig. 6). 

Coronary motion will be further reduced by intelligent motion correction algorithms, 
faster transfer systems and multisource scanning (38, 54), whose implementation, alone 
or in combination, is currently limited by the computational demand in image reconstruc-
tion power. 

Conversely, advances in spectral imaging have paved the way towards photon counting, 
a technology in which the whole photonic spectrum is analysed (55). However, it is cur-
rently not clinically implemented as the limited count rate, energy-integrating detection, 
increased detector pixel crosstalk and electronic noise are major limitations of this tech-
nology (56). Eventually, photon counting is expected to improve soft-tissue discrimina-
tion, to reduce the radiation dose and to provide higher spatial resolution (57). Compared 
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with dual energy, photon-counting coronary CTA will provide more detailed information 
about myocardial and coronary plaque components by analysing differences in contrast 
agent concentration and/or spectral attenuation. In addition, improvement of spatial res-
olution is expected from ongoing development of detector technology, which could pro-
vide a reduction of the slice collimation without significant increase of the radiation ex-
posure. This can currently only be achieved at the cost of increasing noise (58). 

In contrast to hybrid iterative reconstruction algorithms, full-iterative algorithms intro-
duce model-based forward projection reconstruction analyses, resulting in a further de-
coupling between the image noise and radiation dose, especially in the low-dose ranges 
(volume CT dose index 2–4mGy). >50% noise suppression is reported compared with the 
standard FBP. Disadvantages of full-iterative reconstruction algorithms are the compu-
tational demands, resulting in substantially longer image reconstruction times (59-62). 

 

Conclusion 

The recent vendor-specific advances have resulted in a dramatic improvement of scan-
ning coverage, spatial, temporal and contrast resolution. Easier acquisition, post-pro-
cessing and better diagnostic confidence are expected from the ongoing image quality 
improvement. In parallel, patient safety has been improved by dose reduction strategies 
and recent achievements indicate that even further dose reductions are to be expected 
in the near future. There are similarities, but also marked differences between main CT 
constructor technologies. It is therefore questionable how far a combination of the main 
strengths from each constructor into one single “perfect” scanner would not represent a 
huge step. Meanwhile, the current state-of-the art scanners have already shifted the per-
ception of coronary CTA being a harmful technique towards a dose-efficient technique 
that is associated with only minor radiation exposure, paving the way for newer indica-
tions such as coronary and cardiac tissue composition imaging. 
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5.1 TRANSCATHETER VALVE REPLACEMENT TECHNIQUES 

 

Recent developments in transcatheter-based therapies have provided an alternative 
therapeutic option for the patient subpopulation with critical aortic valve stenosis which 
is deemed inoperable or at high-risk for surgery. In this new approach, the native aortic 
valve is replaced by a bioprosthetic valve brought in place using a non-surgical endovas-
cular or transapical pathway.  

This new technique, called transcatheter aortic valve implantation (TAVI) or –replace-
ment (TAVR), which was not so long ago considered a merely theoretical possibility, has 
rapidly evolved into an accepted treatment method for the mentioned population. How-
ever, in order to achieve procedural success and limit complications, detailed knowledge 
of the anatomy of the aortic root and the potential access routes are key elements in the 
work-up of these patients. 

While initial trials relied on echocardiography as main imaging tool to assess the aortic 
root and annulus, its limitations as an operator-dependent and inherently two-dimen-
sional imaging technique have led to an increased interest in the use of CT for anatomical 
assessment. Therefore, an important task has as such been transferred to the radiologist 
for further assessment. 

This way, TAVR forms not only a good example on how new technologies can signifi-
cantly improve patient care, but also on how radiologists can become more involved in 
the pre-procedural diagnostic algorithm and as such increase their involvement in clinical 
care. 

In order to properly assist the clinician or surgeon, a solid knowledge of the procedure, its 
implementation and the key anatomic elements is needed. In this chapter, all aspects rel-
evant to the radiologist regarding this new procedure will be investigated and reviewed. 
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5.2 PRE-PROCEDURAL CT EVALUATION BEFORE TAVR: WHAT THE RADIOLO-

GIST NEEDS TO KNOW 

 

Abstract 

 

Aortic valve stenosis is the most common valvular heart disease in the Western World. When 

symptomatic, aortic valve stenosis is a debilitating disease with a dismal short-term progno-

sis invariably leading to heart failure and death. Elective surgical valve replacement is tradi-

tionally considered the standard of care for symptomatic aortic valve stenosis. However, 

several studies have identified various subgroups of patients who have a significant elevated 

risk for operative complications and death. Accordingly, not every patient is suitable for sur-

gery. Recent developments in transcatheter-based therapies have provided an alternative 

therapeutic strategy for the non-surgical patient population, replacing the native aortic 

valve by a bioprosthetic valve brought in place using a non-surgical endovascular or trans-

apical pathway. This procedure has been named Transcatheter Aortic Valve Replacement or 

Implantation (TAVR, TAVI), or also Percutaneous Aortic Valve Replacement (PAVR). Never-

theless, several anatomic and technical criteria have to be fulfilled in order to safeguard pro-

cedural eligibility and success.  Therefore, there is a crucial role for non-invasive imaging in 

both patient selection and subsequent matching to a specific transcatheter valve size, in or-

der to ensure accurate prosthesis deployment and minimize peri- and post-procedural com-

plications.  

In this paper, the relevant anatomy will be reviewed, emphasizing anatomic pitfalls, their 

implications for correct reporting of imaging-derived measurements, and highlighting im-

portant differences between imaging modalities. Furthermore, the evolving role of CT-imag-

ing and the role of the radiologist in the triage of patients will be discussed, reviewing current 

viewpoints in both patient and proper device size selection and the pre-procedural evaluation 

of the possible access routes. 
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Introduction 

Severe aortic valve stenosis is the most frequent valvular heart disease in Western na-
tions, mostly secondary to ageing processes and increased life expectancy of the popula-
tion. In recent years, new therapeutic options have emerged with the introduction of 
transcatheter valves for certain specific subpopulations. Contrary to open surgery, all re-
quired pre-operative information for technical patient selection and correct matching to 
a specific transcatheter valve size is obtained almost exclusively from non-invasive imag-
ing methods. In this article, the current state of treatment using this new endovascular or 
minimally invasive technique is discussed, with emphasis on the relevant anatomy of the 
aortic root and the role of multidetector CT (MDCT) imaging in the selection of eligible 
patients and adequate prosthesis size matching. 

Aortic Valve Stenosis: Definition and Clinical Consequences 

Aortic valve stenosis is defined as an obstruction to the left ventricular outflow at or near 
the level of the aortic valve, with quantitatively an aortic stenosis jet velocity >4 m/s, a 
mean gradient >40-50 mm Hg, and an aortic valve area <1.0 cm2 (1). Critical aortic valve 
stenosis is reached when the area is less than 0.6 cm2. While aortic valve stenosis can be 
sub- or supravalvular, it is the valvular form which is most frequently encountered in 
adults. The overall prevalence is estimated to be 5 %, mostly affecting the elderly popu-
lation with 2-3% of the population over the age of 75 having severe aortic valve stenosis 
(2).  Aortic valve stenosis is a progressive disease evolving from non-symptomatic valve 
disease with thickened and calcified leaflets but without hemodynamic repercussions 
into an increasingly degenerative valve with extensive calcified and immobile leaflets. As 
the degree of valve stenosis worsens, symptoms evolve from mild to severe with increas-
ing fatigue and shortness of breath as common complaints, and with patients invariably 
progressing into heart failure. The final symptomatic stage is short and rapidly progres-
sive, and is as such associated with a 2-year survival rate of 50% or less (3-5). 

Evolving Treatment Options for Severe Aortic Valve Stenosis 

Traditionally, elective surgical aortic valve replacement is considered the most effective 
treatment for advanced disease, significantly improving symptoms and survival com-
pared to those who refused or could not have surgery (6, 7). Aortic valve bypass where 
the left ventricular apex is connected to the descending aorta by a conduit valve is also a 
surgical option, although more rarely performed. 

Unfortunately, not all patients are eligible for surgery. Several studies have identified var-
ious subgroups of patients who have a substantially elevated risk for operative complica-
tions or death (8-10), with some series reporting inoperability in up to 32% (4). Factors 
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contributing to a substantially increased operative risk include frailty and old age, prior 
radiation therapy with significant chest damage, heavily calcified aorta, severe pulmo-
nary or hepatic disease and chest deformities. Surgical risk is also increased in the pres-
ence of depressed renal function, previous stroke, peripheral vascular disease and re-
duced left ventricular function. Since untreated symptomatic aortic valve stenosis has a 
dismal short-term prognosis, a less invasive approach is needed for this subgroup of pa-
tients. 

In recent years, alternative therapeutic options for inoperable deemed patients have 
emerged with the development of transcatheter-based therapies and specific aortic valve 
prostheses that can be transported to the aortic root using a non-surgical endovascular, 
transaortic or transapical approach.  Once in place, these bioprosthetic valves function-
ally replace the native valve by displacing it to the aortic root wall during deployment. 
Given their less invasive nature these procedures are less demanding on patients and can 
therefore be applied in the specified non-surgical subgroup.  This procedure is named 
transcatheter aortic valve replacement or implantation (TAVR, TAVI) or percutaneous aor-

tic valve replacement (PAVR). Recently published data from individual centers, large pro-
spective studies, observational registries and multicenter randomized controlled trials 
have validated the efficacy of TAVR compared with the standard of care in patients with 
severe aortic valve stenosis. Currently a TAVR procedure is therefore a valid treatment 
option in both in the high-risk surgical cohort (PARTNER A) and in the subgroup deemed 
to be too high-risk for conventional surgery (PARTNER B) (11-15). These results, together 
with promising short- and medium-term outcomes have led to the success and increas-
ingly widespread clinical implementation of this intervention with currently over 50,000 
procedures performed worldwide (16, 17). Long-term outcomes are, considering the only 
recent clinical implementation of the technique, not yet known. 

Nevertheless, not every patient who is refused or at high-risk for surgery is a good candi-
date for TAVR. A thorough clinical evaluation remains an important part of the global 
procedural assessment, as the overall condition of some patients may be so severely 
compromised by frailty, known and/or masked co-morbidities and a deteriorated mental 
state that even a successful TAVR procedure will have little chance of improving quality 
of life. Besides this clinical selection, certain technical and anatomic criteria have to be 
met, and it is in this respect that non-invasive imaging techniques play a crucial role in the 
selection and further pre-procedural work-up of patients. 
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TAVR: Definition of the Procedure 

Fundamentally, a TAVR procedure consists of deploying a bioprosthetic aortic valve in 
the aortic root after transportation of the device from a chosen entry point. The approach 
can be retrograde using the femoral or subclavian arteries as an endovascular access 
point, or anterograde percutaneous transapical through the apex of the left ventricle.  Fi-
nally, a suprasternal approach through the brachiocephalic trunk, an anterior approach 
through a minimal right anterior thoracotomy or a partial mini-sternotomy for transaortic 
placement through the ascending aorta is also possible (18-21).   

Currently, two types of transcatheter valves are commercially available for TAVR. Edward 
Lifesciences (Edwards Lifesciences, Irvine, CA, USA) provides the balloon-expandable Sa-
pien and Sapien XT valves (Fig. 1a). The latter valve is a slightly different version, intro-
duced in Europe and featuring a cobalt-chromium lower profile frame. Medtronic pro-
duces the self-expandable CoreValve ReValving system (Fig. 1b) (Medtronic, Minneap-
olis, MN, USA). These transcatheter valves have different physical properties, with char-
acteristics as extensively described elsewhere (12, 22, 23). A brief summary is given in Ta-

ble 1. While both devices have seen worldwide clinical implementation, only the Sapien 
valve has received approval from the Food and Drug Administration for the US market 
for patients with severe symptomatic aortic stenosis considered to be at high surgical risk 
or who are declined for surgery owing to excessive risk. 

           

Fig. 1 Currently clinically implemented transcatheter valves. (a) The balloon-expandable Sapien XT 

valve (Edwards Lifesciences) consists of a cobalt-chromium frame and bovine pericardial leaflets. (b) 

The CoreValve (Medtronic) has a self-expanding nitinol frame and porcine pericardial leaflets. 
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Sapien XT CoreValve 

Manufacturer Edwards Lifesciences Medtronic 

Aortic annular range (mm) 18-27 18-29 

Deployment balloon-expandable self-expandable 

Frame cobalt-chromium nitinol 

Pericardial leaflets bovine porcine 

Valve function intra-annular supra-annular 

Access routes transfemoral 
transapical 
transaortic 

transfemoral 
transaxillary 
transaortic 

Delivery sheath size 22-24F 
16/18F (Novaflex +) 

18F 

Table 1 Concise overview of the different properties of both Sapien and Corevalve transcatheter valves 

and their respective delivery systems. 

Several device sizes exist, covering different diameter ranges of the native aortic annulus 
(Fig. 2). As such, with the current commercially available devices TAVR is technically pos-
sible when the aortic annular diameter is in between the range of 18 to 29 mm (range for 
the two devices combined). Nevertheless, multiple vendors are currently developing 
other devices, so the mentioned size criteria will certainly continue to evolve in the com-
ing years. 

Regardless of the chosen device, traditionally balloon aortic valvuloplasty is first per-
formed to dilate the stenotic native aortic valve to allow better passage of the transcath-
eter valve to its final position. Subsequently, the position of the unexpanded prosthetic 
valve is checked, and if deemed adequate deployment is initiated in a plane perpendicular 
to the aortic annular plane. The balloon-expandable Sapien valve is expanded during 
rapid ventricular pacing in order to minimize cardiac output and prevent device migration 
during deployment (24). Pacing is traditionally not performed during deployment of the 
CoreValve device, which has a self-expanding frame that conforms to the native aortic 
annulus. 
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Fig. 2 Available transcatheter valve sizes from Edwards Lifesciences (a) and Medtronic (b) with their 

corresponding ranges of aortic annular diameters. The diameter of the aortic annulus must be between 

18 and 29 mm, regardless of other parameters. 
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Pre-operative Imaging of Potential Access Routes 

Importance of Pre-operative Evaluation 

Before deployment in the aortic root, the transcatheter valve has to be transported to its 
target destination using a device-specific delivery system (Table 1). Both Sapien and 
CoreValve devices allow transfemoral and transaortic access. Depending on the chosen 
device, a transaxillary (CoreValve) or transapical (Sapien) route is also possible. With the 
exception of the femoral access route, all other approaches require a surgical incision for 
initial access. 

The final selection of access route will depend on the combination of the chosen device, 
the physical properties of corresponding delivery systems and the adequacy of the inves-
tigated pathway. A carefully chosen access route is therefore one of the key components 
for procedural eligibility and success, since in an individual case different pathways can 
be associated with a potentially different risk for peri- and post-procedural vascular and 
embolic cerebrovascular complications. This emphasizes the need for an individually op-
timized access route selection.   

Both device- and anatomy-related obstacles may alter the chosen access path, or make 
the procedure through the endovascular pathway even technically impossible regardless 
of device-compatible aortic root dimensions (Fig. 3) (24). Therefore, MDCT has an im-
portant role in examining the potential access routes and to report any possible problems 
which may alter the chosen access strategy (24, 25). 

Endovascular Access  

Commercially available device delivery systems come with different sheath sizes depend-
ing on the manufacturer and the production version of the device. Ideally, the minimal 
native vessel size should be larger than the outer diameter of the chosen delivery sheath 
(Table 1). As such, lower profile sheaths and delivery catheters improve procedural safety 
and expand patient eligibility. Currently, the two systems with the most worldwide expe-
rience and reported study results are the third-generation femoral delivery systems from 
Medtronic with a sheath size of 18F (26), and the Edwards Lifesciences Retroflex coun-
terpart using a 22-24F sheath (27). Edwards Lifesciences has the Novaflex+ transfemoral 
delivery system with a 16/18F low profile introductory sheath. Delivery catheters are nev-
ertheless the subject of intense research and have been continuously improved ever since 
their introduction, with other systems currently being developed by different vendors.  
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Fig. 3 Inadequate access route patency. (a) Maximum intensity projection CT angiographic image re-

veals a subocclusive stenosis in the right external iliac artery (arrow) inhibiting endovascular access 

through the right iliac arterial axis, with diffuse atherosclerotic calcifications in the other aortoiliac ves-

sels. (b) Volume-rendered CT image obtained in a different patient shows general tortuosity of the aor-

toiliac arterial vessels, a finding that is most prominent in the left common iliac artery (arrow). 

Not surprisingly, a larger sheath size (22-24F) has been associated with a higher incidence 
of vascular complications varying between 22.9-30.7 % (12, 28) compared with smaller 
systems (1.9-13.3%) (29, 30).  In order to allow proper tracking and meaningful compari-
sons of endpoints in trials, minor and major vascular complications have been formally 
defined by the Valve Academic Research Consortium (VARC) (31). Practically, the amount 
and distribution of atherosclerotic (specifically circumferential) wall calcifications, small 
native vessel size (bellow the outer diameter of the used delivery sheath) and prominent 
tortuosity of the iliac arteries have been described as risk factors for procedural compli-
cations (Fig. 3) (24, 32), with some series finding an unsuitable iliofemoral anatomy from 
19.1% up to 35% of cases (32-34). When 2 of these mentioned features are present, an 
alternative transapical, transaxillary or transaortic approach can be considered (24). 
Hayashida and colleagues proposed the ratio of sheath and femoral artery size (SFAR) as 
the most predictive variable in determining those at risk of vascular access injury (35). 
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Using a SFAR sliding scale depending on the burden of atherosclerotic calcification, a 
threshold of 1.05 predicted a higher rate of VARC-defined major complications. There-
fore, they suggest that routine application of SFAR improves patient selection, leads to 
better outcomes, and lowers the morbidity profile for TAVR. The minimum recom-
mended vessel diameters are reported in Table 2 (36). 

Device Valve size (F) Introducer profile (F) 
Recommended minimum 

vessel diameter (mm) 

Sapien valve with Retro-
flex 3 mm Delivery Sys-
tem 

23 22 >7 

26 24 ≥ 8 

Sapien XT valve with 
Novaflex Delivey system 
and eSheath 

23 16 ≥ 6 

26 18 ≥ 6.5 

29 20 ≥ 7.0 
CoreValve Revalving 
System 23 18 ≥ 6 

26 18 ≥ 6 

29 18 ≥ 6 

31 18 ≥ 6 

Table 2 Dimensions of the different available transcatheter devices 

Information regarding the patency of the chosen endovascular route can be acquired dur-
ing the pre-procedural MDCT and conventional coronary angiography evaluation, but can 
also be obtained from previous imaging studies (sometimes performed for unrelated rea-
sons). While there are no guidelines regarding how recent such a study should be, we 
consider a valid period of no longer than 6 months, unless there are clinical grounds for a 
recent change in vascular status.  

The latter examination is always performed routinely in our institution in potential TAVR 
candidates in which recent information about coronary patency is not available. In this 
case, this examination is extended to include an assessment of the aorta and iliac arteries. 

While conventional angiography delivers a basic assessment of luminal size of the in-
volved peripheral arteries, it is less suitable for optimal assessment of the presence, mor-
phology and amount of atherosclerotic calcifications and vessel tortuosity. MDCT is 
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therefore considered a valuable tool for vascular assessment due to its intrinsic cross-sec-
tional and three-dimensional multiplanar capabilities. In practice, precise MDCT-derived 
measurements of the common femoral, external iliac and common iliac arteries are ob-
tained at several levels using the curved MPR technique, measuring the transaxial diam-
eter on a view perpendicular to the long axis of the investigated vessel segment. While 
there are no universally accepted guidelines regarding the anatomic level at which meas-
urements along a vessel trajectory should be performed, it is important to choose the 
measurement points so that information is given not only about average vessel diameter, 
but also about the narrowest segments which may hinder passage of the transcatheter 
device. This is relevant, since TAVR procedures have been successfully completed in pa-
tients with borderline vessel size, or in patients without extensive atherosclerotic burden 
or tortuosity but with relatively compliant arteries that have a diameter over a short seg-
ment up to 1-2 mm smaller than the intended sheath size (24, 33, 37). The qualification of 
the degree of atherosclerosis remains a subjective matter, with no quantifiable parame-
ters or published guidelines, and therefore subject to interpretation by the handling radi-
ologist, cardiologist and cardiovascular surgeon. An accurate and complete description 
of the degree of atherosclerotic burden by the radiologist is therefore necessary, includ-
ing presence and extent of atherosclerotic plaques and stenosis. (20) Finally, we routinely 
provide 3D volume-rendered images of the aorto-iliac arteries to further subjectively 
evaluate vessel tortuosity and general morphology.  

Both left and right subclavian arteries may be used for endovascular access through a 
transaxillary approach. The left subclavian artery is however often preferred since it al-
lows for a more favourable orientation of the delivery system, in a fashion similar to the 
femoral approach. Furthermore, a left-sided approach will minimize the potential ob-
structive effect of the delivery system on the ostium of the brachiocephalic artery and the 
subsequent stroke risk (20). Nevertheless, caution is required to prevent vascular compli-
cations like dissection or occlusion of arm and head vessels. Ipsilateral transvenous inter-
nal pacemaker leads and internal mammary artery grafts are not considered contra-indi-
cations, but do increase procedural complexity. Finally, some centres have limited expe-
rience using a suprasternal approach through the brachiocephalic trunk (21). 

Transaortic Access  

There is increasing worldwide experience using the transaortic approach through an an-
terior right mini-thoracotomy or partial mini-sternotomy (Fig. 4). This access route is typ-
ically performed at the level of the 2nd right intercostal space, bypassing the previously 
mentioned peripheral vascular territories and as such providing an alternative route when 
other approaches have been deemed unsuitable. In our institution, this procedure has 
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been well tolerated by patients. As more experience with this access pathway is gained, 
the problem of having an adequate endovascular access pathway is becoming less of an 
issue. Nevertheless, the transaortic approach has also its anatomic requirements, includ-
ing a minimum required distance of 6 cm for CoreValve implantation between the basal 
aortic plane and the aortic access site. Further pre-operative CT evaluation for transaortic 
access must also include analysis of the selected delivery trajectory to optimize coaxial 
alignment with the native aortic valve, evaluation of the presence of calcification at the 
aortic access site, and the correct identification of critical vessels like the right internal 
mammary artery and possible bypass grafts along the delivery trajectory. Concomitant 
pleural or lung parenchyma disease along the delivery trajectory as well other unexpected 
findings may further compromise this entry point. Currently, there are no guidelines as 
to which lung pathology excludes this procedure, the final decision as such being left at 
the discretion of the interventional cardiologist and surgeon. 

While in practice aortic pathology will be less critical in determining procedural feasibility, 
several procedural contra-indications have been described regarding aortic disease. 
These include severe aortic angulation, coarctation, aneurysm of the abdominal aorta 
with protruding mural thrombus and previous aorto-femoral bypass (38). 

CT Acquisition 

Required Anatomic Coverage and Pre-operative Information 

In practice, the CT scan protocol will be mainly determined by the required pre-operative 
information, the patient’s condition and the need to reduce the amount of contrast me-
dium needed. The latter is especially important in the investigated population, as ad-
vanced age is often associated with depressed renal function. An overview of the required 
information from a MDCT examination is given in Table 3. 
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Fig. 4 Entry site for transaortic access for TAVR. (a) Volume-rendered CT image shows the approximate 

target point (T) for transaortic access through a minimal right sternotomy or thoracotomy, typically 

located at the level of the second intercostal space. (b) For CoreValve devices (Medtronic), a minimum 

distance of 6 cm (double-headed arrow) between the entry point (T) and the aortic annular plane 

(dashed line) is recommended to accommodate the device length. 

In general, the technical MDCT settings as used for routine CT angiography of the coro-
nary arteries form an excellent starting point. Subsequently, the required scan range 
should be determined. When only information of the aortic root is required, many centres 
use an electrocardiography (ECG)-gated contrast-enhanced MDCT scan of the heart with 
an identical scan range as used for routine MDCT imaging of the coronary arteries. How-
ever, it can be argued that, especially in patients with impaired renal function, the acqui-
sition can be limited to the aortic root since the status of the coronary arteries is not the 
purpose of the MDCT examination. Limiting as such the investigated anatomic range and 
acquisition time to the strictly minimum required coverage, it allows a reduction of the 
amount of intravenous contrast needed. If patency evaluation of the subclavian arteries 
is also required, the scan should cover a range extending from the neck base to the tho-
racic diaphragm.  
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Anatomic level Comment 
Aortic annulus Provide preferential systolic measurements if availa-

ble 
Include annular cross-sectional diameters (long- and 
short axis), circumference and annular area. Also cal-
culate circumference- and area-derived diameter 
Determine recommended fluoroscopic projection an-
gle for orthogonal view on annular plane (if not deter-
mined during procedure by e.g. three-dimensional ro-
tational angiography) 

Aortic valve (native) Comment (descriptive) on extent and distribution of 
valve calcifications 
Cuspidity (bicuspid, tricuspid, other variants) 

Aortic root provide shortest distance from the aortic annulus to 
the ostia of the left main artery and the right coronary 
artery 

Left atrium Exclude a left atrial appendage thrombus, either with 
transesophageal echocardiography or with delayed 
phase imaging 

Left ventricle Evaluate the presence of basal septal hypertrophy 
and wall thrombi 

Ascending aorta Comment on extent of wall calcifications (especially if 
transaortic approach is considered), and presence of 
atherosclerotic thrombi 
Comment on the angulation between the ascending 
aorta and the LVOT 

Aortic arch, descending aorta and abdominal 
aorta 

Branch anatomy of aortic arch (for subclavian ap-
proach) 
Descriptive assessment of atherosclerosis, including 
tortuosity, intraluminal obstruction and thrombi 

Subclavian arteries and brachiocephalic artery Report on patency and luminal diameter (left subcla-
vian artery is preferred) 

Common and external iliac arteries and com-
mon femoral artery 

Report on patency and luminal diameter 
Descriptive assessment of atherosclerosis including 
tortuosity 
Report any potential problems at the targeted femoral 
punction site (e.g. pre-existing pseudo-aneurysm) 

Table 3 Required information from pre-procedural CT examinations 
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When evaluation of the iliac access route is also requested, the scan protocol is also influ-
enced by the acquisition speed of the available MDCT equipment, as this region is farther 
away from the aortic root. Last-generation MDCT scanners with a large anatomic cover-
age per rotation and/or high pitch modes will be able to scan both the heart and aortoiliac 
vessels within a minimum time span and with a single reduced dose of contrast medium 
(39-41). In slower MDCT scanners, it may be necessary to perform two different MDCT 
examinations on separate days in order to achieve optimal arterial enhancement of the 
required vascular territory.  In our institution, using a single source 64-slice MDCT system 
(Lightspeed 64, GE Healthcare Milwaukee, USA), we combine two different but subse-
quent acquisitions during the same intravenous contrast injection as also proposed by 
Blanke et al (39). First, a retrospectively ECG-triggered examination is performed with 
anatomic coverage limited to the region of the aortic root. Subsequently, a non-gated 
examination is performed from a supraclavicular level to below the common femoral ar-
tery. This is done with a single dose of 120 cc contrast-medium with a high Iodine concen-
tration (a minimum of 350 mg/ml is recommended). 

Using this approach, we combine the flexibility of having an ECG-triggered acquisition for 
optimal image quality of the aortic root, with a subsequent faster scan for evaluation of 
the subclavian and iliac artery pathway. Also, we routinely use 80 or 100 kV as default 
setting (choice depending on body weight), as lower kV settings have been shown to re-
duce radiation dose for MDCT angiography without compromising image quality (42). 

Finally, atrial fibrillation is a known risk factor for development of atrial thrombi, specifi-
cally in the left atrial appendage. This is especially important since the presence of throm-
bus in the left atrium is a procedural contra-indication with an increased peri- and post-
procedural stroke risk (Fig. 5). While echocardiography is traditionally the preferred mo-
dality for screening for this abnormality, atrial thrombi can be detected with contrast-
enhanced MDCT and should invariably be mentioned in the radiological report (43).  How-
ever, caution should be taken when evaluating the left atrial appendage on single-phase 
arterial scans, as circulatory stasis in a large appendage can produce a false-positive 
pseudo-thrombus. Performing a dual-phase examination with images acquired in a de-
layed contrast phase increases the sensitivity and specificity of CT for this abnormality 
(43). In practice, we quickly review the incoming arterial-phase images as they appear on 
the CT console monitor, and when incomplete filling of the left atrial appendage is ob-
served an additional targeted scan is performed. This is typically done an average of two 
minutes after contrast injection. 
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Fig. 5 Circulatory stasis in a large left atrial appendage producing a pseudothrombus during pre-TAVR 

evaluation. (a) Axial contrast-enhanced CT image demonstrates how slow flow can lead to incomplete 

filling of the left atrial appendage (*) during the arterial phase. When detected, an atrial appendage 

thrombus must be either confirmed or excluded. This is traditionally achieved with TEE, although de-

layed phase CT images can also be used. (b) Axial contrast-enhanced delayed venous phase CT image 

shows final complete filling of the appendage (*). The possibility of a left atrial appendage thrombus 

must always be reported immediately, since such a finding constitutes a procedural contraindication 

with a high risk of stroke. 

 

ECG-gating and the Varying Dimensions of the Aortic Annulus during the Car-

diac Cycle 

Given the inherent motion of the aortic root, an ECG-gated MDCT acquisition is neces-
sary to deliver the best image quality with minimal motion artefacts. It also allows evalu-
ation of the varying dimensions of the aortic root depending on the phase of the cardiac 
cycle, with the aortic annulus traditionally measured in the systolic phase presenting here 
with its intrinsically largest diameter. Nevertheless, several authors have reported vary-
ing results concerning the optimal scan window in the cardiac cycle. A MDCT-based study 
in healthy subjects reported a significant difference in aortic annulus dimensions between 
systole and diastole up to 5 mm in individual cases (44). However, this is a different pop-
ulation than patients with severe stenotic aortic valves, in which this variation is thought 
by others to be minimal due to reduced wall compliance (45-47). Nevertheless, Hamdan 
et al reported that using 4-D MDCT data, in both healthy subjects and patients with cal-
cified aortic valves, the aortic annulus is generally elliptic but assumes a more round 
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shape in systole, as such increasing the minimum diameter but without a significant 
change in perimeter (48). Given these findings, and based on our own experiences, we 
generally recommend an ECG-triggered acquisition of the aortic root with systolic meas-
urements. Consequently, ECG-modulated mA settings should be adjusted accordingly to 
deliver sufficient image quality in the systolic phase. 

Still, ECG-gating by itself can also induce artefacts. In practice, this implies that on most 
equipment the best image quality will be achieved in patients with a slow and regular 
heartbeat. However, since the investigated cohort is almost invariably of advanced age 
with a hereby associated higher incidence of significant co-morbidity, the usual measures 
to improve lower heart rate like additional beta-blockers administration are not always 
possible or less indicated. Furthermore, presence of atrial fibrillation is not rare in an ad-
vanced-age population, further adding to the technical complexity of acquiring high-
quality images.  

Clinically Relevant Anatomy  

The aortic root has a rather central position in the heart, with a double-oblique orienta-
tion on 3D imaging (Fig. 6). It extends from the left ventricular outflow tract (LVOT) to 
the sino-tubular junction, which marks the transition from the aortic sinuses (of Valsalva) 
to the tubular ascending aorta. This junction can be identified as an area of abrupt caliber 
change, better seen on coronal and sagittal reformations as an obtuse angulation. The 
aortic root further contains the aortic valve within the aortic sinus (Fig. 7). Three distinc-
tive aortic valve leaflets can be depicted, with a left and right coronary cusp named after 
the respective coronary arteries originating from its sinuses. A third cusp is appropriately 
named the non-coronary cusp since no coronary artery originates from its sinus (Fig. 8).   

In contrast to these anatomic landmarks, the often-mentioned aortic annulus is not a real 
anatomic structure. It is a descriptive term often used by surgeons to refer to the insertion 
site of the aortic valve cusps, which is traditionally by many assumed to be always circular 
(49, 50). The term aortic annulus is nevertheless anatomically not adequately defined, 
with a non-standard and variable interpretation. Consequently, some authors have sug-
gested refraining from using this term (51). Its use is nevertheless widespread and deeply 
embedded in scientific literature and communications.  

In practice, the term ‘annulus’ is commonly used to specifically indicate a virtual ring 
formed by the nadir of the attachment sites of the aortic valve leaflets. This attachment 
of the aortic valve leaflets to the aortic root wall is not circular: it has a more semilunar, 
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crown-shaped morphology extending from the sino-tubular junction to the basal attach-
ment plane of the aortic valve leaflets (the so-called annulus), located just below the ven-
triculo-arterial junction. Given its conical form, the annulus is perhaps more appropriately 
described as a 3-pronged coronet rather than a ring. 

Fig. 6 Volume-rendered CT image shows 

the central position and oblique angula-

tion of the aortic root and annular plane. 

 

 

 

 

 

 

 

 

 

 

Histologically, the aortic root is defined by both a ventricular component (at the level of 
the membranous septum) and an arterial component as the leaflet insertions extend up 
to the sino-tubular junction (49, 50). 

On cross-sectional imaging, the aortic root contour is practically circular at the level of 
the sino-tubular junction. It assumes a more clover-leafed shape at the level of the aortic 
sinus, often becoming oval to ellipsoid at the annular plane and the LVOT (Fig. 9). As 
such, small differences in the choice of a measurement plane in the aortic root can pro-
duce notably different results.   
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Fig.  7 Coronal contrast-enhanced CT im-

age shows the aortic root extending be-

tween the LVOT and the ascending 

aorta (Ao asc), with its borders formed by 

the sinotubular junction (dashed line) and 

the basal attachments of the aortic valve 

leaflets, which define the level of the an-

nular plane (solid line). The aortic root con-

tains the sinus of Valsalva (arrows) and 

aortic valve leaflets (*). 

 

 

 

 

 

 

 

Fig. 8 Double-oblique contrast-enhanced 

CT image of the aortic root at the level of 

the sinuses of Valsalva demonstrates the 

anatomy of the aortic valve, consisting of 

left coronary (green), right coronary (red), 

and noncoronary (yellow) cusps. Note the 

cloverleaf shape of the aortic root con-

tour. A = anterior, P = posterior. 
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Fig. 9 (a) Drawing illustrates the crownlike suspension of the aortic valve leaflets within the aortic root 

extending across the length of the aortic sinus (a). AR = virtual annular ring (green), formed by joining 

the basal attachments of the aortic valve leaflets; STJ = sinotubular junction (blue); VAJ = ventricu-

loarterial junction (yellow). Red = aortic leaflet insertion sites in the sinus of Valsalva forming a crown-

like ring. (Reprinted, with permission, from reference 39.) (b) Coronal contrast-enhanced CT image 

demonstrates the levels of the sinotubular junction (STJ) (blue line), ventriculoarterial junction (VAJ) 

(yellow line), and annular ring (AR) (green line). Double-headed arrow = anatomic range of the sinuses 

of Valsalva. CAU = caudal, CRA = cranial. (c–f) Double-oblique reformatted images further clarify the 

changing shape of the aortic root contour. (c) The sinotubular junction forms the top of the crown, 

where the outlet of the aortic root in the ascending aorta (Ao) is a true circle. A = anterior, P = posterior. 

(d) The aortic root gradually becomes less circular, with a more cloverleaf shape at its midportion (ie, 

at the sinuses of Valsalva). At this level, the aortic valve leaflets are clearly seen. (e) The aortic valve 

leaflets (*) are just barely visible at the level of the ventriculoarterial junction, where the left ventricular 

structures give rise to the fibroelastic walls of the aortic valvar sinuses. Note that the aortic root con-

tour is now becoming increasingly ellipsoid. (f) The bottom of the aortic root is formed by the virtual 

ring, or aortic annulus (Ao ann), which has an oval shape in most patients.
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at the sinuses of Valsalva). At this level, the aortic valve leaflets are clearly seen. (e) The aortic valve 

leaflets (*) are just barely visible at the level of the ventriculoarterial junction, where the left ventricular 

structures give rise to the fibroelastic walls of the aortic valvar sinuses. Note that the aortic root con-

tour is now becoming increasingly ellipsoid. (f) The bottom of the aortic root is formed by the virtual 

ring, or aortic annulus (Ao ann), which has an oval shape in most patients.

Pre-procedural Evaluation of the Aortic Root before TAVI 

 155 

Non-invasive Imaging of the Annulus: Ongoing Controversies and Cur-

rent Insights 

Multimodality Imaging Comparison 

With transcatheter aortic valve replacement, unlike surgical valve replacement, annular 
sizing is not performed under direct inspection but rather on the basis of non-invasive 
imaging. Imaging guidance is needed to ensure the appropriate degree of oversizing to 
help avoid paravalvular regurgitation and yet prevent excessive oversizing to help reduce 
the potential risk of annular rupture.  

Historically, transthoracic and transesophageal echocardiography (TTE, TEE) have been 
used for pre-operative sizing of the aortic annulus in different trials. However, since they 
are two-dimensional imaging operator-dependent techniques they only provide limited 
data regarding the complex 3-dimensional geometry of the annulus (Fig. 10, 11). Owing 
to the non-circular nature of the annulus and the fact that echocardiography typically 
yields measurements that most closely approximate the short axis of the annulus, TEE 
measurements have been shown to underestimate the surgically measured annulus size 
(52). 

 

Fig. 10 Double-oblique reformatted CT images show the basal insertion sites of the right coronary cusp 

(orange dot), non-coronary cusp (yellow dot), and left coronary cusp (green dot). When these basal 

leaflet insertion sites are used as a reference for deriving a single 2D measurement of the annular plane 

(as in 2D echocardiography-derived measurements), the 3D anatomy is reduced to a 2D image. Fur-

thermore, these images illustrate that none of the performed 2D measurements is along the true long 

or short axis of the aortic annulus, complicating simple comparisons between CT and echocardio-

graphic measurements. 
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Fig. 11 (a) On an echocardiographic image, the diameter of the aortic annulus (double-headed arrow) 

is measured by identifying two opposing points (orange dots) on the basal insertion sites of the aortic 

valve leaflets (*). Ao asc = ascending aorta. (b) Corresponding double-oblique reformatted image 

through the aortic annulus reveals that the pathway (double-headed arrow) between these points (or-

ange dots) does not correspond to the true long axis of the aortic annulus. Echocardiography-derived 

measurements often lead to underestimation of the true size of the annulus. Furthermore, because 

conventional echocardiography is a 2D imaging modality with a varying degree of operator depend-

ency, it is almost impossible to compare single echocardiography-derived measurements with their CT 

counterparts, since both the measurement plane and the chosen oblique diameter will differ between 

these imaging modalities. A = anterior, P = posterior. 

In order to further optimize the sizing process, the potential contributions of three-di-
mensional imaging methods like MDCT, three-dimensional TEE and also potentially 
three-dimensional rotational angiography have recently been fairly extensively investi-
gated, (24, 53-56).   MDCT, with its isotropic voxels and multiplanar reformatting capabil-
ities, seems intrinsically better suited than echocardiography to correctly characterize 
the complex three-dimensional anatomy of the aortic annulus. As such, it allows for re-
construction of the dataset in the true plane of the aortic annulus, after which various 
measurements of the annulus can be taken.  

MR imaging has also been increasingly used for the evaluation of evaluation of the aortic 
valve area, with encouraging results (57-59) and according to some authors comparable 
measurements with MDCT (60). MR imaging of the aortic root has in some respects clear 
benefits compared with MDCT, including radiation-free imaging, functional evaluation of 
the aortic valve and the use of a Gadolinium-based contrast medium which is significantly 
less nephrotoxic and produces less adverse reactions than its Iodine-based MDCT coun-
terpart. Nevertheless, its use is far less widespread for annular measurements compared 
with MDCT. Probable reasons include a technically more complex examination, a longer 
study time and a higher required degree of patient cooperation. However, on a case-by-
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case basis it may be considered over MDCT in patients with severely depressed renal 
function.  

Finally, comparisons between imaging methods are nevertheless often the subject of de-
bate, as experience with magnetic resonance imaging and MDCT as a selection and sizing 
tool is of a more recent nature (24, 58, 60-62). As such, there are as of yet no universally 
validated strict guidelines regarding the exact use of MDCT or any other three-dimen-
sional imaging tool for patient selection and device sizing across all platforms. Therefore, 
it is important to realize that in practice the pathway leading through clinical patient eval-
uation, annular sizing and access route evaluation to the final transcatheter heart valve 
selection and placement is a multifactorial process, integrating both clinical data and in-
formation from all available imaging modalities. This approach allows for the most com-
plete clinical and technical assessment, leading to an informed procedure and optimal 
device selection. 

Paravalvular Regurgitation and the Significance of a Correct Assessment of 

Annular Dimensions 

Proper selection of a patient on clinical grounds (overall assessment of frailty and co-mor-
bidity factors which influence life-expectancy and ability to undergo the TAVR procedure) 
and correct choice of a patient-specific transcatheter valve size are cornerstones for suc-
cessful execution of a TAVR procedure, minimizing peri- and post-procedural complica-
tions. Post-procedural regurgitant leakage of blood around the attachment sites of the 
prosthetic valve remains a relatively common complication with potential important clin-
ical consequences. This regurgitant flow is called paravalvular aortic regurgitation (PAR), 
with approximately 1 in 9 patients developing moderate to severe PAR after TAVR (12). 
PAR has also been associated with a worse long-term outcome (63). There is growing ev-
idence that it may relate, at least in part, to pre-operative undersizing of the aortic annu-
lus with subsequent choice of a too small transcatheter valve size, and incorrect device 
positioning (64-66). Furthermore, recent reports indicate that even mild PAR, which is 
largely considered of little clinical significance, is nevertheless an underestimated con-
tributor to late all-cause mortality (16). 

As a result, a great deal of attention is being paid to further refining annular sizing and 
subsequent transcatheter valve selection in order to help minimize greater than mild 
PAR.  
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Annular Measurements and MDCT: Workflow and Current Viewpoints  

The main elements of MDCT in annular sizing are 1) obtaining a correct image orientation 
in the true plane of the aortic annulus, 2) correctly measuring the annulus using different 
methods, and 3) implementing these measurements in the selection process of a 
transcatheter valve size. 

The plane of the aortic annulus is defined by the three lowest insertion points of the aortic 
valve leaflets. Since this plane has a double-oblique orientation, standard coronal, sagit-
tal or even single-oblique image reformations are not considered suitable. Furthermore, 
the insertion of the right coronary cusp leaflet is often inferior to the left and non-coro-
nary cusp leaflets (36). While these characteristics can make obtaining a correctly orien-
tated image plane a less-straightforward and frustrating task in inexperienced hands, a 
method describing a sequence of image reformations leading to an image plane precisely 
orientated along the aortic annulus has been described elsewhere (36). In this plane, the 
three lowest anchor points of the aortic valve leaflets are displayed within the same im-
age. 

Once a suitable plane has been obtained, several annular measurements can be taken. 
Investigators have approached annular sizing using various measurements of the annulus 
(Table 4). Currently, we propose the calculation of the mean annular diameter using the 
three following methods (Fig. 12), preferentially based on systolic images. First, we ob-
tain annular cross-sectional long- (DL) and short-axis (DS) diameters.  The annular perim-
eter is manually tracked using a planimetry tool on a workstation, after which the area 
(A) and circumference (C) of the aortic annulus are derived by the workstation software. 
Finally, the mean annular diameter D is calculated based on these different measure-
ments. For the cross-sectional derived mean diameter DCS this is done by simple averag-
ing (DCS = (DL + DS)/2).  The area (DA) and circumference-derived (DC) diameter are calcu-
lated as follows: DA= 2 * √(A / π ), and DC= C/ π. It is however important to realize that DC 
and DA are calculated under the assumption of full circularity of the annulus after device 
deployment particularly with balloon-expandable valves. The discrepancy between these 
three measurements (DCS, DA and DC) will therefore increase with remaining annular ec-
centricity, most notably in the circumference-based method. This further underlines the 
important fact that transcatheter valve size selection is closely tied to the type of device 
used. 
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Fig. 12 Possible measurements of the aortic annulus. Before taking any measurement, a correctly 
reformatted image along the annular plane must be obtained. This is achieved by interactively manip-
ulating the reconstruction planes on a workstation so that the nadirs of all three cusps are identified 
on one transverse image. (a, b) Standard coronal (a) and sagittal (b) images are in themselves not suit-
able but can be used as a starting point, with the final double-oblique imaging plane (dashed line) con-
taining the basal attachment points of the left coronary (green dot), right coronary (orange dot), and 
noncoronary (yellow dot) cusps. A = anterior, Ao asc = ascending aorta, Cau = caudal, Cra = cranial, P 
= posterior. (c–e) The resulting cross-sectional image can then be used to measure the true long- and 
short-axis annular diameters (arrows in c), the annular area (shaded oval in d), and the annular perim-
eter (dashed line in e). From each of these different types of measurements, the mean area diameter 
can be derived using the appropriate formula. A = anterior, P = posterior. 

Finally, these measurements have to be incorporated in the decision-making process of 
transcatheter valve size selection. Both Medtronic and Edwards Lifescience have pro-
vided guidelines for valve size selection depending on annular dimensions (Fig. 2). How-
ever, a crucial point here is that these sizing scales are historically based on two-dimen-
sional measurements of the annulus on echocardiography-derived measurements.  
Therefore, these manufacturer-based recommendations cannot be simply applied to 
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MDCT-derived measurements without modification (67). Several studies have in this re-
spect reported that an exclusively MDCT-based choice of transcatheter valve size using 
an unmodified scale would influence patient eligibility and lead to a different transcathe-
ter valve selection compared to an echocardiography-based choice in up to 40% of cases 
(24, 62, 68, 69).  

This early data led to significant confusion regarding the appropriate integration of 
MDCT measurements in annular sizing and valve selection. To help mitigate this confu-
sion, several investigators have sought to validate MDCT-based sizing guidelines for both 
the self-expanding and balloon expandable platforms. 

For balloon-expandable valves, Gurvitch and colleagues have provided an early modified 
sizing-scale proposal based on the cross-sectional mean annular diameter, the area-de-
rived mean diameter and the expected differences between these MDCT diameters and 
the echocardiographic measurements (67). Using this modified scale, they found that the 
mentioned MDCT-based measurements would only modify valve selection in about 10% 
of the analyzed cases, all of which had moderate to severe PAR after a device size selec-
tion based on echocardiography measurements. This suggest that MDCT can help in fur-
ther reducing PAR in these cases where echocardiography did not provide the best pos-
sible valve size. On the basis of these findings and other retrospective analyses, Willson 
et al have recently proposed an MDCT-based annular area sizing scheme with the goal of 
reaching an annular area oversizing of 10% (70). This sizing algorithm has been recently 
validated in a multicenter trial and shown not only to help reduce paravalvular regurgita-
tion but also the combined endpoint of in-hospital death, annular rupture, valve-in-valve 
implantation and valve embolization (71).  

For self-expandable valves, other authors have suggested a perimeter-based MDCT siz-
ing with a recommended oversizing of the annulus circumference by approximately 10-
25% (68, 72, 73). This approach is probably more in concordance with the persisting an-
nular eccentricity after deployment in this kind of valve. 

While these MDCT sizing proposals represent a thoughtful first step into a more formal 
integration of MDCT in transcatheter valve selection, it is important to underline that 
since Medtronic and Edwards Lifesciences valves have different properties (Table 1), 
study results from one type of valve are not applicable across vendors. Furthermore, the 
value of echocardiography in the sizing process must not be underestimated as available 
randomized trial data and the large majority of TAVR outcome data has been successfully 
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based on two-dimensional TEE-derived measurements. As such, valve size selection re-
mains a multifactorial and multimodality process. 

Finally, while 3-dimensional annular measurements with MDCT have been shown to be 
able to predict PAR retrospectively (74), prospective large-scale evidence that integrating 
MDCT in annular sizing and transcatheter valve selection will improve clinical outcomes 
is limited (71).  

Imaging of the Native Aortic Valve and Relation to the Coronary Artery 
Ostia 
MDCT has proven an excellent tool to accurately assess the morphology of the aortic 
valve, a recent study further indicating excellent correlation between the amount of valve 
calcifications and the hemodynamic severity of aortic valve stenosis (75).  While transtho-
racic echocardiography remains the primary tool for morphological and functional eval-
uation of the aortic valve, CT has in a recent study scored better in correctly reporting the 
morphology of the aortic valve, better differentiating between bicuspid and tricuspid 
valves (76). This is important since the procedure can be technically more challenging in 
bicuspid valves (77). There is increasing evidence that both the presence, extent and dis-
tribution of valve calcifications may have a role in the occurrence of peri- and post-proce-
dural complications (61, 78, 79). Extensive valve calcification has been associated with 
moderate to significant valve regurgitation after TAVR (80-82), presumably due to inter-
position of these bulky calcifications between the deploying device and the native aortic 
valve (Figs. 13, 14) (80). Furthermore, due to the same proposed mechanism of restricted 
deployment, extensive calcifications at the sinotubular junction can limit balloon expan-
sion, possible leading to inadequate device fixation and subsequent migration into the 
ascending aorta (83).  

Displacement of the native aortic valves leaflets during deployment of the transcatheter 
valve inherits a minimal but nevertheless important risk of subsequent occlusion of the 
coronary ostia, with a reported incidence of 0,6 -4,1 % (28, 84). While this is typical a peri-
procedural complication, and has also been reported hours after the valve implantation 
(85). Special consideration for this rare complication is required in the anatomic configu-
ration of large and heavily calcified valve leaflets and a short distance from the annular 
plane to the ostia of the coronary arteries (Fig. 15) (86). 
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MDCT in annular sizing and transcatheter valve selection will improve clinical outcomes 
is limited (71).  

Imaging of the Native Aortic Valve and Relation to the Coronary Artery 
Ostia 
MDCT has proven an excellent tool to accurately assess the morphology of the aortic 
valve, a recent study further indicating excellent correlation between the amount of valve 
calcifications and the hemodynamic severity of aortic valve stenosis (75).  While transtho-
racic echocardiography remains the primary tool for morphological and functional eval-
uation of the aortic valve, CT has in a recent study scored better in correctly reporting the 
morphology of the aortic valve, better differentiating between bicuspid and tricuspid 
valves (76). This is important since the procedure can be technically more challenging in 
bicuspid valves (77). There is increasing evidence that both the presence, extent and dis-
tribution of valve calcifications may have a role in the occurrence of peri- and post-proce-
dural complications (61, 78, 79). Extensive valve calcification has been associated with 
moderate to significant valve regurgitation after TAVR (80-82), presumably due to inter-
position of these bulky calcifications between the deploying device and the native aortic 
valve (Figs. 13, 14) (80). Furthermore, due to the same proposed mechanism of restricted 
deployment, extensive calcifications at the sinotubular junction can limit balloon expan-
sion, possible leading to inadequate device fixation and subsequent migration into the 
ascending aorta (83).  

Displacement of the native aortic valves leaflets during deployment of the transcatheter 
valve inherits a minimal but nevertheless important risk of subsequent occlusion of the 
coronary ostia, with a reported incidence of 0,6 -4,1 % (28, 84). While this is typical a peri-
procedural complication, and has also been reported hours after the valve implantation 
(85). Special consideration for this rare complication is required in the anatomic configu-
ration of large and heavily calcified valve leaflets and a short distance from the annular 
plane to the ostia of the coronary arteries (Fig. 15) (86). 
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Fig. 13 Double-oblique contrast-en-
hanced CT image through the aortic si-
nus reveals extensive leaflet calcifica-
tions, most prominently in the right cor-
onary cusp. Prominent valve calcifica-
tion may complicate device deployment 
and may be associated with an in-
creased risk for postoperative paraval-
vular regurgitation. A = anterior, P = pos-
terior. 

 

 

 

 

 

 

Fig. 14 Contrast-enhanced CT image at the level of the sinuses of Valsalva (a) and three-chamber view 
(b) show a CoreValve device in the aortic root. The obstructive effect of the extensive calcifications of 
the native aortic valve (*) causes asymmetric deployment and positioning of the transcatheter valve. 
Despite a very convincing finding of severe paravalvular regurgitation at CT, echocardiography re-
vealed only moderate regurgitation, underscoring the need to compare results from different imaging 
modalities to achieve the most complete assessment possible. 
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Furthermore, this distance has been shown to have significant interindividual variation 
ranging from 7,1 mm up to 21,7 mm (45). As a general rule, a minimum distance of 10 mm 
between the annular plane and the coronary ostia is recommended (87). Finally, the size 
of the aortic sinus could also play a role in this complication as they act as a ‘reservoir’ for 
displaced native aortic valves. However, there are no strict guidelines regarding a mini-
mum required size of the aortic sinus which would preclude an intervention. Pre-opera-
tive risk evaluation is therefore based on an overall subjective assessment of the amount 
and distribution of calcifications present in the native aortic valve, and the capacity (size) 
of the aortic sinus to accommodate the displaced native valve after deployment.  

Fig. 15 Slightly oblique coronal contrast-enhanced 
CT image at the level of the aortic root shows that 
an adequate distance (white double-headed arrow) 
between the annular plane and the nearest coro-
nary ostium―in this case, the left main ostium (*) is 
necessary to avoid the rare but devastating compli-
cation of ostial occlusion due to displaced native 
valve leaflets during prosthesis deployment. As a 
rule of thumb, a minimum distance of 10 mm is rec-
ommended. It is also recommended that this dis-
tance be greater than the length of the aortic valve 
leaflets (black double-headed arrow). Cau = caudal, 
Cra = cranial. 

 

 

 

 

Determining the Best Fluoroscopic Projection Angle for Device Deploy-
ment 
During the actual TAVR procedure the 3D visualization as offered by MDCT is reduced to 
the 2D projection image inherent to conventional angiography. Nevertheless, a correct 
peri-procedural understanding by the operator of the spatial orientation of the aortic root 
relative to the body axis remains necessary in order to correctly position the prosthetic 
device along the centerline of the aortic root, perpendicular to the aortic annular plane. 
Without MDCT guidance, the operator needs to perform several intravenous contrast 
medium injections to find the optimal fluoroscopic projection plane for deployment, 
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where the nadirs of the three aortic valve cusps align in the same straight 2D projected 
plane (Fig 16). Besides adding additional complexity to the procedure, this step also im-
plicates an additional contrast volume load and increased risk for subsequent renal injury. 
MDCT, with its excellent 3D capabilities, has been shown to accurately pre-operatively 
predict a suitable angulation (LAO/RAO and CRA/CAU angles) of the angiography tube 
and following aortic root angiogram for precise positioning of the prosthetic valve (88, 
89), significantly improving the final transcatheter valve position compared to proce-
dures performed without MDCT guidance (89).  This tube inclination data can be obtained 
either manually through manipulation of the MDCT data set as explained by some au-
thors (24, 88), or can be derived using specialized software tools (90). In each individual 
case, there are several possible appropriate angles (24, 90). At our institution, this infor-
mation is routinely derived and consistently reported in each pre-operative CT examina-
tion using software-derived measurements (Advantage Windows AW 4.3, GE Healthcare, 
Milwaukee, USA).  

 

Fig. 16 For optimal device deployment, the inclination of the angiography tube must be such that, on 
the resulting fluoroscopic image (a), the basal insertion sites of all aortic valve leaflets are aligned in 
the same anatomic annular plane, corresponding with the correctly aligned double-oblique CT image 
(b). Green dot = left coronary cusp, orange dot = right coronary cusp, yellow dot = noncoronary cusp. 
On the basis of preprocedural CT-derived left anterior oblique–right anterior oblique and cranial-caudal 
angulation values, an accurate prediction of the best procedural fluoroscopic angulation for correct 
deployment of the transcatheter valve along an axis perpendicular to the aortic annular plane can be 
made. This approach obviates repeated angiographic test injections to determine the correct tube an-
gulation, thereby reducing both the amount of contrast material used and the time required for the 
procedure. A = anterior, P = posterior. 
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Nevertheless, the increasing availability of three-dimensional rotational angiography 
systems also allows an accurate assessment of the best projection plane, reducing the 
role of MDCT for this (56). 

Other Pre-procedural Findings 
MDCT can accurately evaluate the curvature of the ascending aorta and its anatomic re-
lation with the left subclavian artery, as anatomic variations, increased angulation and/or 
tortuosity of the mentioned vessels will increase the technical difficulty of the procedure. 
Likewise, an augmented angulation between the ascending aorta and the aortic root-
LVOT will render an accurate positioning of the transcatheter valve using an endovascu-
lar access more challenging, as this angulation can induce some rotation of the transcath-
eter valve during deployment. While it forms no contra-indication, it can increase proce-
dure complexity (Fig. 17). Furthermore, presence of a hypertrophic basal septum has the 
theoretical potential to undermine the stability of the transcatheter valve due to its mass 
effect during and after deployment (Fig. 17b).  

 

Fig. 17 CT evaluation of the angulation between the ascending aorta, aortic root, and LVOT. A practi-
cally straight line between the ascending aorta and the LVOT (dashed line in a) indicates a much more 
favorable anatomic situation than does a steeper angulation (dashed line in b), since the latter can 
complicate stable deployment of the prosthesis. The technical difficulty of the procedure is further in-
creased by the presence of a hypertrophic basal septum (* in b), potentially creating increased re-
sistance during device deployment. A = anterior, Cau = caudal, Cra = cranial, P = posterior. 

For transapical device deployment, the angle between the left ventricular apex and the 
aortic annular plane has been described as being one of the determinants of procedural 
success, as rigid delivery systems imply a more difficult procedure in steeper angles (91). 
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While the discussed anatomical characteristics are not considered strict procedural con-
tra-indications, they remain a valuable parameter in the pre-operative strategy evalua-
tion and must always be routinely mentioned in the radiology report. Nevertheless, there 
are yet no strict guidelines, with the final assessment left to the judgment and the expe-
rience of the performing surgeon and interventional cardiologist. 

Incidental Findings 
Since the investigated subgroup of TAVR candidates is invariably of advanced age, the 
presence of significant incidental findings that may alter the treatment course must al-
ways be considered. The large anatomic coverage of a MDCT examination is therefore an 
ideal screening tool, detecting in some series significant incidental pathology in up to 
34,3% of cases, and unsuspected malignancy in 4,1% (34). However, untreated sympto-
matic aortic valve stenosis has a dismal prognosis, with short-term survival rates even 
lower than some undetected malignancies. Therefore, treatment options must always be 
reviewed on a case-by-case basis. 

Post-procedural Imaging 
Currently, it remains unclear what the exact position of MDCT is in the post-procedural 
evaluation of patients after transcatheter valve implantation. While its role in the detec-
tion of peri-aortic complications like e.g. pseudo-aneurysms is unquestioned, its purpose 
in helping evaluate (causes of) valve dysfunction is currently the subject of debate and 
intense investigation. While CT can be used to evaluate the position and expansion of the 
transcathater valve in the aortic root (Fig. 14), it is yet unknown which morphological pa-
rameters can help in the assessment of paravalvular regurgitation. This further underlines 
the necessity of comparing results from different imaging modalities to reach the most 
complete evaluation possible. 

  

Pre-procedural Evaluation of the Aortic Root before TAVI 

167167

4
5



Non-invasive Imaging for Cardiovascular Interventions 

 168 

Conclusion 
Given the favorable outcomes of the mentioned trials and registries, and the increasing 
age of the Western population, it comes to no surprise that there is an increasingly grow-
ing worldwide interest in the application and further development of TAVR procedures. 
The development of a transcatheter-based alternative for aortic valve replacement has 
rapidly gained a place in the treatment of symptomatic aortic valve stenosis in the non-
surgical patient cohort. The role of non-invasive imaging techniques, and more specifi-
cally MDCT, has been explained with all its controversies, benefits and limitations. Finally, 
it must remain clear that the final decision on annular sizing and valve selection is a mul-
tifactorial and multidisciplinary process, into which all available clinical and imaging data 
must be included in order to have to most complete possible assessment. 
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6.1 NON-INVASIVE IMAGING AFTER TAVI: MORPHOLOGY VERSUS FUNCTION 
 

The success of transcatheter procedures for aortic valve replacement is undeniable, with 
a growing number of procedures worldwide, increasing clinical implementation and 
steady further developments in prosthetic valve design and transport devices. While long 
term results are not yet available, short- to mid-term outcomes are very promising, fur-
ther cementing the place of these procedures in the therapeutic options for aortic valve 
disease. 

As laid out in the previous chapter, CT has an important role in the pre-procedural work-
up of TAVR candidates. However, its role after the procedure is less well defined. Cur-
rently, the most used imaging technique after aortic valve replacement is echocardiog-
raphy, delivering important functional information of the new deployed prosthetic valve.  

Nevertheless, knowledge of the normal post-procedural findings is important, as CT can 
be of use when e.g. procedure-related complications are suspected. CT, with its wide an-
atomical coverage, can hereby assist in the detection of complication both at the aortic 
root as well as along the used access routes. Also, familiarity with the normal post-proce-
dural findings is important, as they will appear on imaging studies of the chest performed 
for unrelated reasons outside specialised centres.  

Finally, CT allows proper evaluation of the potential deformity of the deployed prosthetic 
valve, either due to the intrinsic anatomy of the aortic annulus or secondary to other ob-
structing factors (like native valve leaflet calcifications). While this may provide useful in-
sights into the mechanisms of e.g. paravalvular leakage of the prosthetic valve, in our ex-
perience caution is needed when establishing a causal relation between morphological 
findings and functional outcome. 

 In this chapter, the most common findings on CT of the two most used transcatheter 
aortic valves will be discussed, including the deformity of the prosthetic valve after im-
plantation, potential complications on site and along the access routes, and the limita-
tions of deriving functional information from anatomical findings. 
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6.2 TAVR: POSTOPERATIVE CT FINDINGS OF SAPIEN AND COREVALVE 

TRANSCATHETER HEART VALVES 
 

Abstract 
 
Transcatheter heart valves represent one of the most exciting medical technical develop-

ments in recent years, offering a much-needed alternative therapeutic option for patients 

with severe aortic valve stenosis who, due to comorbidities and advanced age, are consid-

ered inoperable or at high operative risk. The efficacy of this technique compared with stand-

ard surgical intervention has been properly validated in multicenter randomized controlled 

trials (PARTNER A & B trials), leading to a widespread clinical implementation with currently 

over 50,000 procedures performed worldwide. While much of the attention has rightly fo-

cused on the potential role of CT in the pre-procedural assessment of the aortic root and 

establishment of imaging-guided valve-sizing algorithms, less is known regarding the post-

procedural CT imaging characteristics of these devices. However, considering the increasing 

worldwide recognition and clinical implementation of transcatheter heart valves, it can be 

expected that these devices will appear with increasing frequency in patients referred for 

thoracic CT imaging, either for post-procedural aortic root evaluation or for unrelated rea-

sons. Proper recognition of these devices and their CT characteristics will increase diagnostic 

confidence and the value of the radiology report. In this manuscript, we therefore describe 

the physical and imaging properties of the current commercially available transcatheter 

heart valves, their normal post-procedural appearance, as well as potential complications 

which can be detected using CT.  Also, we discuss the position of CT as compared to echo-

cardiography, laying out the respective strengths and weaknesses of these two imaging mo-

dalities. 
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6.2 TAVR: POSTOPERATIVE CT FINDINGS OF SAPIEN AND COREVALVE 

TRANSCATHETER HEART VALVES 
 

Abstract 
 
Transcatheter heart valves represent one of the most exciting medical technical develop-

ments in recent years, offering a much-needed alternative therapeutic option for patients 

with severe aortic valve stenosis who, due to comorbidities and advanced age, are consid-

ered inoperable or at high operative risk. The efficacy of this technique compared with stand-

ard surgical intervention has been properly validated in multicenter randomized controlled 

trials (PARTNER A & B trials), leading to a widespread clinical implementation with currently 

over 50,000 procedures performed worldwide. While much of the attention has rightly fo-

cused on the potential role of CT in the pre-procedural assessment of the aortic root and 

establishment of imaging-guided valve-sizing algorithms, less is known regarding the post-

procedural CT imaging characteristics of these devices. However, considering the increasing 

worldwide recognition and clinical implementation of transcatheter heart valves, it can be 

expected that these devices will appear with increasing frequency in patients referred for 

thoracic CT imaging, either for post-procedural aortic root evaluation or for unrelated rea-

sons. Proper recognition of these devices and their CT characteristics will increase diagnostic 

confidence and the value of the radiology report. In this manuscript, we therefore describe 

the physical and imaging properties of the current commercially available transcatheter 

heart valves, their normal post-procedural appearance, as well as potential complications 

which can be detected using CT.  Also, we discuss the position of CT as compared to echo-

cardiography, laying out the respective strengths and weaknesses of these two imaging mo-

dalities. 
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Introduction 
Aortic valve stenosis is the most common valvular heart disease in the Western World (1). 
When symptomatic and left untreated it rapidly progresses to heart failure and death, 
with a 2-year survival rate of about 50% (2-4). While elective surgical valve replacement 
through a median sternotomy and use of the heart-lung machine currently remains the 
standard of care for symptomatic aortic valve stenosis (5, 6), recent developments in 
transcatheter-based therapies have provided an alternative therapeutic strategy for the 
inoperable-deemed and high-risk surgical patient population (7-11). The procedure is 
known under various names including transcatheter aortic valve replacement (TAVR), 
transcatheter aortic valve insertion (TAVI), and percutaneous aortic valve replacement 
(PAVR). During a TAVR procedure, a bioprosthetic stented prosthesis is deployed in the 
stenotic native aortic valve after transportation of the device from a chosen entry point 
through a non- or minimal surgical pathway. This new therapeutic option, together with 
promising short- and medium-term outcomes have led to an increasing success and in-
ternational implementation of this intervention with currently over 50,000 procedures 
performed worldwide (7, 8, 12, 13).  

Currently, CT angiography has evolved as an integral part of the pre-operative workup for 
TAVR, primarily focusing on morphological evaluation of the aortic root and annulus, the 
evaluation of different potential access routes and the impact of CT-supported sizing al-
gorithms for patient outcomes (14, 15).  Considering the success of TAVR and the increas-
ing use of CT for evaluation of prosthetic heart valves (PHV) in general (15-18), it is fur-
thermore reasonable to expect that PHV will be encountered in mainstream radiology 
practices with increasing frequency. However, little is yet known about the CT imaging 
features of these devices after implantation.  

Therefore, in this article we provide an overview of the normal postoperative CT findings 
after TAVR and discuss modes of valve dysfunction as well as potential procedural com-
plications and their CT appearance.   

Recent Insights on CT imaging of Prosthetic Heart Valves 
Until recently, echocardiography has been the single imaging tool to assess the function-
ing of a PHV. Echocardiography offers many advantages for PHV assessment including it 
being non-invasive, non-expensive, bedside-available and fast in execution. Most of all, 
its particular strength lies in the ability to provide both anatomical and Doppler-imaging 
based functional information such as measurement of pressure gradients over the valve 
and the valve orifice area (19). However, the PHV components also generate artefacts on 
echocardiography, which can hamper assessment. Furthermore, echocardiography is a 
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known operator-dependent technique. In the last five years, CT has been proven to pro-
vide information on PHV functioning that is complementary to echocardiography (16). 
CT is especially helpful in determining the cause of PHV malfunctioning or obstruction by 
identifying thrombus, pannus tissue, abnormal PHV angulation as well as in diagnosing 
PHV endocarditis and determining the presence and extent of mycotic aneurysms (20, 
21). Whereas most reports in the literature regarding the CT imaging features of PHV 
have focused on "traditional" biological and mechanical PHV, the same benefits of CT for 
assessment of THV are to be expected as will be further demonstrated in this article. 

Transcatheter Heart Valves: Available Devices and Physical Properties 
There are two TAVR prosthesis types that are most commonly used: the balloon-expand-
able SAPIEN valves (Edwards Lifesciences, Irvine, USA) and the self-expandable Med-
tronic CoreValve ReValving System (Medtronic, Minneapolis, USA) (22) (Fig. 1). Several 
device sizes exist, covering an aortic annular diameter range between 18 to 29 mm for 
the two devices combined, as such allowing application in the vast majority of patients 
(15). While serving the same clinical purpose, these devices have nevertheless different 
physical properties (Table 1). 

 

Fig. 1 Currently commercially available principal THVs. The CoreValve device from Medtronic (a) has a 
self-expanding nitinol frame, porcine pericardial leaflets, and a pericardial seal; the balloon-expanda-
ble Sapien valve from Edwards Lifesciences (b) has a stainless steel frame, bovine pericardial leaflets, 
and a fabric sealing cuff; and the Sapien XT valve (also from Edwards Lifesciences) (c) is composed of 
a cobalt-chromium alloy frame and bovine pericardial leaflets, and can be used with lower-profile de-
livery catheters compared with the Sapien valve. Note that the CoreValve device has a longer frame 
length and will therefore always extend into the ascending aorta, whereas the Sapien valves always 
remain completely within the aortic sinus. 
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  SAPIEN SAPIEN XT* CoreValve 

Manufacturer Edwards Lifesciences Edwards Lifesciences Medtronic 

Available sizes 23 mm 
26 mm 

23 mm 
26 mm 
29 mm 

23 mm 
26 mm 
29 mm 
31 mm 

Aortic annular range (mm) 18-25 18-27 18-29 

FDA approval  Yes (transfemoral only) no no 

Deployment balloon-expandable balloon-expandable self-expandable 

Frame Stainless steel cobalt chromium nitinol 

Frame height (mm) 23-26 14 - 19 50 

Pericardial leaflets bovine bovine porcine 

Valve function intra-annular intra-annular supra-annular 

Repositionable no no yes 

Ascending aorta fixation no no yes 

Access routes 
transfemoral 
transapical 
transaortic 

transfemoral 
transapical 
transaortic 

transfemoral 
transaxillary 
transaortic 

Delivery sheath size 22-24F 22-24F 
16/18F (Novaflex +) 18F 

 

Table 1 Concise overview of the different properties of both SAPIEN and CoreValve transcatheter 
valves and their respective delivery systems. 

The SAPIEN valve comes in two varieties: the SAPIEN and the updated SAPIEN XT (not 
available in the USA). The SAPIEN valve consists of a balloon-expandable stainless steel 
frame whereas the SAPIEN XT has a cobalt-chromium and slightly shorter frame with a 
slightly different structure. Both have valve leaflets made of bovine pericardium.  

The Medtronic CoreValve device is composed of a self-expandable hour-glass shaped ni-
tinol stent with a porcine valve inside. The stent has a longer frame than the SAPIEN valve 
and therefore invariably extends into the ascending aorta for several centimeters.  

Both devices can be transported to the aortic root using the femoral or subclavian arteries 
as a retrograde endovascular access point, or by an anterior approach using a minimal 
right anterior thoracotomy or a partial mini-sternotomy as a minimal surgically-induced 
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entry point for transaortic access through the ascending aorta (23-26). Both SAPIEN 
valves can also be inserted through the apex of the left ventricle. Finally, a suprasternal 
approach through the brachiocephalic trunk for the CoreValve device, while less com-
mon, has also been reported (23-26).   

In-vitro studies have demonstrated that both valves can be successfully imaged with CT 
(Fig. 2, 3) (27). The SAPIEN valve generates, compared with the CoreValve device, some-
what more artefacts due to the used stent material. Especially valves containing cobalt-
chromium in the stent are known to generate artefacts (28). However, in the case of the 
cobalt-chromium containing SAPIEN XT valve, stent-induced artefacts are relatively lim-
ited. Similarly, the nitinol of the CoreValve does not generate significant artefacts (29), 
making CT evaluation feasible under favourable conditions. The valve leaflets of both the 
SAPIEN and CoreValve device are very thin and usually difficult to visualize with CT. They 
can occasionally be seen, best in diastole when the valve is closed and/or when they are 
thickened (Fig. 4).  

 

Fig. 2 Three-dimensional volume-rendered CT images demonstrate the CoreValve device (a), Sapien 
valve (b), and Sapien XT valve (c). All currently commercially available THVs can be adequately visu-
alized with CT, with relatively limited artefacts in Sapien valves despite their stainless steel and cobalt-
chromium stent components. Similarly, the nitinol material in CoreValve devices does not degrade im-
age quality. 

Despite the limited artefacts induced by these devices, acquiring a high-quality dataset is 
multifactorial and as such also depends (among others) on the speed and stability of the 
heart rate of the patient and the capabilities of the used CT-equipment to cope with these 
variables (Fig. 5). 
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Fig. 3 Depiction and morphologic features of CoreValve and Sapien THVs after deployment. (a) Pre-
procedural in-plane double-oblique CT image clearly demonstrates the oval contour of the aortic an-
nulus. (b) On a CT image obtained after deployment of a self-expandable CoreValve device, the oval 
contour of the aortic annulus remains virtually unchanged. The CoreValve device conforms to the na-
tive aortic annular wall and has short and long axes (19.3 and 24.2 mm, respectively). (c) CT scan ob-
tained in a different patient shows how a balloon-expandable Sapien valve induces a more circular 
aortic annular contour. Note that this circular expansion is focally discretely hampered due to the pres-
ence of a calcification in the native aortic annulus at the site of the noncoronary sinus (arrow). (d, e) 
Left ventricular outflow tract (LVOT) views show the functional parts of a CoreValve device (d), includ-
ing the inflow (I), waist (W), and outflow (O) parts, and a Sapien valve (f). Note that in both devices, 
the prosthetic valve leaflets are clearly depicted (arrowhead). LVOT images obtained in diastole also 
clearly depict the close relationship between these prostheses and the anterior mitral valve leaflet 
(AMVL), with no evident overlap (arrow). The CoreValve device has a longer frame, invariably extend-
ing into the ascending aorta, whereas the Sapien valve has a shorter frame and will remain within the 
aortic root. (f) Volume-rendered image shows a noncovered CoreValve prosthesis, which is intended to 
cover the ostia of the coronary arteries (red) as well as bypass graft origins with no repercussions. 

Post-procedural CT Evaluation after TAVI 

185185

4

6



Non-invasive Imaging for Cardiovascular Interventions 

 186 

 

Fig. 4 Double-oblique CT image obtained in diastole shows a Sapien valve. Arrowheads = pericardial 
valve leaflets of the prosthetic valves. (b) Oblique coronal CT image shows a CoreValve device. Given 
favorable conditions for an ECG-triggered acquisition (eg, a low and stable heart rate), both devices 
can be clearly seen. Even in such circumstances, however, the pericardial valve leaflets of the pros-
thetic valves (arrowhead) can only occasionally be appreciated and are best seen in diastole or when 
thickened (cf a). 

 

Fig. 5 Effect of heart rate variability on image quality in an 84-year-old man with a CoreValve device. 
Coronal (a) and double-oblique (b) contrast-enhanced ECG-gated CT images show how image quality 
is moderately degraded due to a varying heart rate during acquisition, making exact delineation of the 
device contour unreliable on several levels. However, the correct positioning and the (expected) oval 
contour of the device can still be appreciated. 
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Evolving Role of CT in the Post-procedural Evaluation  

Multimodality Imaging after TAVR 
Considering the advantages as previously stated, transthoracic echocardiography (TTE) 
is the technique of choice to evaluate the valve prosthesis after implantation (19). 
Transesophageal echocardiography (TEE) can provide additional information but is semi-
invasive and often requires mild sedation. Both TTE and TEE are especially suited to con-
firm normal valve functioning with regards to pressure gradients over the valve and to 
detect paravalvular leakage, which is the most common complication after TAVR (12). 

CT has recently emerged as a useful complementary imaging modality to evaluate PHV 
as outlined above (16). It can provide details on stent positioning, valve geometry and 
modes of valvular dysfunction. Furthermore, CT has the intrinsic advantage of not only 
depicting the valve itself but also the surrounding cardiac and thoracic anatomy. Finally, 
it is also frequently used to evaluate complications along the different access routes.  
Nevertheless, also given the recent nature of TAVR procedures, there are currently no 
guidelines detailing the exact role of CT imaging in the post-procedural period with very 
limited reports detailing to which extent CT can be used to evaluate the aortic root and 
the THV after TAVR (27). 

Currently only very limited data on the role of magnetic resonance imaging (MRI) for as-
sessment of TAVR valves is available (30). Although feasible, the metal-induced artefacts 
make assessment of both valve morphology and flow patterns more difficult. Further-
more, the patient population undergoing TAVR may have problems with the duration of 
the MRI examination and the frequently involved breath-hold commands. However, it 
has great potential for the evaluation of hemodynamic complications like paravalvular 
regurgitation (31), warranting further investigation. 

Scan Protocol 
First and foremost, the post-operative CT evaluation is targeted at the aortic root, in or-
der to evaluate both position and expansion of the THV as well as potential peri-aortic 
complications. Similar to the pre-procedural CT evaluation of TAVR candidates, a scan 
protocol as routinely used for routine coronary CT angiography can be applied with a few 
modifications. Recently, we have detailed scan protocols for other prosthetic heart 
valves, which given the similarities can also be applied to THV (17). A proposed scan pro-
tocol is given in Table 2. 
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 CT parameter Value 

Tube potential (kV) 100-120 

Tube current (mAs) 500-700 

Slice thickness (mm) <= 1 mm 

Pitch  0.20 - 0.24 (if applicable) 

Matrix 512 x 512 

Field of view (mm) 250 for aortic root evaluation 

ECG-gating Yes (retrospective) 

Targeted anatomy from above the subclavian arteries to the diaphragm 

contrast volume (ml) 110 

injection rate 5 cc / sec 

Start of scan bolus tracking region of interest on ascending aorta, 
start on reaching 100 HU 

Post-processing 10 equally spaced reconstruction phases along car-
diac cycle for optimal evaluation of aortic root 
workstation-based review of multiplanar reformat-
ted images of thoracic aorta and chest 

Table 2 Proposed CT acquisition parameters for post-procedural THV evaluation 

In general, we promote an ECG-gated CT acquisition to achieve the best possible image 
quality with minimal motion artefacts. This is important to correctly evaluate the position 
and expansion of the THV and its relationship with surrounding structures like displaced 
native valve calcifications. Furthermore, we routinely use a retrospectively ECG-gated 
scan mode in order to have maximum flexibility in obtaining optimal image quality, and 
to allow a dynamic evaluation of the position of the THV in the aortic root depending on 
the phase of the cardiac cycle. Given the old age of the TAVR population, we further allow 
less stringent ECG-modulated mA settings compared to routine coronary CT angi-
ography studies, in order to also obtain acceptable signal-to-noise levels in the systolic 
phase. While some moderation can be as such justified regarding radiation reduction in 
order to achieve good image quality, more than usual consideration must be given to the 
effect on kidney function of repeated intravenous contrast administrations. The pre-pro-
cedural clinical pathway of a TAVR patient often involves a conventional coronary angi-
ography (when no recent documentation on coronary status is available), as well as a con-
trast-enhanced CT examination of the aortic root for annular sizing. Depending on the 
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available information on the peripheral arteries, this CT examination is often extended to 
include the subclavian and femoral arteries for evaluation of the different potential access 
routes. Consequently, when adding the contrast administration during the actual TAVR 
procedure and the advanced age of almost all patients, many individuals suffer a varying 
degree of decreased kidney function after TAVR. Also, a significant number of patients 
are prone to higher and/or instable heart rates in the immediate post-operative period, 
making acquiring motion-free ECG-gated CT images a technically challenging task (Fig 
5). However, administration of β-blockers to reduce heart rate during image acquisition 
should only be done after a cardiology consult, since conduction abnormalities are not 
uncommon after TAVR and can form an absolute contraindication for this. Therefore, in 
the absence of an urgent clinical indication, we recommend a period of about one month 
after the procedure before follow-up with CT to allow kidney function and heart rate var-
iability to stabilize.  At this time, there is no significant data regarding the necessity to 
perform repeated imaging follow-up with CT after an initial post-procedural CT evalua-
tion. 

Non-gated CT examinations can be considered on a case-by-case basis. While they do not 
allow precise THV measurements, they can often provide enough information of device 
position and expansion as well as on peri-aortic and access pathway complications. Fi-
nally, last-generation MDCT scanners with high-pitch modes allow high-quality evalua-
tion of the necessary anatomy within a minimum time span and with a reduced amount 
of contrast medium (32-34). However, only a single phase of the cardiac cycle is imaged 
with this approach, making it less flexible compared with conventional retrospectively 
ECG-triggered acquisitions.  

Considerable efforts are being made by many investigators and manufacturers to reduce 
artefacts related to stent material in different PHV types. These include the optimization 
of different CT parameters as well the implementation of new imaging filters and tech-
niques (18, 27, 35-39). However, artefacts vary along the different types of prosthesis and 
manufacturers (17). Specificall, for the SAPIEN valve, de Heer et al recently showed that 
CT images could be obtained with moderate to good image quality, except for the valve 
leaflet region that has generally non-diagnostic or moderate image quality (27). Cur-
rently, no such study exists for the CoreValve device. While emerging techniques like 
dual- or spectral imaging have demonstrated promising results, no data yet exists on the 
potential beneficial effects of these techniques on the imaging evaluation of transcathe-
ter heart valves. 
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Normal Post-procedural CT Findings 
Several findings can be appreciated on post-procedural CT examinations. In general, the 
post-procedural imaging findings are determined by the type of THV used and the chosen 
access route. Furthermore, it is important to realize that there are significant physical and 
operational differences between the CoreValve and SAPIEN devices, which affect the 
post-procedural imaging findings (Table 1). A checklist for post-procedural CT examina-
tions is provided in Table 3. 

Anatomic level Comment 

Valve prosthesis Identify type of prosthesis 
Comment on expansion: circular or non-circular 
Assess the position of the stent with regard to the annulus (not too 
low or too high) 
Evaluate presence of potential thrombus 
Assess valve leaflets for thickening and calcification (expected to 
be seen only after longer interval after implantation). 

Coronary arteries Evaluate the origin of the coronary arteries for obstruction by dis-
placed calcifications of the native aortic valve  

Mitral valve Assess the anterior mitral valve leaflet for interference with the 
stent  

LV apex and chest wall  
(transapical approach) 

Comment on presence of PTFE pledgets  
Assess for bleeding  
Assess subcutaneous air pockets 
Assess for pseudoaneurysm formation 

Aortic root Wall thickening and pseudoaneurysms in case of suspected endo-
carditis 

Ascending aorta, arch and de-
scending aorta 

Check for complications of catheter manipulation (e.g. dissection) 
Check for bleeding and pseudoaneurysms in case of direct aortic 
approach  

Femoral and iliac arteries  Check for bleeding and pseudoaneurysms 
 

Table 3 Checklist of items that need to be addressed on CT scans after TAVR 
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Imaging Planes 
The aortic root has a double-oblique orientation, rendering conventional sagittal, coronal 
or axial planes unsuitable for correct evaluation. Therefore, images must be reformatted 
in order to obtain imaging planes perpendicular to the long axis of the aortic root and 
parallel with the annular plane. A method for obtaining a correct image plane in pre-pro-
cedural CT examinations has been described in detail elsewhere (15, 40). In the post-pro-
cedural setting, this task is somewhat different since the native aortic valve and its hinge 
points in the aortic root are no longer visible. However, the stent of the prosthesis serves 
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deployment. As it is a non-covered stent valve, covering of coronary ostia as well as by-
pass graft origins has no repercussions (Fig. 3e). Both the waist and outflow part are in-
creasingly circular towards the ascending aorta, as their deployment is not or less hin-
dered by the surrounding aortic root wall and displaced native aortic valve leaflets, since 
the surrounding aortic sinus is large enough at these levels to accommodate these struc-
tures (Fig. 6). 

The SAPIEN valves have a shorter frame compared with the CoreValve device. They will 
therefore remain within the aortic root, not extending beyond the sino-tubular junction 
(Fig. 3f). They are also intended to remain circular along their complete course, both on 
an annular and supra-annular level (Fig. 3c).  

On the inferior border, no THV should normally extent beyond the native annulus. A too 
low implant depth has potential significant clinical consequences, as it has recently been 
associated with clinically significant new conduction disturbances and the need for per-
manent pacemaker implantation for the SAPIEN XT valve (43). No such study yet exists 
for self-expandable valves.  

Displaced Structures  
During deployment of both SAPIEN and CoreValve devices, the native aortic valve is dis-
placed and crushed between the THV and the aortic root wall. This displaced material is 
composed of both non-calcified and often-extensive calcified valve remnants, as well as 
calcified and non-calcified atherosclerotic wall plaques (Fig. 6). These structures can have 
a variable effect on the THV expansion. This effect depends among others on the width 
of the aortic sinus, which has to accommodate these structures between the deployed 
prosthesis and the aortic root wall. Therefore, manufacturer-suggested guidelines exist 
for the aortic sinus diameter, which should be minimal 27 mm for CoreValve devices. 

Displacement of the native aortic valve leaflets during deployment of the transcatheter 
valve is associated with a minimal but nevertheless important risk of subsequent occlu-
sion of the coronary ostia, with a reported incidence of 0,6 -4,1 % (9, 10).   
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Fig. 6 Displaced structures in the aortic root after deployment of a CoreValve device. (a–h) Pre- and 
postdeployment in-plane double-oblique images obtained from the sinotubular junction to just above 
the aortic annulus. (a) Predeployment image shows left-sided semicircular wall calcifications at the 
level of the sinotubular junction (arrow). (b) Postdeployment image reveals that the calcifications de-
picted in a slightly hamper the otherwise circular expansion of the CoreValve device (arrow). (c) Prede-
ployment image shows small calcifications near the left main and right coronary ostia (ar-
rows). (d) Postdeployment image shows that the small calcifications depicted in c are slightly displaced 
and appear more concentrated (arrows), but they have not caused any coronary obstruction. (e) Pre-
deployment image obtained more toward the middle of the aortic sinus reveals thickened native valve 
leaflets (*) as well as a more prominent calcification along the noncoronary cusp (arrow). (f) Post-
deployment image reveals that the extensive calcification shown in e has only minimal effect on the 
otherwise normal oval expansion of the CoreValve device, since the aortic sinus is sufficiently wide to 
accommodate these displaced calcifications (arrow). (g) Predeployment image obtained just above the 
aortic annulus shows the lower portions of the native aortic valve leaflets (*) near their basal hinge 
point, which at this level are mostly noncalcified, with only a few scattered calcifications visible. (h) On 
a postdeployment image, the leaflets are crushed and form noncalcified structures between the pros-
thesis and the aortic root wall (*). The expansion of the CoreValve device is not affected, given the 
sufficient width of the aortic sinus (cf f). (i) LVOT view shows the prominent calcification along the 
noncoronary cusp (arrow) (cf e). (j) LVOT view again shows that the aortic sinus is sufficiently wide to 
accommodate displaced calcifications (arrow) (cf f). The images in Figure 6 illustrate the changing 
cross-sectional morphology of a CoreValve device, which is nearly circular at and above the level of the 
sinotubular junction but assumes a more oval contour as it nears the annular plane. 
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Patients with large and heavily calcified valve leaflets and a short distance from the an-
nular plane to the ostia of the coronary arteries are more at-risk (12). While this is typical 
a peri-procedural complication that is detected immediately during the control angi-
ography after valve deployment, it has also been reported hours after the valve implan-
tation (11). Since this constitutes an acute clinical situation, CT is never used for this indi-
cation. However, we consider it good practice to always report the location of displaced 
native valve components that end up in the vicinity of coronary ostia. Mostly, if a dis-
placed calcification is detected in a coronary ostium on CT in a patient without clinical 
symptoms it is often considered non-occlusive (Fig. 7). 

 

Fig. 7 Displaced calcifications after transcatheter valve deployment. (a) Coronal CT image obtained in 
a patient with a CoreValve device shows a displaced calcification (arrow) at the lower border of a nor-
mal patent left main coronary ostium. (b) Slightly oblique coronal reformatted image obtained in a 
patient with a Sapien valve shows a prominent calcification at and minimally protruding into the os-
tium of the right coronary artery (arrow). However, the patient had no clinical symptoms suggestive of 
coronary artery obstruction. Therefore, CT is not very useful for accurately assessing the degree of lu-
minal narrowing in this setting, with treatment decisions being made more on the basis of clinical and 
functional information. 

Transapical Approach and the Left Ventricle Apex 
In order to cannulate the left ventricular (LV) apex for an antegrade delivery of the SA-
PIEN valve using a transapical approach, a purse string suture is placed in the LV myocar-
dium. Subsequently, the myocardium is punctured and the cannula is inserted. Usually 
the sutures used for the purse string have polytetrafluoroethylene (PTFE) felt pledgets 
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In order to cannulate the left ventricular (LV) apex for an antegrade delivery of the SA-
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dium. Subsequently, the myocardium is punctured and the cannula is inserted. Usually 
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attached that prevent the sutures from tearing through the tissue. These pledgets are 
hyperdense on both non-contrast and contrast-enhanced CT and may be seen on the LV 
apex (44) (Fig. 8). They should not be mistaken for contrast leakage. A non-contrast en-
hanced scan may be helpful for discriminating contrast extravasation and pledgets. The 
LV myocardium may show an indentation on the ventricular side after a transapical ap-
proach (Fig. 9). Furthermore, it is not uncommon to see air in the subcutaneous tissue of 
the left chest wall (Fig. 10). This is a normal finding after the left thoracotomy that is per-
formed to expose the LV apex and can be seen until several days after the procedure. 

 

Fig. 8 CT features of PTFE felt pledgets after transapical placement of a Sapien prosthesis. Nonen-
hanced (a) and contrast-enhanced (b) CT images demonstrate PTFE felt pledgets (arrow) on the left 
ventricular apex. These pledgets are attached to the sutures that were used to make a purse string 
around the cannula that was placed in the left ventricular apex. As such, they are a normal postproce-
dural finding and should not be mistaken for contrast material extravasation. 
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Fig. 9 PTFE pledgets and indenta-
tion of the left ventricular wall af-
ter transapical insertion of a Sa-
pien prosthesis. CT image clearly 
depicts hyperattenuating PTFE 
pledgets on the left ventricular 
wall (arrowhead). Note also the 
indentation in the left ventricular 
wall at the former cannulation site 
(arrow). The left ventricular wall is 
very thin in this case, but no dis-
continuity is present. 

 

Fig. 10 Subcutaneous air after 
transapical implantation of a Sa-
pien valve. CT image shows an air 
pocket in the subcutaneous tissue 
of the anterior chest wall (arrow). 
Although the amount of air is rel-
atively large, it is still within the 
acceptable postoperative range. 
Typically, this finding can persist 
for several days after implanta-
tion. 

 

 

 

 

 

TAVR and the Mitral Valve 
Initial reports indicate a potential beneficial effect of TAVR on mitral regurgitation due to 
afterload reduction, more specifically in the subgroup of patients with a pre-procedural 
functional (but not degenerative) regurgitation etiology. This has been recently shown 
for balloon-expandable valves (45, 46), with a recent study by Toggweiler et al indicating 
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that the presence of moderate or severe mitral regurgitation in patients undergoing 
TAVR is associated with a higher early, but not late mortality rate (47). However, there is 
not much knowledge regarding the effect of TAVR on mitral annular anatomy using CT. 
While initial studies using three-dimensional echocardiography indicate that mitral annu-
lar geometry seems better preserved using TAVR as compared to the surgical approach 
(48), it is unclear how this translates to a CT-based evaluation of the position of the THV. 
There is a very close relation between the aortic- and the mitral valve as the native non- 
and left coronary leaflets form a fibrous continuity with the anterior mitral valve leaflet 
(AMVL). It is important to assess the relationship of the prosthesis with the AMVL, which 
can be easily appreciated in the LVOT view. Cine imaging by looping all phases along the 
cardiac cycle may also be helpful. 

As a general rule, the THV should not extend past the LVOT in the left ventricular cavity. 
However, on occasion some overlap between the TVH and the AMVL can be appreciated 
(Fig. 11). Theoretically, a too low a position of the prosthesis may interfere with the 
movement of the AMVL. 

Fig. 11 Overlap between an im-
planted CoreValve device and the 
AMVL. Three-chamber view shows a 
slight overlap between the CoreValve 
device and the AMVL over a length of 
about 10 mm (arrow). Although too-
low device implantation could theo-
retically interfere with the movement 
of the AMVL, in this case there were 
no repercussions. Nevertheless, de-
spite the fact that there is currently 
no clear understanding as to the 
meaning and long-term conse-
quences of such overlap, this situa-
tion is generally avoided during de-
vice implantation. Consequently, the 
position of the THV relative to the 
AMVL is always reported at CT. 
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Valve-in-Valve Deployment 
A more recent application of TAVR is the so-called “Valve-in-Valve” procedure in which a 
TAVR valve is placed in a degenerated and failing biological prosthetic valve (49, 50). This 
application, while less common, has been described using both balloon- and self-expand-
able THV and can be performed in both stented (Fig. 12) and stentless bioprostheses (Fig. 
13). While it currently lacks the same degree of validation of the conventional TAVR indi-
cations, it represents a potential new pathway for THV offering an alternative to conven-
tional redo surgery, particularly in elderly patients with comorbidities. The rigid frame of 
most bioprostheses facilitates THV positioning and paravalvular sealing, while reducing 
the risk of complications like atrioventricular block, annular rupture and coronary ob-
struction (51).  Experience with CT imaging for this indication is currently limited. Com-
pared with MRI, CT seems to have an advantage in the pre-procedural planning, as it suf-
fers less from limiting metal-induced artefacts (52). After valve-in-valve implantation, a 
stentless bioprosthesis can often be seen as a low-density structure surrounding the ad-
ditionally implanted THV (Fig. 13).  

Finally, an additional THV may be deployed in an already present THV. This may be nec-
essary to correct an acute severe aortic regurgitation which may be valvular (due to pros-
thetic leaflet dysfunction) and/or paravalvular (due to poor annular sealing). While THV-
in-THV implantation has been reported to be feasible with satisfactory short- and mid-
term outcomes (53), a recent study of a subset of the PARTNER randomized trial con-
versely revealed that acute THV-in-THV procedures are associated with excess mortality 
(54).  

Complications 
Complications which may involve CT imaging can be broadly divided in three groups. A 
first group is formed by inadequate THV function, expansion and position of which para-
valvular regurgitation is one of the most common and important exponents. The role of 
CT in the post-procedural setting is here still to be determined. A second group is formed 
by complications at the access site and along the chosen access route. Here, pseudo-an-
eurysms form the most common complication, which can be easily detected by CT. Fi-
nally, peri- and post-procedural stroke is of major concern, and seems to be multifactorial 
(55). CT is rarely used for this indication, except to detect a hemorrhagic cerebral infarct 
in the acute setting. For further stroke assessment, a more extensive role is reserved for 
MRI.  
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Fig. 12 Valve-in-valve procedure with deployment of a CoreValve device in a degenerated Carpentier-
Edwards Perimount Magna Ease aortic stented bioprosthetic valve (Edwards Lifesciences). (a, b) Cor-
onal (a) and in-plane (b) double-oblique preprocedural CT images obtained at a supraannular level 
show the bioprosthesis in situ within the aortic root. The stent is clearly visible as a high-attenuation 
structure, whereas the porcine valve leaflets can also be appreciated as fine, low-attenuation linear 
structures (* in b). (c, d) Coronal (c) and in-plane (d) double-oblique postprocedural CT images show 
the CoreValve device deployed within the stented bioprosthesis. The displaced, crushed, and partially 
calcified valve leaflets form a predominantly low-attenuation structure between the transcatheter 
valve and the stent (* in d). In this case, the contour of the CoreValve device is not entirely circular. 
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Fig. 13 Valve-in-valve procedure with deployment of a CoreValve device in a degenerated Medtronic 
Freestyle stentless bioprosthetic valve that was placed using the freehand implantation (in situ) tech-
nique. (a, b) On coronal (a) and in-plane (b) double-oblique preprocedural CT images obtained at a su-
praannular level, the original bioprosthetic valve appears as a low-attenuation circumferential struc-
ture. The valve is not easily visualized on the coronal image (* in a) but is better depicted on the in-
plane image (* in b). The porcine valve leaflets can also be seen as fine linear structures. The CT atten-
uation of these valve leaflets is virtually indistinguishable from that of the wall of the bioprosthesis. (c, 
d) On coronal (c) and in-plane (d) double-oblique preprocedural CT images obtained after deployment 
of the CoreValve device, the valve leaflets form a thick low-attenuation structure (*) around the THV. 
Note the circular expansion of the CoreValve device, conforming to the original circular contour of the 
preexisting prosthetic valve. 
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Post-procedural Paravalvular Regurgitation 
One of the most important complications of TAVR in the post-operative period is the 
presence of paravalvular aortic regurgitation (PAR). PAR results from incomplete circum-
ferential apposition of the THV with the annular wall, allowing passage of blood around 
the prosthesis. Approximately 1 in 9 patients develops moderate to severe PAR after 
TAVR, with several reports pointing to a decreased survival depending on the degree of 
PAR. While severe PAR has been previously shown to reduce survival rates, a recent study 
revealed that even mild PAR (occurring in approximately 40% of patients) is associated 
with an increased late mortality (12). Conversely, no or minimal PAR is associated with a 
low mortality and is considered of little clinical significance. 

Several factors have been correlated with the presence and degree of PAR. In general, 
they mostly related to 1) a size mismatch between the chosen THV and the annular di-
mensions, 2) an asymmetric and/or incomplete deployment of the THV due to interposi-
tion of native aortic valve calcifications between the TVH and the aortic root wall and 3) 
an incorrect position of the THV in the aortic root.  

During deployment of the THV, the native valve leaflets will be displaced and crushed 
between the THV and the aortic root wall. Consequently, the often-extensive native aor-
tic valve calcifications can form a mechanical barrier for the expansion of the TVH, leading 
to an incomplete and non-symmetrical expansion (Fig. 14). This phenomenon has been 
linked to a higher incidence of PAR (56).  A recent report by Marwan et al. on balloon-
expandable valves revealed that the extent of aortic valve annular calcification, but not 
of commissural calcification, predicts significant post-procedural PAR (57). Furthermore, 
they found no significant correlation between the degree of PAR and aortic annulus ec-
centricity index or aortic diameters. Nevertheless, further studies, also on different types 
of valves, are needed to further confirm these findings. It is also important to realize that 
while CT can provide an excellent assessment of the post-operative aortic root, it lacks 
the functional information that echocardiography can deliver. Therefore, even a very 
convincing image of potential paravalvular leakage on CT must always be correlated with 
TEE or TTE, which are the reference standard for this condition. Finally, while MRI of the 
aortic root is a more complex technique requiring a higher degree of patient cooperation, 
it has been reported to be an excellent tool for PAR evaluation. Sherif et al. recently re-
ported that comparisons between purely quantitative measurements of PAR by MRI and 
qualitative assessment by angiography showed better correlations than those with echo-
cardiography (31). This suggests that echocardiography may underestimate the degree 
of PAR, with MRI in these circumstances having a significant potential in reliably measur-
ing the severity of PAR in a quantitative manner. More studies are however needed to 
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further corroborate this, as flow quantification with MRI is often challenging as the THV 
moves in and out the measuring plane making an exact measurement less straightfor-
ward. 

 

Fig. 14 CoreValve device asymmetry caused by extensive calcifications. Coronal in-plane double-
oblique (a) and slightly oblique (b) CT images reveal prominent displaced calcifications (arrow) between 
the transcatheter valve and the aortic root wall, leading to incomplete deployment and an asymmetric 
position of the prosthesis in the aortic sinus. Although these images are very convincing for a large 
paravalvular leak, several echocardiographic examinations revealed only moderate leakage with no 
evident clinical consequences. This case illustrates the strength of echocardiography in providing both 
anatomic and functional information, making it the standard of reference for the evaluation of PAR. 

Device Migration 
Device migration is multifactorial, and may be due to inadequate positioning during de-
ployment (too high or too low with respect to the aortic annulus) and/or annular under-
sizing with insufficient grip of the prosthesis on the aortic root wall. Retrograde migration 
of the valve into the left ventricle is evident immediately during the procedure and is a 
life-threatening emergency due to the resulting massive aortic valve insufficiency. Ante-
grade migration may occur as well, as extensive calcifications at the sinotubular junction 
can limit balloon expansion, possible leading to inadequate device fixation and subse-
quent migration into the ascending aorta (58). Since device migration is an absolute 
emergency with a high mortality rate, CT is not performed for this indication. 
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further corroborate this, as flow quantification with MRI is often challenging as the THV 
moves in and out the measuring plane making an exact measurement less straightfor-
ward. 

 

Fig. 14 CoreValve device asymmetry caused by extensive calcifications. Coronal in-plane double-
oblique (a) and slightly oblique (b) CT images reveal prominent displaced calcifications (arrow) between 
the transcatheter valve and the aortic root wall, leading to incomplete deployment and an asymmetric 
position of the prosthesis in the aortic sinus. Although these images are very convincing for a large 
paravalvular leak, several echocardiographic examinations revealed only moderate leakage with no 
evident clinical consequences. This case illustrates the strength of echocardiography in providing both 
anatomic and functional information, making it the standard of reference for the evaluation of PAR. 
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grade migration may occur as well, as extensive calcifications at the sinotubular junction 
can limit balloon expansion, possible leading to inadequate device fixation and subse-
quent migration into the ascending aorta (58). Since device migration is an absolute 
emergency with a high mortality rate, CT is not performed for this indication. 
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Stroke & Embolic Deflection Devices 
Balloon dilatation of the often severely calcified native aortic valve and subsequent ma-
nipulation during prosthesis deployment may lead to embolization of debris to the brain 
causing a stroke. The debris consists of calcium, fibrin, and connective tissue that origi-
nates from the native aortic valve leaflets and / or aortic wall (59). In the PARTNER trial, 
30-days stroke rate was 6.7% for TAVR versus 1.7% for standard therapy (60). Embolic 
deflection devices that are positioned in the aortic arch are currently being explored and 
show a reduction in cerebral ischemic lesions compared to the normal TAVR procedure 
(61).  

While CT can be used in the acute setting to detect intracranial hemorrhage, MRI is far 
better suited in both detection and follow-up of cerebral infarction.  

Complications at the Insertion Site and Access Routes 
Pseudo-aneurysms and arteriovenous fistulae may occur at any of the arterial access sites 
used for TAVR. Since the endovascular femoral pathway is one of the most commonly 
used access routes, they are mostly seen at the groin (Fig. 15). However, they can also be 
seen after transaortic access (62), typically performed at the level of the 2nd right inter-
costal space (Fig. 16). They can be easily identified with CT.  

 

Fig. 15 Pseudoaneurysm and arteriovenous fistula formation after CoreValve device implantation with 
transarterial femoral access. (a) Axial CT image shows an irregular pseudoaneurysm arising from the 
anterior wall of the proximal superficial femoral artery (arrow). Note the surrounding hemorrhagic 
fatty infiltration, as well as the premature opacification of the femoral vein (arrowhead). (b) Oblique 
coronal CT image reveals a small, posttraumatic arteriovenous fistula (arrow). 
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Fig. 16 Thoracic wall pseudoaneurysm af-
ter CoreValve device implantation via a 
transaortic access pathway. CT image 
shows a large pseudoaneurysm (arrow) in 
the region of the pathway, which is typi-
cally accessed at the level of the second 
right intercostal space. The pseudoaneu-
rysm has presumably arisen from an inter-
costal artery. Note the midline incision in 
the sternum from unrelated previous coro-
nary artery bypass surgery. 

 

 

 

 

The cannulation site of the LV apex may be a source of post-operative bleeding after a 
transapical approach. Massive bleeding is likely to be fatal within minutes and will evi-
dently not be investigated with CT. Less vivid bleeding may be associated with enough 
time for clot formation, which may compress and as such partially contain the bleeding 
site. CT imaging shows large hematomas and clots around the LV apex and left chest wall 
(Fig. 17). 
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Fig. 17 Hematomas. Nonenhanced 
chest CT image obtained for unex-
plained hypoxia after transapical im-
plantation of a Sapien valve (no contrast 
material was used because of impaired 
kidney function) shows a large hema-
toma surrounding the left ventricular 
apex, as well as a large subcutaneous 
hematoma (*). There is also a large 
amount of subcutaneous air over the left 
chest wall. In addition, hyperattenuat-
ing PTFE pledgets are clearly seen at the 
left ventricular apex (arrow). 

 

 

 

 

Fig. 18 Tissue or thrombus on a Sapien 
stent. CT image shows a small, hypoat-
tenuating structure attached to the 
stent (arrow), a finding that most likely 
represents a small piece of tissue or a 
small thrombus. Although a vegetation 
as a sign of endocarditis may have a 
similar appearance, such a finding was 
unlikely in this case, since there was no 
clinical suspicion of endocarditis. 
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Strength and Weaknesses of CT & Position vs. echocardiography 
CT, as a true three-dimensional imaging technique, has important advantages compared 
to echocardiography when evaluating complex anatomical structures like the pre- and 
post-operative aortic root. As demonstrated, it is an excellent tool for evaluation of both 
THV geometry and position, as well as for detection of complications in the aortic root 
and elsewhere. Furthermore, CT has a complementary value to echocardiography in the 
evaluation of dysfunctional "traditional" prosthetic heart valves (16), especially in cases 
of (suspected) endocarditis combined with clinical data (20). CT is expected to provide 
the same benefits in stented valve prostheses since the stent metal induces only limited 
artefacts (Fig. 18).   

However, its potential value in the evaluation of post-procedural PAR is still to be deter-
mined, as it lacks the functional assessment delivered by echocardiography.  Therefore, 
in the absence of large multicentric trials establishing valid CT-based parameters for clin-
ical follow-up, TEE and TTE will remain the most important imaging modality in the im-
mediate future for functional valve evaluation. Nevertheless, and similar to the pre-pro-
cedural TAVR work-up, integration of all available clinical data together with multimo-
dality imaging of the post-operative aortic root will probably deliver the most complete 
assessment. As such, we believe that both two- and three-dimensional imaging modali-
ties should be integrated in the post-procedural workflow of a TAVR patient for a more 
complete understanding of the aortic root and valvular function. 

While radiation exposure should be evaluated in every CT examination, in TAVR this is 
less of an issue given the predominantly very advanced age of the typical TAVR popula-
tion and the consequently expected remaining life span. However, if TAVR proves to be 
a valid alternative to conventional surgical aortic valve replacement in younger lower-risk 
patients, this issue will need to be readdressed. Recently introduced techniques like iter-
ative reconstruction methods, high-pitch examinations and improved prospectively ECG-
triggered acquisitions will then further aid in controlling radiation exposure.   
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Future Perspectives  
Currently there is intense development of novel transcatheter valve designs. Points of in-
terest are reducing the delivery catheter diameter, improve the ease of positioning and 
sealing, and the facilitation of THV repositioning or removal (51). Mostly, these newer 
valves are being constructed of self-expanding nitinol, a material that is known to pro-
duce little artefacts on CT examinations (63). Besides the SAPIEN and CoreValve devices, 
currently only the JenaValve (JenaValve Inc., Munich, Germany) and Acurate valve 
(Symetis Inc., Ecublens, Switserland) have obtained CE mark approval (22). No data on 
their CT characteristics are available yet. It is expected that currently used THV models 
will continue to be improved and will reach the market in the coming years as well as to-
tally novel designs. A further interesting new development is a MRI-guided TAVR proce-
dure that has recently been described using an animal model (30). It offers the advantage 
of not having to use iodinated contrast agents. However, it remains to be established if 
this will become a valid alternative to TAVR using conventional angiography given the 
inherent limitations of working in an MRI environment.   

Conclusion 
Given the increasing worldwide recognition and clinical implementation of transcatheter 
heart valves, it can be expected that these devices will appear with increasing frequency 
in patients referred for thoracic CT imaging, either for post-procedural aortic root evalu-
ation or for unrelated reasons. Proper recognition of these devices, their CT characteris-
tics and potential complications, will increase diagnostic confidence and further consoli-
date the position of the radiologist in the multidisciplinary TAVR effort. However, it is 
important to realize that the exact role of post-procedural CT regarding many aspects 
related to TAVR remains to be firmly established. As such, the most complete post-pro-
cedural assessment at this point integrates clinical data with information from all availa-
ble two- and three-dimensional imaging modalities, leading to optimal patient care. 
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7.1 ELECTROPHYSIOLOGY INTERVENTIONS AND THE EVOLVING ROLE OF THE 

RADIOLOGIST 
 

Arrhythmias are a frequent and recurring reason for consulting in any cardiology practice.  
Traditionally, most of these diseases are after initial diagnosis treated with chemical or 
electrical cardioversion, with some cases afterwards further requiring long-term to life-
long antiarrhythmic therapy and anticoagulation. Nevertheless, and despite increasingly 
available non-invasive treatment options, some patients remain refractory to conven-
tional pharmacological treatment with no additional help from implantable devices like 
pacemakers or defibrillators. Fortunately, considerable advances have been made in the 
treatment of certain electrophysiology-related condition using transcatheter-based pro-
cedures aimed directly at manipulating the triggers and substrates of certain rhythm dis-
orders. This rapidly expanding field of interventional cardiac electrophysiology (EP) has 
evolved into a highly specialized cardiac subspecialty, which is increasingly relying on de-
tailed pre-operative 3D anatomy visualization of the targeted cardiac and surrounding 
structures for both pre-procedural planning and peri-procedural guidance.  

While the treatment of these conditions using EP techniques is routinely executed in spe-
cialized centres, the procedures are not without risk, and are therefore rarely used as a 
first-line therapeutic option.  Correctly executed and interpreted pre-operative imaging 
has nevertheless the potential to anticipate possible obstacles (e.g. anatomy variations) 
and alert the interventional electrophysiologist to potential procedural hazards.  Some 
3D imaging modalities like MDCT can also provide a detailed anatomic map of the inves-
tigated cardiac structures for incorporation in electroanatomical mapping (EAM) sys-
tems, making them an increasingly requested aid for procedural guidance.  

While the absolute need for pre-procedural CT or MR imaging is not yet universally ac-
cepted, the rising success and consequently implementation of EP techniques has never-
theless led to an increasing demand for non-invasive pre-operative imaging of the heart 
outside the setting of coronary arteries evaluation. As such, it is important for the radiol-
ogist to be aware of the different EP procedures, their requisites from non-invasive 3D 
imaging and the specific questions that need to be answered. 

In this chapter, the precise role of CT in selected electrophysiology applications will be 
discussed, both in the pre-procedural setting as in the follow-up after the procedure. Fur-
thermore, the interatrial septum is an important anatomic structure in electrophysiology, 
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as it has to be crossed from right to left atrium in order to perform e.g. electrical pulmo-
nary vein isolation. Presence and clinical significance of intracardiac shunts, whose pres-
ence may be important when performing some electrophysiology interventions, are re-
viewed. 
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7.2 CT & ELECTROPHYSIOLOGY INTERVENTIONS 

Evolving Role of Electrophysiology Interventions 
Interventional cardiac electrophysiology (EP) has evolved into a highly specialized cardiac 
subspecialty, which is increasingly relying on detailed three-dimensional anatomic visu-
alization of the targeted cardiac and surrounding structures for preprocedural planning, 
periprocedural guidance, and postprocedural follow-up. 

In general, there are two major groups of patients who are candidates for CT prior to EP 
procedures.  The most commonly encountered group includes patients presenting with 
rhythm disturbances, most notably atrial fibrillation. In this situation, imaging of the left 
atrium and pulmonary veins by CT can be clinically helpful to guide patient management. 
Patients with heart failure who are scheduled for cardiac resynchronization therapy form 
the second group. In this setting, CT has become important for the visualization of the 
coronary venous system. 

Atrial Fibrillation 
Atrial fibrillation is an increasingly encountered supra- ventricular tachycardia, basically 
characterized by uncoordinated atrial activation presenting as a chaotic heart rhythm 
with subsequent deterioration of atrial mechanical function. While some individuals with 
AF are asymptomatic, others experience varying degrees of discomfort. Atrial fibrillation 
is a progressive disease which increasingly degrades quality of life over time. It is also as-
sociated with important clinical consequences, including diminished cardiac function and 
an increased risk for atrial cloth formation and thromboembolic stroke. 

Studies have shown that, in the majority of patients, atrial fibrillation is initiated by spon-
taneous electrical dis- charges originating from arrhythmia-inducing ectopic foci within 
the pulmonary veins. More specifically, these foci are located near the entrance sites of 
these veins into the le atrium (atriopulmonary venous junction). Therefore, the rationale 
behind catheter-based cryo- or radiofrequency transcatheter ablation of these sites is to 
eliminate the source of abnormal electric signals or to disrupt electrical communication 
(isolation) between the ectopic foci and the left atrium. During the intervention, the ab-
lation catheter is brought into the left atrium through a percutaneous venous femoral ac-
cess and subsequent transseptal puncture from right to left atrium (Fig. 1). While such 
treatment is generally considered safe in experienced hands, it is nevertheless associated 
with relatively rare but potentially important complications. Radiofrequency ablation of 
the pulmonary vein ostia is reserved for patients with symptomatic and drug-refractory 
paroxysmal or persistent atrial fibrillation.  
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Fig. 1 Illustration of the radiofrequency ablation procedure. After traditional percutaneous venous fem-
oral access, a transseptal catheter puncture is performed to gain access to the left atrium (a). Next, the 
catheter with an ablation electrode at its tip is placed at the level of an atriopulmonary venous junction 
– in this case the upper left pulmonary vein (b). Finally, ablation is performed: a circular Lasso catheter 
is used for electrical mapping guidance at the atriopulmonary venous junction (the wall of which has 
myocardial tissue extending from the left atrium), while a linear catheter with ablation electrode per-
forms a radiofrequency ablation at a specific point (c). Figure d shows a three-dimensional fast ana-
tomic mapping image of the left atrium acquired by dragging a mapping catheter over sites of interest 
along the atrial endocardial wall. The final ablation points (red in d) surround the pulmonary vein en-
trances into the left atrium in a circular fashion, achieving as such electrical isolation (a-c) (With per-
mission from Ghaye et al., Radiographics, 2003) 

Role of CT  
Both CT and magnetic resonance imaging (MRI) can be used to acquire the required pre-
operative information. The choice between these two imaging modalities depends on the 
local expertise and available equipment. While MRI has the advantage of not involving 
ionizing radiation and using a generally safe gadolinium-based contrast agent, it is nev-
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ertheless a more complex technique, making its implementation less practical. There-
fore, CT has been increasingly used for this purpose, offering exquisite anatomic visuali-
zation in a short examination time with little physician input.  

An overview of the clinical purpose of CT in the pre- and procedural evaluation of patients 
with atrial fibrillation is given in Table 1. CT is also an excellent tool for detection of short- 
and long-term procedural complications (Table 2).  

Item/structure What to consider 

Left atrial wall & cavity Atrial thrombus: specifically, in the left atrial appendage  
Atrial diverticula or other potential obstacles 

Pulmonary veins Number and location 
Size of ostia: specifically, the presence of conjoined veins 
Accessory veins or abnormal pulmonary venous return 

Interatrial septum Interatrial shunts: patent foramen ovale, atrium septum defect 
Lipomatous septal hypertrophy 
Septal aneurysm or septal closure devices 

Periatrial structures Anatomic relationship with the esophagus 

Other ancillary findings Any finding that could alter the execution of the procedure or influ-
ence treatment 

Table 1 Purpose of CT in patients prior to electrophysiology procedures in atrial fibrillation 

 
Scan Protocol  
One of the most important goals of a preprocedural CT investigation is the acquisition of 
a high-quality three-dimensional dataset to be used for image integration during the 
transcatheter ablation procedure. At first glance, this acquisition is similar to a standard 
cardiac CT protocol for evaluation of the coronary arteries. However, many patients re-
ferred prior to EP will have atrial fibrillation at the time of the CT examination, very often 
causing significant image artefacts on an ECG-triggered CT acquisition. Consequently, 
while an ECG-triggered acquisition is traditionally preferred for coronary angiography a 
case can be made for non-gated examinations in patients with atrial fibrillation.   
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Affected anatomy Complications 

Pulmonary veins Pulmonary vein stenosis 
Pulmonary vein occlusion 
Pulmonary vein dissection 

Lung & pleura Pulmonary hypertension 
Pulmonary venous infarction 
Pulmonary fibrosis 
Pulmonary embolism 
Pneumothorax 
Hemothorax 
Pleural effusion 

Heart & pericardium Pericarditis 
Hemopericardium & cardiac tamponade 
Cardiac perforation 
Coronary artery spasm & myocardial infarction 
Valvular damage 
Atrio-esophageal fistula 

Other Systemic thrombo-embolism 
Phrenic nerve palsy 
Hematoma at puncture site 
Arterio-venous fistula 

 

Table 2 Complications related to radiofrequency ablation of the pulmonary vein ostia 

A non-gated scan can both provide sufficient image quality and reduce radiation expo-
sure while shortening the examination time. Nevertheless, in dual-source CT systems us-
ing high-pitch protocols and CT systems with large volumetric coverage, ECG-triggered 
acquisitions can also result in good image quality in patients with atrial fibrillation.  

Finally, a major concern raised by (especially prolonged) atrial fibrillation episodes is the 
formation of thrombi in the left atrium secondary to the altered wall motion, represent-
ing one of the most important causes of stroke-related morbidity and mortality. Thrombi 
predominantly form in the left atrial appendage (LAA) and are often the source of periph-
eral emboli and consequently the target of appendage occluder devices (Fig. 2). Since an 
atrial thrombus is a contraindication to an EP intervention, a concise evaluation of the 
LAA is an essential part of every preprocedural CT examination. Caution is however 
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needed as incomplete filling of the LAA is not an infrequent finding in CT scans of the 
heart performed in the arterial phase, especially when the LAA is enlarged (Fig. 3). As 
such, this phenomenon produces a false-positive image with a low-attenuation filling de-
fect mimicking an atrial appendage thrombus due to circulatory stasis. An LAA filling de-
fect therefore needs to be confirmed with an additional delayed-phase scan (albeit at the 
cost of extra radiation exposure) or with transesophageal echocardiography.  

 

Fig 2. Axial contrast-enhanced CT image in a 67-year-old female before (a) and after (b) placement of 
a left atrial appendage occluder device (Amplatzer Cardiac Plug 20 mm, arrow in b). The device is also 
seen on frontal (arrow in c) and lateral (arrow in d) conventional chest radiographs. Since the left atrial 
appendage is a major source of thrombus formation due to circulatory stasis, the use of an occluder 
device here can dramatically reduce the risk of thromboembolic stroke. In this particular patient, anti-
coagulation therapy could be stopped after device placement. However, this approach is currently con-
troversial, as some investigators argue that there are also other potential sources of emboli, including 
the atrial septum, left-sided valves, and the aorta. Furthermore, since stroke risk in atrial fibrillation is 
a systemic problem, occlusion of the left atrial appendage is by some considered only part of the treat-
ment; consequently, they continue to promote antithrombotic medication as the standard treatment 
for preventing stroke in patients with atrial fibrillation 
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Fig. 3 Axial contrast-enhanced CT of two patients with paroxysmal atrial fibrillation prior to radiofre-
quency ablation, showing a left atrial appendage pseudothrombus (a, b) and real thrombus (c, d). Oc-
curring especially in large atria and in patients with atrial fibrillation, slow blood flow can range from 
moderate to very pronounced (asterisk in a). In this patient, absence of a thrombus was confirmed by 
delayed-phase imaging (asterisk in b). Therefore, diagnosis of a left atrial appendage thrombus should 
only be retained after a filling defect has been confirmed on delayed-phase imaging or with 
transesophageal ultrasound. In the second patient, the left atrial appendage is completely filled with 
a hypodense mass on arterial-phase imaging (asterisk in c), which persists on delayed-phase imaging 
(asterisk in d) with only discrete further opacification surrounding the thrombus. Confirmation of the 
diagnosis is clinically important, as the presence of a left atrial appendage thrombus is a contraindica-
tion to an EP procedure. 
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Postprocessing  
After the CT examination, the data are digitally transferred to the EP room for further 
processing. In our institution, we provide an additional dataset containing only the left 
atrium and the atriopulmonary junctions of the different veins with a short adjacent vein 
segment.  

While this is not strictly necessary, the familiarity of the radiologist with cross-sectional 
cardiac anatomy, along with solid knowledge of the often-used postprocessing tools on 
CT workstations, can lead to a more reliable end-result than the use of less specialized 
software in the EP lab by non-radiologists. We also routinely generate three-dimensional 
volume-rendered images of the left atrium and its pulmonary veins, providing an ana-
tomic overview unmatched by ultrasound (Fig. 4). Measurement of the size of the pul-
monary vein ostia is not routinely done.  

 

Fig. 4 Volume-rendered CT image of the left atrium, atriopulmonary venous junctions, and a short ad-
jacent segment of the pulmonary veins. CT is an excellent tool for anatomic evaluation as echocardi-
ography does not consistently visualize all pulmonary arteries. The normal three-dimensional anatomy 
of the pulmonary veins is illustrated, which includes the right superior (green), right inferior (purple), 
left superior (red), and left inferior (blue) pulmonary veins. The right superior pulmonary vein drains the 
right upper and middle lobe, with the left superior pulmonary vein draining the left upper lobe and lin-
gula. The right and left inferior pulmonary veins drain the lower lobes of their respective lungs. This 
anatomic configuration occurs in 60–70 % of patients. A portion of the left atrial appendage (yellow) 
can be seen anterior to the left pulmonary veins. 
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Preprocedural Clinically Relevant Anatomy  
A correct description of the anatomy of the pulmonary veins and left atrium, specifically 
mentioning important anatomic variations that can alter the procedural strategy, should 
always be the first item reported. Typically, a total of four pulmonary veins with four in-
dependent ostia can be distinguished on both sides of the left atrium (Fig. 4). They are 
appropriately named right superior, right inferior, left superior and left inferior pulmonary 
vein. The most common anatomic variations are the presence of common (or conjoined) 
veins and accessory or supernumerary pulmonary veins (Fig. 5). Other rarer variants must 
also be reported as they can influence catheter passage (Fig. 6).  

The presence of large ostia, as sometimes seen in conjoined pulmonary veins, must be 
reported as they may be prime targets for ablation even without any other evidence of 
atrial fibrillation foci (Fig. 5). Overall, both CT and MRI have been reported to deliver more 
accurate and comparable ostial measurements than transesophageal echocardiography, 
which often underestimates these dimensions and does not consistently visualize all pul-
monary veins.  

 

Fig. 5 Variant pulmonary vein anatomy in two patients with paroxysmal atrial fibrillation. Volume-
rendered CT images are shown. An accessory vein (purple) is present in both cases, centered on the 
posterior atrial wall in figure a and between the upper and lower left pulmonary veins in figure b. Pre-
procedural detection of these accessory veins is important, since they are easily seen with CT but can 
be missed on less detailed fast anatomic mapping images acquired during the EP procedure. It is in 
such cases that integration of CT and EP-derived data can lead to the best roadmap for successful 
intervention. Furthermore, they have often small ostia (as especially illustrated in figure b), making 
them more at risk for complications such as stenoses. Additionally, in figure a there is a congenital 
confluence of the left superior (red) and inferior pulmonary vein (blue) in one large common trunk (or-
ange in a). Note the large diameter of this common vein segment, making this a preferred target for 
electrical isolation. This common variant occurs in 12–25 % of the population, mostly on the left side. 
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procedural detection of these accessory veins is important, since they are easily seen with CT but can 
be missed on less detailed fast anatomic mapping images acquired during the EP procedure. It is in 
such cases that integration of CT and EP-derived data can lead to the best roadmap for successful 
intervention. Furthermore, they have often small ostia (as especially illustrated in figure b), making 
them more at risk for complications such as stenoses. Additionally, in figure a there is a congenital 
confluence of the left superior (red) and inferior pulmonary vein (blue) in one large common trunk (or-
ange in a). Note the large diameter of this common vein segment, making this a preferred target for 
electrical isolation. This common variant occurs in 12–25 % of the population, mostly on the left side. 
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Fig. 6 Axial contrast-enhanced CT image in a 70-
year-old man revealing an incidentally found cor tri-
atriatum, with a fenestrated fibromuscular mem-
brane (arrow) dividing the left atrium into an inter-
communicating anterior (AC) and posterior cham-
ber (PC). This is a rare congenital heart defect. Its 
presence can compromise stable and correct posi-
tioning of the ablation catheter during EP interven-
tions and should therefore be reported. Practically, 
while it increases procedural complexity, a fenes-
trated membrane will generally not preclude a ra-
diofrequency ablation intervention, as the electro-
physiologist will try to use the fenestrations for pas-
sage of the catheter between the atrial chambers. 

As positioning of the radiofrequency ablation catheter in the left atrium is achieved 
through puncture of the interatrial septum from the right atrium, evaluation of this sep-
tum is critical. In about 25–35 % of patients, transseptal passage might be facilitated by 
the presence of a patent foramen ovale (PFO), a small potential interatrial shunt second-
ary to a lack of fusion between the septum primum and septum secundum (Fig. 7). While 
a PFO can exist without any detectable shunt, a small left-to-right shunt is common and 
often of little clinical significance. It can nevertheless become clinically important when 
le atrial pressure rises as in arterial hypertension for instance. Conversely, any temporary 
rise of right atrial pressure (e.g. coughing) can provoke a right-to-left shunt with the risk 
of paradoxical embolism.  

A PFO must be distinguished from a true atrial septal defect (ASD), an interatrial commu-
nication which is always patent and has greater clinical impact because the shunt tends 
to be larger in many cases. Three major types of ASD can be distinguished, with an ostium 
secundum ASD being the most frequently encountered type (Fig. 8-10). One of the dis-
tinguishing features between an ASD and a PFO on CT is, besides location, the direction 
of the shunt flow (compare Fig. 7 with Fig. 8).  
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Fig. 7 A patent foramen ovale in a young woman. Slightly oblique coronal contrast-enhanced CT image 
obtained perpendicular to the interatrial septum at the level of the fossa ovalis. The superior (S) and 
inferior (I) rims of the fossa ovalis are formed by the septum secundum or interatrial groove (IAG). A 
patent foramen ovale is the result of failed fusion between the septum primum (arrows) and the sep-
tum secundum at the fossa ovalis, producing a potential communication between left and right atrium 
(asterisk). In this typical case, the septum primum (arrows) is fused to the inferior rim of the fossa ovalis 
(I) and extends superiorly as a flap. A patent foramen ovale is a common finding in the general popu-
lation, with prevalence estimates in autopsy studies ranging from 25 to 35 %. Small left-to-right shunts 
are commonly seen, where the passage of blood is always oblique between the partially overlapping 
ostium primum and secundum. This is a distinguishing feature compared with atrial septal defects, 
where the flow direction is perpendicular to the axis of the interatrial septum. Small shunts are of no 
clinical significance. The presence of a patent foramen ovale facilitates transseptal passage of the 
catheter during radiofrequency ablation procedures. Ao aorta, RA right atrium, LA left atrium, IVC in-
ferior vena cava 
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Fig.8 Axial (a) and coronal (b) contrast-enhanced CT images in a middle-aged woman, illustrating an 
ostium secun-dum atrial septal defect as a discontinuity of the interatrial septum of about 1.5 cm 
length, with a left-to-right shunt illustrated by the passage of contrast-enhanced blood from the left 
to the right atrium (arrow in a,b). Contrary to a patent foramen ovale, the flow is perpendicular to the 
axis of the interatrial septum through a septal defect without an overlapping flap. Atrial septal defects 
constitute 10 % of all congenital heart diseases, with an ostium secundum defect being the most com-
mon type, accounting for 75 % of all cases. In comparison with a patent foramen ovale, an atrial septal 
defect is a more rare but often clinically more relevant congenital defect. Small defects are usually 
asymptomatic, especially in the first three decades of life, and often do not require treatment. How-
ever, large shunts can initially cause volume and eventually pressure overload of the right heart with 
atrial and ventricular dilatation (as illustrated in this case), leading to pulmonary hypertension, right 
ventricular failure, and potentially right-to-left shunting. As a consequence, over 70 % of individuals 
with an atrial septal defect become symptomatic in the fifth decade, or even earlier when the shunt is 
large. Depending on the characteristics of the atrial septal defect, treatment is endovascular, surgical 
or medical in case of severe pulmonary hypertension / increased pulmonary vascular resistance. RA 
right atrium, RV right ventricle, LA left atrium. 

An atrial septal aneurysm is occasionally encountered as a septal outpouching of variable 
depth and length, mostly from the le into the right atrium (Fig. 11). It can occur in isola-
tion, but is often associated with other structural abnormalities including mitral valve pro-
lapse and atrial septal defects.  

The presence of septal closure devices and a lipomatous septal hypertrophy should be 
reported prior to an EP intervention because of increase procedural complexity and risk 
(Fig. 12).  
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Fig. 9 Four-chamber (a) and short-axis (b) contrast-enhanced CT images in a middle-aged woman il-
lustrating an ostium primum atrial septal defect (arrowheads in a,b). A large communication between 
the left and right atrium is seen (arrow in a,b), just posterior to the annulus of the mitral valve (asterisk 
in a). Note the absence of septal flaps as in a patent foramen ovale and the enlargement of the right 
ventricle (RV) secondary to the shunt-induced volume overload. In contrast to an ostium secundum 
atrial septal defect, an ostium primum defect is often large and located in the most anterior and inferior 
part of the interatrial septum, immediately adjacent to the atrioventricular valves. Mostly, it is associ-
ated with a cleft in the anterior leaflet of the mitral valve. Ostium primum septal defects account for 
15 % of all atrial septal defects. RA right atrium, LA left atrium, LV left ventricle. 

Left atrial diverticula are common anatomic variants (Fig. 13). While their presence is in 
general of little clinical significance, they constitute potential sites of catheter entrap-
ment.  
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Fig. 10 Coronal (Panel A) and axial (Panels B and C) contrast-enhanced CT images in a 72-year-old 
man with increasing shortness of breath illustrating a sinus venosus defect, a third type of atrial septal 
defect involving the junction of the superior vena cava (SVC) with the right atrium (RA). Representing 
10 % of atrial septal defects, its name is derived from the abnormal fusion between the embryologic 
sinus venosus and the atrium. Instead of draining into the left atrium (LA), the right pulmonary veins 
(RPV) conjoin with the distal SVC into the RA (asterisk in Panels A and B). Additionally, at the same 
location there is direct communication between the left and right atrium through a short vein segment 
(asterisk in Panel C). The lower left pulmonary vein (LPV) is seen (Panels B and C) draining normally 
into the left atrium. The right heart is enlarged, secondary to a large left-to-right shunt in this case of 
anomalous pulmonary venous return. This sinus venosus defect was incidentally discovered on CT and 
surgically corrected. However, follow-up echocardiography in the immediate postoperative period still 
revealed a substantial shunt (not shown), without being able to determine its origin. A new CT, re-
vealed on a curved multiplanar reformation (Panel D) a wrongly connected SVC to the LA with imme-
diate filling of the left heart after intravenous contrast injection through a peripheral antecubital vein 
and no detectable connection to the RA. This was confirmed during promptly performed surgical revi-
sion. A final CT examination shows, again on a curved multiplanar reformation (Panel E), a restored 
normal outflow of the SVC into the RA with exclusion of the RPV. The restored connection of the RPV, 
now communicating correctly with the LA, is further illustrated in Panel F. IVC inferior vena cava, RV 
right ventricle 
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Fig. 11 A prominent atrial septal aneurysm 
(asterisk) is seen on a four-chamber view in a 
54-year-old male patient. The atrial septal an-
eurysm bulges about 2 cm into the right atrial 
cavity. Small aneurysms are of no clinical 
significance, but thrombus formation in large 
aneurysms has been reported and is associ-
ated with an increased stroke risk. Neverthe-
less, atrial septal aneurysms pose no formal 
contraindication to a radiofrequency ablation 
procedure regardless of their size, as transsep-
tal puncture of this aneurysm is easily 
achieved without a significantly increased 
complication risk. 

 

Fig. 12 Four-chamber contrast-enhanced CT images in two patients evaluated before radiofrequency 
ablation for paroxysmal atrial fibrillation. Figure a shows an Amplatzer septal closure device in a 57-
year-old man after previous patent foramen ovale correction (arrow in a). The second case illustrates 
a prominent lipomatous hypertrophic septum in a young woman (asterisk in b), an entity frequently 
associated with atrial arrhythmias and atherosclerotic coronary artery disease. The presence of a sep-
tal closure device usually does not pose any procedural problems, as a radiofrequency ablation catheter 
can easily pass through this device without increased complication risk. In contrast, a lipomatous hy-
pertrophic septum may preclude transseptal puncture. Since there are no universal guidelines, each 
case must be individually assessed. In this specific case (b), an unsuccessful attempt at transseptal 
puncture was made. 
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Fig. 13 Contrast-enhanced CT in four-chamber view (a) and oblique maximum intensity projection (b) 
in two different patients with atrial fibrillation referred for preprocedural anatomy evaluation. Atrial 
diverticula along the left (arrow in a) and right atrial wall (arrow in b) are seen. Small diverticula as in 
figure a are of no clinical significance. However, thrombus formation in large diverticula, although rare, 
has been described. The presence and location of diverticula must be reported, as they constitute po-
tential sites of catheter entrapment. Diverticula could give rise to thrombus formation or perforation, 
since their walls are much thinner than that of the adjacent normal atrium. In practice, atrial divertic-
ula are commonly seen and generally do not cause significant problems during RF ablation procedures. 

 

Postprocedural Complications  
EP-related interventions are generally considered safe in experienced hands, with a re-
ported complication rate of about 4–5 % for atrial fibrillation ablation procedures. Never-
theless, several complications can occur (Tables 2, 3). We recommend to perform a rou-
tine follow-up study within 3–12 months to look for postprocedural complications, or 
when clinically indicated.   
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 Complication Rate (%) 

Tamponade 1.31 

Total femoral pseudoaneurysm 0.93 

Transient ischemic attack 0.71 

Arteriovenous fistula 0.54 

Pulmonary vein stenosis requiring intervention 0.29 

Stroke 0.23 

Permanent diaphragmatic paralysis 0.17 

Death 0.15 

Pneumothorax 0.09 

Valve damage requiring surgery 0.07 

Atrio-esophageal fistula 0.04 

Hemothorax 0.02 

Sepsis, abscesses or endocarditis 0.01 

Total 4.54 
 

Table 3 Complication rate in radiofrequency ablation procedures of the pulmonary vein ostia 

Stenosis of the pulmonary vein at the radiofrequency ablation site is one of the most com-
mon complications and is easily detected with CT. Early stenosis is caused by tissue swell-
ing that may regress or progress over time to fibrosis and contraction of the venous wall. 
While a mild single pulmonary vein stenosis may go unrecognized (Fig. 14), multiple pul-
monary vein stenoses are potentially life-threatening (Fig. 15). Close scrutiny of the CT 
images is necessary, since a stenosis can initially be absent or discrete, but evolve over 
time to a high-degree stenosis or even occlusion (Fig. 16). With further development of 
ablation catheters and techniques (including cryoablation) and increasing experience of 
interventional electrophysiologists, significant postablation stenosis of pulmonary veins 
has become a rare complication. Treatment remains, however, difficult and not well de-
fined. Successful balloon dilatation and stent placement have been reported, with reste-
nosis nevertheless occurring in up to 50 % (Fig. 17).  
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Fig. 14 Axial contrast-enhanced CT image in a middle-aged woman before (Panel A) and 3 months 
after radiofrequency ablation procedure for paroxysmal atrial fibrillation. The preprocedural CT exam-
ination (Panel A) showed a normal left lower pulmonary vein ostium. A repeat examination performed 
after radiofrequency ablation because the patient complained of progressive shortness of breath re-
vealed a 50–70 % stenosis at the ablation site (arrow in Panel B). Since only one vein acquired a steno-
sis, hemodynamic repercussions were less severe and could be stabilized with medication, with a sub-
sequently improved clinical condition. 

 

Fig. 15 Axial contrast-enhanced CT images in a middle-aged man presenting with increasing shortness 
of breath after radiofrequency ablation for atrial fibrillation. A total of three pulmonary vein stenoses 
are seen: two subocclusive stenoses in the upper right (arrow in Panel A) and lower left (arrow in Panel 
B) pulmonary vein and a more moderate stenosis in the lower right pulmonary vein (arrow in Panel C). 
While a moderate stenosis in a single pulmonary vein will often have little to no clinical significance, 
the hemodynamic repercussions increase with the number of affected veins and the degree of stenosis. 
In this patient, retro-obstructively increased venous pressure caused right heart enlargement and sub-
sequent right heart failure. Direct treatment of pulmonary vein stenoses is very often disappointing or 
even impossible. In some cases, progressive deterioration of right heart function can eventually lead to 
heart transplantation as the only possible therapeutic intervention. 
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Fig. 16 Total occlusion of all left pulmonary veins in a 42-year-old man. Axial contrast-enhanced (a) 
and slight oblique coronal thick-slab volume-rendered (b) CT images with a coronal maximum intensity 
MR angiography image (c) are shown. The combination of a presumably wrongly adjusted radiofre-
quency ablation device (using an unintended higher energy setting for ablation) and repeated ablation 
procedures in the course of less than 1 year resulted in total occlusion of the left pulmonary veins (as-
terisk in a). Perivascular infiltration, probably representing old hemorrhage and fibrosis, is also noted 
(a). The volume-rendered CT image (b) and the coronal maximum intensity MR angiography (c) exam-
ination further illustrate the striking absence of enhancement of the left-sided pulmonary veins and 
the peripheral tapering of the pulmonary arteries (c), reflecting increased venous pressure. This left-
sided venous occlusion resulted in a nonfunctioning left lung. A surgical intervention aimed at restoring 
left pulmonary vein flow was unsuccessful. Further follow-up showed progressive right heart func-
tional deterioration, which eventually will probably lead to combined heart and lung transplantation 
(Images courtesy of Dr. D. Verdries and Dr. K Tanaka, UZ Brussels). RPV right pulmonary veins, LAA 
left atrial appendage 
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Fig. 17 A thrombosed stent at the atriovenous junction of the upper left pulmonary vein (arrows) is 
seen on a slightly oblique coronal reformation image in a middle-aged man. After radiofrequency ab-
lation for paroxysmal atrial fibrillation, the patient developed a significant stenosis in the upper left 
pulmonary vein. While this was initially successfully corrected with a stent, complete stent thrombosis 
occurred after just a few weeks. Stent restenosis and thrombosis in a pulmonary vein is a disappoint-
ingly frequent finding, occurring in up to 50 % of cases. New onset or rapid deterioration of clinical 
symptoms is the main indication for an intervention. While a mild stenosis may be closely followed 
with repeat CT examinations at 3–6 months, an approximately 90 % stenosis must be treated promptly 
as it may progress to total occlusion in 3–6 weeks. There are diverse opinions about the need for routine 
stent implantation in pulmonary vein stenosis, with varying strategies between centers. During the 
intervention, the hemodynamic significance of a stenosis can be assessed by intra-cardiac ultrasound-
derived transstenotic velocity (usually >1.0–1.6 m/s) and catheter-measured pressure gradient (10–12 
mmHg for significant stenosis), with angiography further documenting the stenosis length and mor-
phology. Some centers perform balloon dilation alone as initial treatment with close follow-up using 
CT. If restenosis occurs, then stent implantation is performed. It is important to realize that pulmonary 
veins which appear completely occluded on CT can still have a small patent lumen on sub-selective 
pulmonary angiography. This is an important difference, as a completely occluded vein markedly de-
creases the success rate of any intervention. 
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Image Fusion in the EP Room  
One of the main goals of preoperative CT in treatment of atrial fibrillation is the fusion of 
CT anatomy with electrophysiology data of the left atrium and atriopulmonary venous 
junctions. There have been significant advances in the use of fast anatomic mapping sys-
tems in the EP lab. With this technique, a three-dimensional model is created with delin-
eation of the left atrium and pulmonary vein ostia, acquired by the dragging of a mapping 
catheter over sites of interest in the endocardium and epicardium. It allows the sequential 
acquisition of points, with simultaneous recording of the location of the electrode tip and 
the local electrogram (electroanatomic mapping) (Fig. 18). However, since it is only a 
map with rather rough anatomic contour delineation, it provides no exact anatomic in-
formation on the left atrium and pulmonary veins. It is this anatomic information that is 
imported from the preprocedural CT scan and fused with the (electrical) map to obtain a 
final image containing both anatomical and electrophysiological information (Fig. 18)  

 

Fig. 18 Illustration of fusion between CT and electrophysiology data. At the start of the electrophysi-
ology procedure, a three-dimensional image of the left atrium and atriopulmonary venous junctions is 
generated through interpolation of several contact points between the catheter electrode and the left 
atrial wall, a technique called fast anatomical mapping (FAM, a). The resulting image nevertheless 
lacks the anatomic detail provided by CT (a). Therefore, the combination of both image sources enables 
a more complete evaluation of the target anatomy (b). While this approach is used in many centers, 
others argue that the time difference between the two image acquisitions can potentially lead to reg-
istration errors and mismatching of the anatomic features due to e.g., small interval changes in heart 
size and fluid status. Consequently, some centers acquire the required three-dimensional image infor-
mation at the time of the actual intervention using rotational angiography or three-dimensional 
transesophageal echocardiography. 
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Cardiac Resynchronization in Heart Failure  
Heart failure is a progressive debilitating condition, with a rising incidence as the age of 
the general population increases. Its high morbidity and mortality rates are at least in part 
attributed to electrical conduction defects with delayed activation of the left ventricular 
free wall, leading to mechanical dyssynchrony and an increased risk of sudden death. In 
the last decade, several studies have demonstrated that, by stimulating both ventricles 
simultaneously through biventricular pacing (cardiac resynchronization), the adverse ef-
fects of dyssynchrony can be overcome, providing a further therapeutic option in addition 
to pharmacological treatment in patients with advanced and symptomatic heart failure. 
In this population, preoperative imaging of the cardiac venous anatomy plays an im-
portant role in the guidance of left ventricular lead placement.  

Role of CT  
The main goal of preoperative imaging is to identify suitable coronary veins for le ventric-
ular lead placement and to provide assistance in defining the optimal position of the lead 
(Table 4). Catheter-based venography has been traditionally used for coronary venous 
imaging. Nevertheless, it can be technically challenging, provides projectional infor-
mation of complex three-dimensional anatomy, and is associated with a small risk of im-
portant complications. Consequently, CT is increasingly used for noninvasive visualiza-
tion of coronary venous anatomy.  

Target structure What to consider 

Identification of the main coronary veins Identify the coronary sinus, great cardiac vein, pos-
terolateral vein and the left marginal vein 

Presence of important anatomy variations High insertion of the coronary sinus 
Hypoplasia, absence or duplication of veins 
Venous diverticulum 

Vein size & other measurements Size of the coronary sinus for balloon occlusion 
Distance of target vein from the thebesian valve 
Tortuosity and acute angle of target vein confluence 
Size of first- or large second order tributaries of the 
coronary sinus for lead implant (minimum 1.5 mm 
necessary)  

Other anatomic barriers & ancillary findings Anatomic variants of systemic veins 
Fistulae 
Any other findings which may limit or inhibit proce-
dural execution 

 

Table 4 Purpose of CT in patients prior to resynchronization procedures in heart failure 
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Scan Protocol  
The scan technique for coronary venous anatomy is roughly similar to routine coronary 
CT angiography. A key difference is, however, a longer contrast bolus (an average of 10 s 
longer than for CT coronary angiography) using a slower injection speed (we typically use 
3.5 ml/s). Furthermore, an additional scan delay of 10–15 s after reaching the traditional 
180 Hounsfield units in the descending aorta for coronary CT angiography is added for 
better venous opacification.  

ECG gating is traditionally advocated for optimal image quality; however, with the short 
acquisition time of modern CT equipment, good image quality of the venous coronary 
anatomy can often be obtained with non-gated scans. In practice, we specifically prefer 
non-gated scans in patients with an irregular heart rhythm to avoid additional artefacts.  

Postprocessing  
Contrary to imaging of the left atrium and pulmonary veins, no specific three-dimen-
sional postprocessing is required. However, we often generate volume-rendered images 
of the venous anatomy for better three- dimensional visualization.  

Preprocedural Clinically Relevant Anatomy  
The coronary venous system is more complex than its arterial counterpart, with frequent 
variation in the presence, location and size of several vessels. As landmarks for anatomic 
orientation, we propose to first identify the great cardiac vein, the longest and anatomi-
cally most consistent vessel, located in the left atrioventricular groove (Fig 19). It is often 
in close proximity to the left circumflex artery, with a superficial position to the arteries 
in 60–70 % of cases. It almost always drains into the coronary sinus, an import anatomic 
landmark often used as a gateway for device lead placement (Fig. 20).  

Veins draining the posterior and lateral wall (left posterior, posterolateral, and marginal 
veins) must be specifically examined, as they are often used for lead insertion from resyn-
chronization devices. A small diameter (<2 mm) or acute angulation of these veins with 
the coronary sinus may complicate or preclude safe lead positioning (Fig. 21). Other an-
atomic barriers detectable with CT include anatomic variants such as an unroofed coro-
nary sinus (Fig. 22) or rare arteriovenous fistulae (Fig. 23). Finally, caution must be taken 
to avoid placing the lead over infarcted myocardium, as this can significantly limit pacing 
efficiency.  
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Fig. 21.19 Coronary venous anatomy. The anterior interventricular vein (AIV, blue in a) runs in the an-
terior interventricular groove, partially parallel with the left anterior descending artery (LAD, red in a). 
It then enters the left atrioventricular groove, where it is defined as the great cardiac vein (GCV, blue 
in b). Note the superficial location of the great cardiac vein to the left circumflex artery (LCX, yellow in 
a,b). The GCV drains into the coronary sinus (CS, blue in c), as does the inferior interventricular vein 
(IIV, blue in d), which is also called the middle cardiac vein. The boundaries of the coronary sinus are 
formed by the Thebesian valve (asterisk in c) and the obtuse vein of Marshall (arrow in c). This small 
vein has an average diameter of 1 mm, and it is only visible in 40 % of CT angiography studies. Note 
the parallel course of the inferior interventricular vein with the posterior descending artery (PDA, green 
in d). Figure e and f further demonstrate the three-dimensional coronary venous anatomy with a large 
left marginal vein (LMV, e,f) This vessel can be identified in 70–95 % of cases, mostly draining into the 
great cardiac vein. Along with the posterolateral vein (also seen in Fig. 21), it is a frequent target for 
lead placement 
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Fig. 20 Biventricular device lead placement for cardiac resynchronization therapy in a 33-year-old man 
with dilated cardiomyopathy. Oblique coronal (Panel A), short-axis (Panel B), axial (Panel C), and four-
chamber (Panel D) contrast-enhanced CT images are shown. Correct positioning of the leads in the 
apex of the right ventricle (arrow in Panel A) and in the left marginal vein (arrow in Panels B–D) is 
illustrated. Note the passage of the left ventricular lead through the coronary sinus (arrowheads in 
Panel C). In this patient, several intracardiac thrombi were identified along the right ventricular lead 
(asterisk in Panels A and D). 
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Fig. 21 Axial contrast-enhanced CT images in two patients referred for venous anatomy evaluation 
before cardiac resynchronization therapy / left ventricular pacing. Variations in size of the posterol-
ateral venous branch, with a small (arrow in a) and a large vein (arrow in b) are demonstrated. The 
latter will be a more suitable vein for lead placement than the first small vein. Veins with a diameter 
smaller than 2 mm are in general not considered suitable for lead implantation. CS coronary sinus 

 

Fig. 22 A 43-year-old man with an incidentally discovered unroofed coronary sinus during CT. Con-
trast-enhanced axial (a) and coronal (b) CT images are shown. An unroofed coronary sinus is a rare 
congenital cardiac anomaly in which there is partial (either focal or fenestrated) or complete absence 
of the roof of the coronary sinus, resulting in a large shunt between the left atrium (LA) and the coro-
nary sinus (CS). In this case, the great cardiac vein drains directly into the LA (arrow in a) and there is 
a large communication between the LA and the CS (asterisk in b). Surgical correction of this defect was 
performed, with concomitant perioperative ablation of the pulmonary vein ostia. 
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Fig. 23 A 54-year-old man with a rare arteriovenous fistula discovered during CT evaluation of the cor-
onary veins. Contrast-enhanced sagittal (a) and axial (b) CT images are shown. A rare arteriovenous 
fistula is seen between a dilated right coronary artery (RCA, b) and enlarged tortuous vessels in the 
atrioventricular groove (arrow in a, b). The presence of this shunt precluded passage of a left ventricular 
lead through the coronary sinus. Representing a large shunt between the arterial and venous coronary 
anatomy, this defect was subsequently surgically corrected. 

Postprocedural Complications  
Despite the increasing number of device implants worldwide and extensive data on the 
beneficial effect of these devices, little is known about the early and late complications of 
cardiac resynchronization therapy. Initial reports show pneumothorax, coronary vein dis-
section and perforation to be the most common complications during the implantation. 
Implantation of the left ventricular pacing lead seems to be associated with the most 
complications. Complications on follow-up mostly include infection, hematoma, and lead 
dislodgement. Currently, it is unknown to which extent CT can be routinely used for the 
evaluation of these complications. Furthermore, proper visualization of the exact posi-
tion of the tip of the device leads is sometimes disappointing, as beam- hardening arte-
facts significantly limit image quality. Therefore, it must be decided on a case-by-case 
basis whether CT should be used (Fig. 24).  
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Fig. 24 Contrast-enhanced CT of a 34-year-old woman with a dilated non-compaction cardiomyopa-
thy presenting with retrosternal pain after defibrillator implantation. CT was performed to assess the 
position of the tip of the right atrial lead, as perforation was suspected but could not be conclusively 
confirmed on echocardiography. An axial CT image (a) shows the tip of the right atrial lead (arrow in 
a) to be between the right atrial appendage (RAA) and the ascending aorta (Ao). This is further illus-
trated on the oblique coronal maximum intensity projection image (arrow in b) and oblique coronal 
multiplanar reformatted image (arrow in c). This is a rare example of correct visualization of the tip of 
a device lead with CT. The perforated right atrial lead was left in place, as the patient clinically im-
proved with conservative treatment and defibrillator function was not compromised. In general, as-
sessment of correct lead tip positioning is not feasible with CT, as image quality can be severely de-
graded by beam-hardening artefacts. This is illustrated in figure d, where the tip of the right ventricular 
lead falsely appears to be located outside the ventricular wall in this completely asymptomatic patient 
(arrow in d) because the ventricular wall contour is obscured by artefacts. CT is therefore not generally 
recommended to assess possible lead perforation, and the decision to use it must be made on a case-
by-case basis. LA left atrium, LV left ventricle 
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Outlook  

CT Prior to Atrial Fibrillation Ablation  
The continuous development and rising success of EP procedures for atrial fibrillation has 
stimulated the interdisciplinary communication between cardiologists and radiologists in 
both preprocedural planning and follow- up of short- and long-term complications. It 
therefore remains essential for radiologists to know the most common procedures, while 
cardiologists should have an understanding of the benefits and technical limitations of 
the used imaging tools.  

As CT technology evolves, we can expect to deliver better and more consistent image 
quality in patients with irregular heart rhythms such as atrial fibrillation as temporal res-
olution of CT scanners improves. Furthermore, significant advances have been made to 
achieve this quality with an increasingly low radiation exposure.  

Regarding the fusion of CT and EP data, some authors have pointed out the drawbacks 
of acquiring the CT and EP anatomic mapping data at different times. These different 
acquisition times may induce registration errors due to small interval changes in heart 
size secondary to differences in rhythm, heart rate, myocardial contractility, or fluid sta-
tus. Therefore, some centres have already reported successful integration of EP data with 
other imaging methods such as three-dimensional transesophageal echocardiography or 
rotational angiography, which can be acquired during the ablation procedure for better 
anatomic consistency.  

CT Prior to Cardiac Resynchronization Therapy  
At present, CT of the coronary veins remains an often-underutilized technique, constitut-
ing only a small portion of referrals compared with CT of the coronary arteries. Neverthe-
less, we can expect that radiologists will increasingly be consulted for preprocedural CT 
evaluation of the coronary venous anatomy in patients with severe heart failure as resyn-
chronization technology evolves. Knowledge of venous anatomy is critical, as this is less 
known to many radiologists. Furthermore, CT of the coronary veins will continue to im-
prove, benefiting from advances in CT of the coronary arteries.  

Failure rates for left ventricular lead implantation have been reported to be up to 12 %. 
Procedural success is further improved by advances in fusion techniques, during which CT 
images of the coronary sinus anatomy are overlaid with real-time fluoroscopy images for 
better guidance and successful lead implantation. Improved outcome of this procedure is 
likely to further increase the need for preprocedural CT.  
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7.3 CT IMAGING FEATURES OF ATRIOVENTRICULAR SHUNTS, WHAT THE RADI-

OLOGIST MUST KNOW 
 

 
Abstract 

In the last decade, cardiac-CT has gained mainstream acceptance for the non-invasive ex-

clusion of significant coronary disease in a selected population. Improvements in ECG-trig-

gered imaging techniques also allow by extension a proper evaluation of the complete heart 

anatomy.  Given the increasing worldwide clinical implementation of cardiac-CT for coro-

nary artery evaluation, radiologists can incidentally be confronted with unfamiliar and pre-

viously unsuspected non-coronary cardiac pathology, including congenital morphological 

defects.  This presence of congenital heart disease (CHD) should not be overlooked, being 

the most common form of birth defect, with a total birth prevalence of 9.1 per 1,000 live 

births worldwide [1]. The prevalence of adult patients with CHD is estimated to be 3,000 per 

million adults [2]. Ventricular septal defects (VSD’s) are the most frequent subtypes of CHD, 

accounting together with atrial septal defects (ASD’s) for nearly half of all CHD cases [1]. 

While some small defects are rarely symptomatic and can go undetected for life, others are 

clinically significant and require adequate and timely medical intervention. In this article we 

present the CT-imaging features of atrioventricular shunts, highlighting both their embryo-

logical origins and associated relevant clinically features. 
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Introduction 
In the last decade cardiac-CT has gained mainstream acceptance for the non-invasive ex-
clusion of significant coronary disease in a selected population. Improvements in ECG-
triggered imaging techniques also allow by extension a proper evaluation of the complete 
heart anatomy.  Given the increasing worldwide clinical implementation of cardiac-CT for 
coronary artery evaluation, radiologists can incidentally be confronted with unfamiliar 
and previously unsuspected non-coronary cardiac pathology, including congenital mor-
phological defects.  This presence of congenital heart disease (CHD) should not be over-
looked, being the most common form of birth defect, with a total birth prevalence of 9.1 
per 1,000 live births worldwide (1). The prevalence of adult patients with CHD is estimated 
to be 3,000 per million adults (2). Ventricular septal defects (VSD’s) are the most frequent 
subtypes of CHD, accounting together with atrial septal defects (ASD’s) for nearly half of 
all CHD cases (1). While some small defects are rarely symptomatic and can go unde-
tected for life, others are clinically significant and require adequate and timely medical 
intervention. In this article we present the CT-imaging features of atrioventricular shunts, 
highlighting both their embryological origins and associated relevant clinically features. 

 

Concise Overview of Relevant Embryology and Anatomy 
The development of atrial septation initiates 28-30 days after gestation, with key ele-
ments of this development shown in Fig. 1 and Fig. 2 (3-5). In short, the atriovetricular 
canal (AV canal) develops together with atrial septation. Cells from the primitive endo-
cardium migrate and form the endocardial cushions, which are swellings of connective 
tissue surrounding the AV canal (Fig. 3, 4) (4, 5).  Septation of the primitive ventricle oc-
curs simultaneously with atrial septation in the 5th to 7th week. Furthermore, it is closely 
related to the septation of the truncus and conus cordis, which leads to the formation of 
the future ventricular outflow tracts. The complete separation of both ventricles is the 
final result of these two processes (Fig. 5-7) (4, 5). 
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Fig. 1 Primitive atrium and ventricle before the age of 30 
days in a frontal view (a) and lateral view (b) and around 
30 days in a frontal view (c) and lateral view (d). Before 
the age of 30 days, the embryonic heart is composed of 
a primitive atrium (A) and ventricle (V) without a divid-
ing septum. Around 30 days of gestation the primary 
atrial septum or septum primum (SP, drawn in red), be-
gins to grow as a crescent-shaped structure downwards 
from the roof of the primitive atrium toward the atrio-
ventricular (AV) canal. 

 

 

 

Fig. 2 Evolution of atrial septation in a frontal view (a) and lateral view (b). The fifth drawing of panel 
b is also a frontal view. The septum primum (SP, drawn in red) grows towards the developing endocar-
dial cushions (asterisk) at the level of the atrioventricular (AV) canal, dividing the primitive atrium into 
what will become the left atrium (LA) and right atrium (RA). An opening, called the ostium primum 
(OP), is left between the edge of the SP and the endocardial cushions at the AV canal. The OP allows 
oxygenated blood from the placenta to bypass the lungs and flow between the developing atria. During 
further development, the SP will gradually fuse with the endocardial cushions. However, before clo-
sure, a second opening in the SP will appear. This opening, known as the ostium secundum (OS) allows 
continuing interatrial communication. At the age of 36 days, a second septum, the septum secundum 
(SS, drawn in blue) appears from the atrial roof immediately to the right of the SP. In its course, it 
overlaps the OS and eventually fuses with the endocardial cushions. This septum, too, leaves an open-
ing called the foramen ovale (FO). The superior edge of the SP partially regresses. The inferior part acts 
as a valve, allowing only right-to-left flow through the FO, as prenatal blood passes from the right 
atrium to the left atrium (dotted arrow) since right atrial pressure exceeds left atrial pressure. After 
birth, increased pulmonary return will raise the left atrial pressure, which will cause the valve to func-
tionally close, as shown in the fifth drawing of Figure b, and eventually fuse with the septum secundum 
at the age of 6 months. 
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Fig. 3 Development of the AV canal at the embryological stages of 4, 6, 9 and 12 mm. The endocardial 
cushions proliferate in different planes, not only dividing the AV canal in a left mitral and right tricuspid 
canal but also forming part of the membranous ventricular septum and closing the atrial OP 

 

 

 

 

Fig. 4 Normal anatomy of the AV canal. It is di-
vided into a right canal with a tricuspid AV valve 
(circle) separating the right atrium and the right 
ventricle and a left canal with a bicuspid (mitral) 
AV valve (star) separating the left atrium and the 
left ventricle. The aortic valve (triangle) and the 
pulmonary valve (square) are located anterior of 
the AV valves 
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Fig. 5 At the end of the fourth week the unseptated primitive ventricle (V) is connected on one side with 
the primitive atrium (which is not shown and lying directly behind of the primitive ventricle on this 
drawing), through the atrioventricular (AV) canals. On the other side it is connected with the bulbus 
cordis (B). The bulbus cordis consists of the conus cordis and the truncus cordis and will give rise to the 
future aorta and truncus pulmonalis. In the fifth week, the left and right part of the primitive ventricle 
start to grow, creating a median muscular ridge (interventricular septum, IVS). Initially, this ridge 
mainly results from the joining of the growing ventricles on each side. In a second stage, cell growth 
from the ventricular septum itself contributes to the size. The primitive interventricular septum grows 
up to the endocardial cushions, creating two chambers. However, it will stop growing before it reaches 
the endocardial cushions, leaving an opening that allows interventricular communication, called the 
interventricular foramen. 

 

Fig. 6 In the fifth embryological week, two 
ridges (orange and green) develop in the wall 
of bulbus cordis. These ridges will converge in 
the midline and extend toward the muscular 
interventricular septum (IVS), in a helical 
way. This leads to the formation of the aor-
topulmonary septum, which divides the bul-
bus cordis into two arterial channels, the 
aorta and the truncus pulmonalis. At the end 
of the seventh week, the ridges fuse with the 
atrioventricular (AV) endocardial cushions 
and with the muscular septum. 
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Fig. 7 Normal anatomy of the interventricular sep-
tum. It consists of a thick muscular portion (m) and 
a thin oval-shaped membranous portion (asterisk). 
The latter lies immediately inferior to the aortic 
valve cusps (arrowhead) and the pulmonary valve 
cusps (arrow). RV right ventricle, LV left ventricle 

 

 

 

 

 

 

Multimodality Imaging of Intracardiac Shunts 
The most used technique for intracardiac shunt evaluation is transthoracic and especially 
transesophageal echocardiography, which is by many still considered the reference 
standard (6).  However, both CT and magnetic resonance imaging (MRI) can also be used 
to visualize intracardiac shunts (7, 8). The choice between these imaging modalities often 
depends on the local expertise and available equipment. When further comparing CT ver-
sus MR, MRI is a more complex technique but may provide functional cardiac information 
and may be able to quantify the degree of a AV shunt by volumetric measurements of the 
ventricles and flow quantification over the cardiac valves.  

Furthermore, MRI has the advantage of not using radiation and can also be performed 
without the use of intravenous contrast administration. Conversely, CT has been proven 
to deliver exquisite anatomic visualization of cardiac anatomy in a short examination time 
with little physician input. While it is not customary to use CT for the visualization of in-
tracardiac shunts, the use of ECG-gating techniques during routine examinations tar-
geted at the coronary arteries allows simultaneously excellent visualization of these con-
genital defects, as such enhancing the value of the radiology report (8, 9). When large, 
they can also be detected on non-ECG gated CT examinations. 
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Atrial Shunts 
An atrial septal defect is defined as a persistent opening in the interatrial septum after 
birth, allowing communication between the left and the right atrium (5, 6). When present, 
oxygenated blood shunts from the left atrium to the right atrium, the shunted volume 
depending on the size of the defect.   

The reported birth prevalence of ASD’s is 1.64 per 1,000 live births accounting for 13% of 
all congenital heart diseases (1).  They account for 25–30% of congenital heart disease 
cases diagnosed in adulthood (10). Remarkably, most atrial septal defects, even those 
with a large left-to-right shunt, go undiagnosed through most of childhood and may only 
become symptomatic in the fifth decade or later. The exact age at which symptoms begin 
is highly variable and not exclusively related to the size of the shunt. With advancing age 
the risk of developing exercise intolerance, atrial fibrillation or even decompensated right 
heart failure and pulmonary hypertension increases (11).  

ASD’s are detectable on both contrast-enhanced CT and MR examinations. While they 
can be appreciated on standard axial images, their presence and further characterization 
is often better appreciated on oblique reformatted images perpendicular to the atrial sep-
tal plane. 

Patent Foramen Ovale 
During fetal life, a normal interatrial communication through the oval foramen exists, 
providing oxygenated blood from the inferior vena cava into the left atrium.  As such, this 
communication is not a true ASD but a necessary tunneled passage during embryologic 
development. It is commonly encountered in newborn babies. With advancing age, left 
atrial pressure increases, functionally closing the foramen ovale by pushing the septum 
primum flap against the septum secundum. In a vast majority of cases, normal develop-
ment evolves to complete septal fusion. However, a failed fusion with persistent intera-
trial communication is called a patent foramen ovale (PFO), a common finding found in 
up to 25% of adults (12).  

Reflecting the embryologic purpose of arteriovenous communication, a PFO has a verti-
cal cranio-caudal orientation in the direction of the inferior vena cava, best seen on axial 
images or oblique images perpendicular to the atrial septum. Both the ostium primum 
and secundum flap can then be identified, surrounded by dense intravenous contrast, as 
demonstrated in Fig 8. A variable amount of dense contrast can often be seen flowing 
into the right atrium. Incomplete fusion does not necessary imply that an interatrial shunt 
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exists, as the septum can be functionally closed with still identifiable septum flaps. This 
anatomic variation is called a probe PFO (Fig. 9). 

     
  

Fig. 8 Four-chamber contrast-enhanced CT image illustrating a small patent foramen ovale (arrow). 
Oblique coronal contrast-enhanced CT images (b) show the interatrial septum at the level of the fossa 
ovalis. A patent foramen ovale (asterisk) is the result of a failed fusion between the septum primum 
(arrows) and the interatrial groove (IAG), which consists of a superior (S) and inferior (I) part. There 
virtually never is a volume overload in these patients because the transatrial flow is limited and oblique 
to the interatrial septum, due to the orientation of the septum primum flap. This feature distinguishes 
a PFO from other atrial septal defects where the flow direction is perpendicular to the axis of the inter-
atrial septum. LA left atrium, RA right atrium. 

 

PFO’s are mostly clinically silent, frequently seen during cardiac CT examination per-
formed for unrelated reasons (8). When large, they can also be detected on non-ECG 
gated CT examinations (13). In asymptomatic patients with an incidental PFO, no medical 
or interventional therapy is advised. Furthermore, a potential benefit of having a PFO is 
facilitation of transseptal catheter passage in radiofrequency ablation procedures. The 
criteria for PFO closure are not standardized. Whether transcatheter PFO closure is con-
sidered superior to medical therapy in reducing the risk of recurrent stroke is currently 
the subject of intense debate and research (14, 15). 
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Fig. 9 Oblique sagittal post-contrast CT image in 
a patient with an incidentally found probe PFO at 
the level of the superior part (S) of the interatrial 
groove (IAG). Similar to a PFO a septum primum 
flap (arrow) is present. However, in this entity 
functional closure of the foramen ovale has oc-
curred and hence, no interatrial communication 
exists, in contrast to a real PFO. I inferior part of 
the interatrial groove, LA left atrium, RA right 
atrium. 

 

 

 

Ostium Primum Defect 
Ostium primum defect is a less common type of ASD, accounting for 15% of ASD’s. They 
occur in the lower portion of the atrial septum near the atrioventricular valves. The em-
bryological basis of this defect is shown in Fig.10. In the presence of an ostium primum 
defect, one should therefore always look for an associated valve defect, most frequently 
a cleft in the anterior leaflet of the mitral valve.  

 

Fig. 10 In normal embryological development, the OP closes and fuses with the endocardial cushions. 
The ostium secundum appears simultaneously, as illustrated in Fig. 2. An OP defect occurs when the 
OP fails to close and fuse with the endocardial cushions (asterisk), shown in frontal (F) and lateral (L) 
view. LA left atrium, RA right atrium, SP septum primum, OS ostium secundum. 
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Since ostium primum defects are often large they can easily be depicted on CT, revealing 
a large shunt flow, typically perpendicular to the interatrial septum. Oblique CT images 
allow detailed evaluation of the anatomy, such as the relationship with the atrioventricu-
lar valves and the absence of a flap, as illustrated in Fig. 11.  As in all types of ASD’s sur-
gical closure of the defect is indicated in those patients with a hemodynamically signifi-
cant shunt that causes enlargement of the right heart structures. Suspicion of paradoxal 
embolism in the absence of other causes is also a valid indication for defect closure (16, 
17).    

Fig. 11 Four-chamber view (a) and short-axis (b) contrast-enhanced CT images showing a large OP 
defect (asterisk) allowing a communication between the left atrium (LA) and right atrium (RA). These 
defects are located in the part of the interatrial septum adjacent to the AV valves. Because OP defects 
are often large and lack a septal flap as in a patent foramen ovale, a shunt-induced volume overload 
with subsequent enlargement of the RA and ventricle can be seen. 

Ostium Secundum Defect 
Ostium secundum defects are the most frequent type of ASD, accounting for 75% of all 
cases. They are found in the region of the fossa ovalis. The embryological basis of this 
ASD is illustrated in Fig.  12. Contrary to a PFO, an overlapping septal flap is lacking. As 
in ostium primum defects, a shunt flow perpendicular to the axis of the interatrial septum 
is seen, in contrast to the more oblique cranio-caudal flow of a PFO, as demonstrated in 
Fig. 13. 
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Fig. 12 In normal embryological development, resorption of the septum primum at the ostium primum 
and formation of the foramen ovale in the septum secundum occur simultaneously, as illustrated in 
Fig. 2. In some cases, excessive resorption of the septum primum (drawn in red) or inadequate devel-
opment of the septum secundum (drawn in blue) or a combination of both occurs. This leads to a larger 
than normal defect centrally in the interatrial septum at the future fossa ovalis, called an ostium secun-
dum defect (asterisk). F frontal view, L lateral view. 

    

Fig. 13 Axial (a) and coronal (b) contrast-enhanced CT images clearly depict an ostium secundum de-
fect (asterisk) at the fossa ovalis with shunting of contrast-enhanced blood from the left atrium (LA) 
to the right atrium (RA). Contrary to a patent foramen ovale, the flow is perpendicular to the axis of 
the interatrial septum because of the absence of an overlapping septal flap. In large defects like in this 
case, this can lead to volume overload and dilatation of the right atrium and ventricle. 

Small defects are often asymptomatic and usually do not require treatment. Large de-
fects however can initially cause volume overload of the right heart, eventually leading to 
pressure overload with dilatation of the right atrium and ventricle. As a consequence, 
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right heart failure, pulmonary hypertension and right-to-left shunting may render this 
type of ASD to become symptomatic, usually in the 5th decade. This can be prevented by 
shunt closure, either surgically or endovascular depending on the characteristics of the 
defect. Large defects and defects close to the edge of the interatrial wall are less suited 
for the endovascular approach since most closing devices cannot be anchored properly 
(16, 17). 

Sinus Venosus Defect 
Sinus venosus defects represent 4-11% of atrial septum defects (18). The name is derived 
from an abnormal absorption of the embryologic sinus venosus into the right atrium. In 
this defect, a communication exists between one or more of the right pulmonary veins 
and the junction of the superior vena cava and the right atrium, called the superior vena 
cava type, as demonstrated in Fig. 14. Sometimes only the superior vena cava is involved 
(Fig. 15). In fewer cases, this occurs just above the junction of the inferior vena cava and 
the right atrium (inferior sinus venosus defect) (19). The presence of a sinus venosus de-
fect may lead to volume and pressure overload of the right heart. Multiplanar CT recon-
structions are very useful in the assessment of the complex anatomy of this type of ASD. 
Sinus venosus defects with significant hemodynamic impact need surgical correction to 
prevent further right heart failure and pulmonary hypertension (16, 17). 

                          

Fig. 14 Coronal (a) and axial (b) contrast-enhanced CT images illustrate a sinus venosus defect (aster-
isk), located eccentrically in the interatrial septum near the entry of the super vena cava (SVC) into the 
right atrium (RA). Instead of draining into the left atrium (LA) the right pulmonary veins (RPVs) conjoin 
with the superior vena cava into the RA. There is also interatrial communication through a short vein 
segment (asterisk in c). The anomalous pulmonary venous return leads to a volume overload and sec-
ondary dilatation of the RA and ventricle. IVC inferior vena cava. 
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Fig. 15 Axial (a) and oblique sagittal (b) post-contrast CT images of a patient with anomalous return 
of the right upper pulmonary vein (asterisk) in the superior vena cava (SVC) 

Ventricular Shunts 
A ventricular septum defect (VSD) is an abnormal opening in the ventricular septum [5], 
allowing communication between the ventricular cavities. In children, VSD’s are the se-
cond most common congenital heart disease (34%) with a birth incidence of 2.62 per 
1,000 live births [1]. Most of these are small and spontaneously resolve in childhood, the 
majority within the 1 year after birth (20). VSD may also be acquired after acute myocar-
dial infarction, chest trauma, cardiac interventions, or endocarditis.  

In the adult population, the prevalence is estimated to be 0.3 per 1000 (21) making it the 
second most common form of congenital heart disease after the bicuspid aortic valve. 

Membranous VSD 
This is the most common type of VSD, accounting for 70%-80% of all cases. It is located 
in the upper part of the ventricular septum directly below the aortic valve and behind the 
septal leaflet of the tricuspid valve (Fig. 16). Because of their proximity to the defect re-
gurgitation of these valves may occur. 
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Fig. 15 Axial (a) and oblique sagittal (b) post-contrast CT images of a patient with anomalous return 
of the right upper pulmonary vein (asterisk) in the superior vena cava (SVC) 
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Fig. 16 This axial contrast-enhanced CT 
nicely illustrates a defect in the membranous 
portion of the IVS (arrow). This defect per-
mits a communication between the ventricu-
lar cavities, and causes blood shunting from 
the high pressure left systemic circulation to 
the low-pressure pulmonary circulation. The 
magnitude of the shunt is influenced by the 
size of the defect, the pressure in right ventri-
cle (RV) and left ventricle (LV) and the pulmo-
nary and systemic vascular re-
sistance. RA right atrium, LA left atrium. 

 

 

 

There are two main subtypes, a true defect that is confined to the membranous septum 
alone and defects that extent into the muscular septum. Untreated VSD's in adults are 
almost always small defects with little hemodynamic load on the heart, and no risk of 
pulmonary vascular disease. Their only risk is infective endocarditis or arrhythmias. The 
proportion of VSD's that are large and hemodynamically significant is assumed to form 
20% of all VSDs (22). In large defects there is usually a volume overload of the right ven-
tricle, the pulmonary circulation and eventually the left atrium and left ventricle. If un-
treated this leads to a left ventricular dilatation, systolic dysfunction and heart failure. 
Eventually even pulmonary vascular disease and right-to-left shunting (Eisenmenger syn-
drome) will develop (5).  Most patients with these large defects born before 1960 would 
not have had effective surgical treatment and very few of them would be alive today. 
Therefore, those adults seen today are virtually all postoperative (5, 23). 

Muscular VSD 
These defects are confined to the muscular septum and account for 20% of VSD’s. The 
apical two thirds of the muscular septum is most frequently involved (Fig. 17). Multiple 
small defects (“Swiss cheese” septum) can occur and have the same hemodynamic ef-
fects as a single large defect (5). Small and moderate VSD’s in children frequently close 
entirely or sufficiently within the first two years making intervention unnecessary. They 
are often asymptomatic and have an excellent prognosis. When symptoms of heart fail-
ure or pulmonary vascular disease occur in neonates, often in case of large VSD’s, surgical 
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correction is recommended. Patients with an unclosed VSD are at risk for endocarditis 
and need a life-long prophylaxis. Adults with irreversible pulmonary damage and Eisen-
menger are not eligible for closure of the defect, because right heart failure can be in-
duced. Large defects with normal pulmonary vascular resistance on the other hand can 
still be treated with repair of the defect (24).  

 

Fig. 17 Four-chamber view (a) and two-chamber view (b) of contrast-enhanced CT in a patient with a 
muscular VSD. The defect (arrow) is confined to only the muscular part of the IVS. Like in membranous 
VSD, a large defect can lead to congestive heart failure or pulmonary vascular disease. RV right ven-
tricle, LV left ventricle 

Ventricle Septum Diverticulum 
Ventricle septum diverticulum is not a true VSD but it can be a mimicker so it is worth 
mentioning. This is a rare congenital malformation that is defined as an out pouching of 
one of the ventricles into the interventricular septum, as shown in Fig. 18 (25). 

 Rare VSD’s 
A supracristal VSD is a rare type (5-8%) and is located beneath the aortic and pulmonic 
valves and connects the aorta with right ventricular outflow tract. It is often associated 
with aortic valve prolapse. A Second uncommon VSD (8-10%) is situated posterior to the 
septal leaflet of the tricuspid valve. It is usually associated with an atrioventricular septal 
defect or anomalous insertion of the chordae tendinae of the atrioventricular valves. 
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Fig. 18 Coronal oblique (a) and axial (b) contrast-enhanced CT nicely show a ventricular septum diver-
ticulum (arrow). There is a defect originating from the left ventricle (LV) extending in the muscular in-
terventricular septum without reaching the right ventricle (RV). This entity has no hemodynamic im-
portance but can increase the risk of endocarditis. 

Imaging After Intervention 
Different devices are today available for closure of clinically significant intracardiac 
shunts. They not only differ in architecture but also in imaging compatibility like artefact 
production on CT. This is nicely illustrated in three different ASD closure devices in Fig. 
19. Devices used for VSD closure are comparable with those used in ASD closure (figure 
20). The choice of device and access route depends largely on the location and morphol-
ogy of the shunt to be treated. Transesophageal echocardiography remains the golden 
standard in this pre-procedural assessment but CT is found to give equal information (8, 
9). Transesophageal and transthoracic echocardiography, however, remain the reference 
standard for detection and follow-up of residual shunts (26, 27). In post-procedural fol-
low-up, CT can still play an important role, i.e. in detecting complications at the site of 
intervention but also along the access route, e.g. pseudoaneurysm formation at the punc-
ture site. 
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Fig. 19 Different atrial septal occluder devices are shown: the Biostar© device (Organogenesis, Can-
ton, MA, USA) in figures a–b, the Premere© device (St Jude Medical, St. Paul, MN, USA) indicated by 
arrows in Figures c–d and the Amplatzer© device (AGA Medical, Plymouth, MN, USA) indicated by 
arrows in Figures e–g. Difference in architecture between the devices can clearly be appreciated as well 
as a difference in artefact production, most pronounced in the Premere device. RA right atrium, LA left 
atrium 
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Fig. 20 Two-chamber view of contrast-enhanced CT (a), maximum intensity projection (MIP) (b) and 
volume-rendered (c) images of a VSD closure device. RV right ventricle, LV left ventricle. 

 

Conclusion 
Non-invasive cardiac CT-imaging is becoming increasingly common in daily practice. But 
there is more to see than just the coronary arteries. Clinically important structural heart 
defects can be detected as well. Knowledge of this kind of pathology is the key to detec-
tion, which eventually increases the value of the radiological report. In this article, we give 
an overview of a common type of congenital disease, the atrioventricular shunts. We try 
to emphasize which defects are clinically important and which are insignificant. 
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8.1 AN E-BOOK AS A MODERN TOOL TO DISTRIBUTE MEDICAL INFORMATION 
The rise of online medical databases as sources of information are currently challenging 
the position of the classical paper textbook. Similarly, mobile devices are now being ex-
plored as a potential always-on-site sources of diagnostic information. Radiology, by na-
ture, is a medical speciality which is very suitable to be implemented in such devices. 

Significant portions of the knowledge laid out in this dissertation have been integrated in 
an interactive Apple Ipad application, developed and published by Bestapps. The content 
consists of fully interactive datasets of clinical cases over a wide range of topics, both in 
the pre- and post-operative thoracic aorta (Fig. 1). The application can be accessed at 
https://doradiology.com/product-imaging-aortic-disease.html  

This e-book represents a contemporary way of distributing information to the medical 
community. It provides also the inherent benefits of an electronic publication, e.g. auto-
matically updating content as new information becomes available. 

 

Fig. 1 Screenshot of the application at the chapter on transcatheter aortic valve replacement. 
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9.1 CONCLUSION 

Contemporary Imaging of the Cardiovascular system 
Imaging of the cardiovascular system in the 21st century requires a multimodality ap-
proach, combining the strengths of different imaging systems, all of which have signifi-
cantly evolved over the last decade. Conventional chest radiography, while representing 
one of the oldest imaging techniques to visualise the heart and great thoracic vessels, has 
been clearly surpassed by modern imaging techniques. Nevertheless, we have demon-
strated that by correlating the 3D information from CT with the projectional image of a 
chest radiograph, the semiology of chest radiography can be revisited, leading to better 
insights (1). As such, the value of old semiological signs like the cardiothoracic ratio is 
better understood and re-appreciated. While this may seem like ‘water under the bridge’ 
in a technological Western World (2), one must remember that two thirds of the popula-
tion in the world does not have access to basic radiology services. Therefore, the value of 
simple chest radiographs in the developing world, when screening for e.g. congenital 
heart disease, must not be underestimated (3, 4).  

Nevertheless, whenever multimodality imaging is available, it can sometimes be confus-
ing for a clinician to correctly choose an appropriate imaging tool for a specific pathology. 
Recent turf wars between medical professionals, driven by medical and non-medical mo-
tives, have certainly not helped (5, 6). Therefore, a concise overview of the several avail-
able imaging tools was presented, providing an objective means of comparison in order 
to achieve maximum diagnostic results for specific cardiovascular diseases of the chest 
(7). However, the ongoing technological development of medical imaging will certainly 
lead to future paradigm changes, as new technologies like 4D flow MR imaging and 3D 
printing will open new areas of investigation and potentially deliver fresh insights into 
well-known pathologies (8-10). 

9.2 Image Quality and Radiation Issues 
Cardiac CT imaging has evolved into one of the most complex CT examinations available 
today, combining several new technologies in order to freeze anatomic motion. More 
than in most of the other CT applications, a thorough knowledge of the underlying scan 
technology is essential to achieve the best image quality while maintaining radiation dose 
within acceptable limits. Therefore, I have provided a technical review, detailing all rele-
vant contemporary imaging CT techniques for cardiac imaging as well as the different 
artefacts which it may produce with potential solutions (11). Also, the physics of radiation 
exposure in cardiac CT imaging together with dose reduction techniques were discussed. 
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As the applications of cardiac CT continue to expand, image quality and radiation expo-
sure will undoubtedly remain an issue of interest for the foreseeable future. This is espe-
cially true in the paediatric population, in which a surge of radiation exposure due to med-
ical imaging for congenital heart disease has been documented (12). Therefore, the role 
of the radiologist in providing assistance with the choice of imaging modality, but also in 
the correct execution of CT as a diagnostic tool, will only continue to gain importance.  

Finally, new technologies continue to emerge, providing new pathways to investigate 
cardiovascular and other diseases (13, 14). Currently, it remains difficult to predict when 
and how these technologies will influence clinical imaging in a practical matter. Never-
theless, previous experiences have thought us that technology can be a rapidly increasing 
driving force, changing diagnostic workflows and long-standing clinical paradigms at a 
faster pace than many realise. As new technologies like machine learning develop into 
hopefully practical tools (15), the synergy between radiologist and technology will only 
become stronger. 

  

9.3 CT and Transcatheter Valves: A New Era for the Clinical Involve-
ment of the Radiologist, but also a Word of Caution 
The first successful multicentre clinical trials involving the implementation of the first 
generation of transcatheter aortic valves were executed without involvement of CT scan-
ners and without the input of radiologists (16, 17). While the results from these trials pro-
vided a solid foundation for the current worldwide success of TAVR, the need for better 
pre-procedural anatomic imaging of the aortic root became apparent, as a subset of pa-
tients appeared to suffer from complications due to incorrect matching of the root anat-
omy to a specific transcatheter valve size (18, 19). One can only wonder if these initial 
results could have been improved if a true 3D imaging tool like CT had been incorporated 
from the beginning. 

As we extensively illustrated, the qualities of CT have earned it a place in every contem-
porary decision-making algorithm regarding the selection of patients before TAVR (20). 
Some specific anatomic features which influence the complexity of the procedure, and 
by extension the rate of success, have been described. These include among others the 
extent and location of native valve calcifications, the relative location of the coronary os-
tia and most important, the intrinsic oval nature of the aortic annulus. The effect this 
mostly oval-spaced structure has on the deploying prosthesis, its final morphology and 
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tia and most important, the intrinsic oval nature of the aortic annulus. The effect this 
mostly oval-spaced structure has on the deploying prosthesis, its final morphology and 
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the different measurements that can be derived have been discussed, and their influence 
on the final decision for a specific prosthesis size. 

Furthermore, options regarding the CT scan protocol have been detailed, allowing a max-
imum amount of information to be acquired not only about the aortic root and its com-
ponents, but also about the different access routes (21). 

The integrated use of CT before TAVR has led to a better patient-prosthesis matching, as 
such further reducing feared complications like paravalvular leakage, and providing a bet-
ter base for improved clinical outcomes.  

Despite the relative recent appearance of TAVR, a worldwide effort has led to a vast 
amount of research regarding the role of CT in the pre-procedural setting. While the role 
of CT in the post-procedural setting was less clearly defined, new insights have provided 
fresh opportunities to further improve clinical care by integrating CT in the clinical rou-
tine. One of the currently most debated topics is the presence of thrombus in prosthetic 
heart valves of various types, in which CT has proven itself to be a very useful tool for 
detecting both valvular thrombus and post-operative pannus (22-26). Given the clinical 
impact of such complications, and the development of transcatheter repair or replace 
techniques for a diseased mitral valve (27), one can expect that the role of CT in the man-
agement of prosthetic heart valves will only increase. 

Also, our current sizing techniques continue to be further refined, as more knowledge is 
acquired of the post-procedural appearance of prosthetic heart valves, providing a means 
for better correlation between clinical outcomes and pre-procedural findings. It is there-
fore safe to assume that CT will continue to play here a pivotal role. 

While an extensive review of the post-procedural findings and the most common compli-
cations is provided, some restraint is indicated when trying to extract functional conclu-
sions from anatomical findings (28). Currently, echocardiography remains after the pro-
cedure the single most used imaging tool, providing bedside functional information at a 
relatively low cost. While studies regarding potential CT-derived anatomical markers that 
can be correlated with functional findings are appearing (29, 30), the current position of 
echocardiography as a primary source of functional information is unlikely to be chal-
lenged soon. Also, MR imaging, which can provide anatomical and functional information 
in a single examination, seems intrinsically well suited as a problem-solving tool in une-
quivocal cases (31). Therefore, multimodality imaging of prosthetic heart valves will fur-
ther develop using the strengths of both CT and MR.  
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9.4 The Evolving Role of CT in Electrophysiology 
It would appear counterintuitive that an imaging tool like CT, famous for delivering ana-
tomical detail, could be involved in such a pathophysiologically complex subspecialty as 
electrophysiology of the heart. Nevertheless, CT does offer some imaging characteristics 
that render it the imaging choice of preference to provide the optimal assessment of the 
left atrium and pulmonary veins. The different key points that can be evaluated are illus-
trated, together with a link to their role in the origin and treatment of rhythm disorders 
(32). Furthermore, the often-neglected venous coronary anatomy is reviewed and its im-
portance in the treatment of heart failure with biventricular pacing. Finally, the appear-
ance of intracardiac shunts, whose presence may facilitate an intervention, and their 
pathophysiological significance, is extensively reviewed (33). 

While an extensive review is provided on the role of CT before and after electrophysiology 
procedures, it is good te remember that the position of CT is continuously shifting as 
technology evolves. More and more specialised centres are using modern imaging equip-
ment in the intervention room, capable of providing the necessary anatomy information 
through 3D rotational imaging techniques (34). While the quality of these images is cur-
rently no match to the detailed imaging delivered by CT, it appears for some operators to 
be sufficient, and the quality will most likely improve over time with newer generations 
of equipment. Nevertheless, the potential applications of CT have been also expanded 
into new territories, providing valuable information regarding, among others, the left 
atrial auriculum including its dimensions before placement of an occluding device (35). As 
these endovascular treatment options for the prevention of atrial appendage thrombus 
continue to evolve, it is fair to assume that CT will continue to grow and become more 
even more important in the foreseeable future. 

9.5 New Learning Tools in Radiology 
Technology has not only driven advances in medical imaging, but it has also changed the 
way we handle information. A clear example is the introduction of Picture Archiving and 
Communication Systems (PACS) in the Western World, which has significantly facilitated 
the distribution and assessment of an increasing number of medical images. It also pro-
vides the inherent benefits of a digital system, providing among others post-processing 
options on a workstation and several short- and long-term storage facilities. 
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In recent years, we have also seen the rise of both public-funded and commercially online 
medical databases, which can be consulted for further reference on various medical top-
ics. Some of these always-on sources of medical information have achieved significant 
commercial success, as such mitigating the need as experienced by some to rely on the 
classic paper textbook format. In this respect, many have explored the widespread avail-
ability of mobile devices as a potential assistant to or even replacement of a paper text-
book (36). A recent publication concluded that, specific for radiology, the Apple Ipad can 
provide sufficient diagnostic accuracy when interpretation radiology images (37). 

When considering these changes in the distribution of information, portion of the 
knowledge and findings laid out in this dissertation has been integrated as an e-book in 
an Ipad application (38), published by Bestapps. It provides a contemporary way to ex-
plore several topics of these dissertation, containing full datasets of several cases. 

 

9.2 OUTLOOK 
It is clear that the role of the cardiovascular radiologist will only gain in importance as new 
treatment options emerge and precise imaging-derived pre- and post-procedural infor-
mation is required. The benefits of radiology in many cardiovascular applications have 
been explored, and new pathways for future developments have been laid out.  

Finally, radiology is a medical specialty by nature especially susceptible to technology ad-
vances. Some of these innovations have led to significant changes in clinical care. At the 
very least, these developments provide an opportunity to place the radiologist back in 
the clinical decision-making process, becoming as such more involved in actual patient 
care and by extension improving its undeserved reputation as a merely technology-driven 
specialist detached from clinical care. The importance of this cannot be overstated, as 
turf wars have emerged at the crossroads of medical specialties. By consistently under-
scoring our added value, this approach may provide the best professional defence, and 
the best way to achieve clinical success. 
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SUMMARY 
Computed Tomography (CT) is currently one of the most demanded non-invasive imag-
ing examinations in clinical practice. While it is daily used in a wide range of clinical appli-
cations, its role on the evaluation of the cardiovascular system has in the past decade 
significantly gained in significance. This evolving role is the consequence of both tech-
nical innovations, as well as the introduction of new or improved interventional tech-
niques demanding precise imaging information.  

Chapter 1 is an introduction. Following a brief historical overview, the need for non-inva-
sive imaging of the cardiovascular system is explained, introducing the possibilities of CT 
and magnetic resonance (MR) techniques. Also, current challenges for non-invasive vas-
cular imaging are briefly introduced. 

The aims and objectives of this dissertation are introduced in Chapter 2. The main re-
search points of this work are: 

• New CT technologies help in the reduction of radiation exposure of patients in 
vascular imaging studies, including studies before and after cardiovascular inter-
ventions 

• CT and MR imaging can be used as reliable and reproducible tools for imaging 
evaluation of cardiovascular prostheses. Potential quantitative parameters are 
studied, with their potential functional repercussions. 

• Anatomical features which can play a role in the risk-assessment of complica-
tions after deployment of a cardiovascular prosthesis are discussed. 

• The role of the deformation of a vascular prosthesis in the functional improve-
ment of a patient is evaluated. 
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• CT can be used as a valuable tool before and after electrophysiology interven-
tions 

Chapter 3 provides a comparative overview of the different imaging options currently 
available to study the cardiovascular system. It starts by providing a comparison of find-
ings between conventional chest radiographs and corresponding CT examinations in nor-
mal and pathological conditions, as such providing better insights into the semiology of 
imaging findings. While the role of conventional radiographs has been superseded by 
more modern imaging methods, the interpretation of chest radiographs remains an im-
portant part of daily practice. This section is followed by a multimodality comparison of 
different imaging tools to evaluate diseases of the thoracic aorta and pulmonary arteries. 
Their respective role in different clinical conditions and diseased is discussed, and a guide 
for structural reporting is provided. 

As CT technology evolves, the different possibilities also come with an increased tech-
nical complexity for the operator and radiologist. A proper understanding of the underly-
ing technology is not only crucial to obtain the best possible image quality, but also to 
avoid excessive and unnecessary radiation exposure to the patient. In chapter 4, the dif-
ferent factors influencing image quality and radiation exposure are discussed, and solu-
tions to potential problems are given. 

Chapter 5 deals with the role of CT in a new endovascular treatment option for critical 
aortic valve stenosis. This procedure, commonly named Transcatheter Aortic Valve Im-
plantation (TAVI) or Replacement (TAVR), is currently the subject of intense investigation 
and worldwide clinical implementation. Given the non-surgical approach used in this 
technique, pre-procedural imaging is key for procedural success. In this chapter, different 
anatomical and technical issues which arise during the imaging work-up of these patients 
are discussed, and solutions including scan protocols are provided. 

Chapter 6 discusses the post-procedural imaging findings of the TAVI procedure. As the 
clinical implementation of transcatheter replacement of stenotic aortic valves becomes 
more common, post-procedural findings are increasingly seen in daily practice, also in 
patients who are seen for unrelated reasons. Given the recent nature of TAVI procedures, 
it may be expected that many radiologists are not familiar with the normal findings. In 
this chapter, we provide an overview of the normal findings, together with the most com-
mon complications. 

Chapter 7 provides further insights in the role that CT can play before and after electro-
physiology interventions. The relevant pre-procedural key points are discussed, together 

Non-invasive Imaging for Cardiovascular Interventions Non-invasive Imaging for Cardiovascular Interventions 

286286



Non-invasive Imaging for Cardiovascular Interventions 

 286 

• CT can be used as a valuable tool before and after electrophysiology interven-
tions 

Chapter 3 provides a comparative overview of the different imaging options currently 
available to study the cardiovascular system. It starts by providing a comparison of find-
ings between conventional chest radiographs and corresponding CT examinations in nor-
mal and pathological conditions, as such providing better insights into the semiology of 
imaging findings. While the role of conventional radiographs has been superseded by 
more modern imaging methods, the interpretation of chest radiographs remains an im-
portant part of daily practice. This section is followed by a multimodality comparison of 
different imaging tools to evaluate diseases of the thoracic aorta and pulmonary arteries. 
Their respective role in different clinical conditions and diseased is discussed, and a guide 
for structural reporting is provided. 

As CT technology evolves, the different possibilities also come with an increased tech-
nical complexity for the operator and radiologist. A proper understanding of the underly-
ing technology is not only crucial to obtain the best possible image quality, but also to 
avoid excessive and unnecessary radiation exposure to the patient. In chapter 4, the dif-
ferent factors influencing image quality and radiation exposure are discussed, and solu-
tions to potential problems are given. 

Chapter 5 deals with the role of CT in a new endovascular treatment option for critical 
aortic valve stenosis. This procedure, commonly named Transcatheter Aortic Valve Im-
plantation (TAVI) or Replacement (TAVR), is currently the subject of intense investigation 
and worldwide clinical implementation. Given the non-surgical approach used in this 
technique, pre-procedural imaging is key for procedural success. In this chapter, different 
anatomical and technical issues which arise during the imaging work-up of these patients 
are discussed, and solutions including scan protocols are provided. 

Chapter 6 discusses the post-procedural imaging findings of the TAVI procedure. As the 
clinical implementation of transcatheter replacement of stenotic aortic valves becomes 
more common, post-procedural findings are increasingly seen in daily practice, also in 
patients who are seen for unrelated reasons. Given the recent nature of TAVI procedures, 
it may be expected that many radiologists are not familiar with the normal findings. In 
this chapter, we provide an overview of the normal findings, together with the most com-
mon complications. 

Chapter 7 provides further insights in the role that CT can play before and after electro-
physiology interventions. The relevant pre-procedural key points are discussed, together 
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with an overview of possible complications which may require imaging.  Given the fact 
that the interatrial septum plays an important role as a passage for ablation catheters, its 
embryology, appearance and the presence of intracardial shunts are also illustrated. 

Chapter 8 forms a reference to an e-book containing many information presented in this 
dissertation, presented in an interactive fashion on Apple iPad devices. It constitutes a 
first effort in an evolving digital age of information distribution in radiology. 

 

Chapter 9 provides a discussion of the different issues and topics raised in this work. In 
general, we conclude that CT, and to a lesser extent MR, are excellent and necessary tools 
to investigate and guide correct patient triage in cardiovascular interventions, provide all 
necessary anatomical information for procedural success, and guide the clinician or sur-
geon in case of complications. Furthermore, this provides a new opportunity to position 
the radiologist as a valuable figure in clinical management of the patient. The discussed 
technical challenges and correct choices between imaging modalities, the necessary un-
derstanding of the involved anatomy in different procedures, and the correct interpreta-
tion and reporting of these results are tasks that are best performed by the involved radi-
ologist. Given the current further development of new interventional techniques, it is safe 
to assume that the use of non-invasive imaging will only increase.  
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SAMENVATTING 
Computer tomografie (CT) is vandaag een van de meest gevraagde niet-invasieve 
onderzoeken in de klinische praktijk. Terwijl het wordt toegepast in vele medische 
subdisciplines, is het vooral in de evaluatie van het cardiovasculair systeem dat er in de 
afgelopen 10 jaar een grote vooruitgang is geweest. Deze evoluerende rol van CT is het 
zowel het gevolg van technische innovaties, alsook van de verdere ontwikkeling van 
nieuwe of verbeterde interventietechnieken die exacte anatomische informatie via 
radiologische beelvorming vereisen. 

Hoofdstuk 1 vormt de inleiding. Na een korte historische introductie volgt een 
uiteenzetting over de nood aan niet-invasieve beeldvorming, en wordt de waarde van CT 
en magnetische resonantie (MR) uiteengezet. Ook worden de huidige problemen van 
niet-invasieve beeldvorming kort geïntroduceerd. 

De doelstellingen van dit werk worden behandeld in hoofdstuk 2. De belangrijkste 
onderzoeksstellingen  zijn: 

• Nieuwe CT-technieken helpen bij het reduceren van de stralingsblootstelling in 
patiënten die vasculaire beeldvorming ondergaan, met inbegrip van 
onderzoeken voor en na cardiovasculaire interventies 

• CT en MR-beeldvorming kan gebruikt worden als betrouwbare en 
reproduceerbare middelen voor de evaluatie van cardiovasculaire prothesen. 
Mogelijke quantitatieve parameters worden bestudeerd, samen met hun 
potentiële functionele weerslag. 

• Anatomische karakteristieken die een rol kunnen spelen bij de risico-inschatting 
van complicaties na ontplooing van een cardiovasculaire prothese worden 
besproken. 
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• De rol van deformatie van een vasculaire prothese in de functionele verbetering 
van een patiënt wordt geëvalueerd. 

• CT is een waardevol hulpmiddel zowel voor als na electrofysiologie interventies 

Hoofdstuk 3 geeft een vergelijkend overzicht van de verschillende actueel beschikbare 
opties qua beeldvorming voor het bestuderen van het cardiovasculair systeem. Het start 
met een vergelijkende studie tussen conventionele thoraxradiografie en CT onder 
normale en pathologische condities, teneinde een beter inzicht te verwerven in de 
semiologie. Ondanks het feit dat de rol van conventionele radiologie ondergeschikt is 
geworden aan nieuwe beeldvormingstechnieken, blijft de interpretatie van thorax 
radiografieën een belangrijke taak tijdens de dagelijkse praktijk. Dit onderdeel wordt 
gevolgd door een vergelijkende studie tussen verschillende beeldvormingstechnieken 
gebruikt bij de evaluatie van de thoracale aorta en de pulmonale arteriën. Hun 
respectievelijke rol bij verschillende pathologische condities en aandoening wordt 
besproken, en een model voor structured reporting wordt aangeleverd. 

De technische evolutie van CT introduceert niet alleen nieuwe mogelijkheden, doch 
verhoogt ook tegelijk de technische complexiteit voor de technicus en radioloog. Een 
goed inzicht in de gebruikte technieken is echter belangrijk, niet alleen voor het 
verkrijgen van de best mogelijke beeldkwaliteit, doch ook om een onnodig hoge 
stralingsblootstelling te vermijden. In hoofdstuk 4 worden de verschillende factoren 
besproken die zowel beeldkwaliteit als stralingsblootstelling beïnvloeden, en worden 
mogelijke oplossingen aangereikt. 

 

Hoofdstuk 5 betreft de rol van CT in de endovasculaire klepvervanging van kritische 
aortaklepstenose. Deze procedure, genaamd Transcatheter Aortic Valve Implantation 
(TAVI) of Replacement (TAVR), is actueel het onderwerp van uitgebreid onderzoek en 
wereldwijde klinische implementatie. Gezien de niet-chirurgische benadering bij deze 
techniek, is pre-procedurele beeldvorming essentieel voor een succesvolle procedure. In 
dit hoofdstuk worden verschillende anatomische en technische onderwerpen besproken 
die aan bod komen tijdens de oppuntstelling van deze patiënten. Oplossingen, met 
inbegrip van scan protocols, worden aangereikt. 

Hoofdstuk 6 bespreekt de bevindingen na een TAVI-procedure. De verdere klinische 
implementatie van deze procedure betekent ook dat de post-procedure bevindingen 
vaker zullen tegengekomen worden in de dagelijkse praktijk, ook bij patiënten die 
onderzocht worden voor ongerelateerde redenen. Gezien de recente introductie van 
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TAVI procedures, kan het voorvallen dat vele radiologen niet bekend zijn met de normale 
post-procedurele bevindingen. In dit hoofdstuk wordt een overzicht gegeven van de 
normale bevindingen, alsook van de frequentste complicaties. 

Hoofdstuk 7 geeft verdere inzichten in de rol die CT kan spelen voor en na 
elektrofysiologie interventies. De relevante pre-procedurele kernpunten worden 
besproken, samen met mogelijke complicaties die beeldvorming kunnen vereisen. 
Gezien het interatriaal septum een belangrijke rol speelt bij de passage van 
ablatiecatheters, wordt de embryologie, voorkomen en de aanwezigheid van 
intracardiale shunts besproken. 

Hoofdstuk 8 is een referentie naar een e-boek die veel informatie van deze thesis bevat, 
aangereikt op een interactieve manier in Apple iPad toestellen. Het vormt een eerste 
aanzet voor de elektronische distributie van informatie in een digitaal tijdperk. 

Hoofdstuk 9 omvat de discussie van de verschillende stellingen van dit werk. 
Samenvattend besluiten we dat CT, en in mindere mate MR, wel degelijk belangrijke en 
noodzakelijke onderzoeken zijn bij de correctie evaluatie en triage van patiënten 
kandidaat voor een cardiovasculaire interventie, alle noodzakelijke anatomische 
informatie aanreiken voor een succesvolle procedure, en de clinicus of chirurg helpen in 
geval van complicaties. Het vormt ook een nieuwe gelegenheid om de radioloog te 
positioneren als een belangrijk persoon in de klinische besluitvorming van patiënten. De 
besproken technische uitdagingen, de noodzakelijke kennis van de betrokken anatomie 
in verschillende procedures, alsook de correcte interpretatie en verslaggeving van deze 
resultaten zijn taken die best worden uitgevoerd door de betrokken radioloog. Gezien de 
verdere ontwikkelingen van interventie-technieken, valt te verwachten dat het gebruik 
van niet-invasieve beeldvorming verder zal toenemen. 
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