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v

Congenital heart diseases are a complex and heterogeneous group of diseases 
mostly becoming obvious shortly after birth. Other forms can already be 
detected intrauterine and on the other end of the spectrum diseases may only 
become obvious later in life. This broad spectrum of disease severity brings 
together many clinical disciplines, mainly (pediatric) cardiology, (pediatric) 
heart surgeon, and radiology. Some congenital heart diseases can be cor-
rected with one interventional or surgical intervention; others need multiple 
surgeries as the anatomy grows. Due to the tremendous scientific and clinical 
improvement of the whole team, more and more small patients survive and 
reach adulthood. These patients require regular follow-up of their anatomic 
and functional status.

For this reason, all clinical disciplines caring about this group of patients 
should know about the basics of congenital heart diseases and the required 
follow-up examinations. Therefore, each chapter outlines the basic anatomi-
cal findings and anomalies, covers the surgical correction technique, and 
presents results on the outcome.

Given the various experts involved in the follow-up, especially cardiology 
and radiology, it was important for this book to cover the respective imaging 
modalities like echocardiography, invasive catheterization, magnetic reso-
nance imaging, and computed tomography. At various stages of the patient’s 
life, different follow-up recommendations exist. However, as some diseases 
are quite rare, no standardized recommendations for follow-up exist and the 
expert authors were asked to share their institutional experience.

For us, as the editors of this book, it was an enormously invigorating experi-
ence bringing together renowned experts and the publisher, Springer, to provide 
this well-illustrated and comprehensive textbook Congenital Heart Diseases in 
Adults. It provides an extensive overview of the various forms of congenital 
cardiovascular malformations and the different treatment options. Special 
emphasis is placed on the long-term results and the required imaging strategies 
and answers the clinician needs to know for optimal patient care. For this pur-
pose, the authors have been selected throughout the imaging disciplines cover-
ing all imaging aspects and thus providing a most complete imaging guide.

We hope the book will be of great assistance to all who are caring for 
patients with congenital heart diseases on the long term.

Munich, Germany� Sebastian Ley 
Munich, Germany� Julia Ley-Zaporozhan 

Preface
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1	 �Introduction

There are now more adults alive with congenital 
heart disease than children (Marelli et al. 2007), 
and many will have ongoing problems despite 
surgical repair. Surgery is never a cure—merely a 
fix—and in some cases directly introduces new 
problems that were not present previously 
(Celermajer and Greaves 2002). ACHD patients 
therefore generally require lifelong follow-up in 
specialized institutions where the technical and 
clinical expertise exists to recognize and deal 
with issues as they arise.

Imaging lies at the heart of this follow-up pro-
cess. Today we have so many advanced modali-
ties to choose from that a nonimager may be 
bewildered by the options available and uncertain 
about what test would best answer the clinical 
problem facing him or her. The purpose of this 
chapter is to review briefly the strengths and 
weaknesses of the major cardiac imaging modali-
ties and propose a few principles to help guide 
the selection of most appropriate modality in 
each case. It should be recognized that this is a 
single author opinion, and—as with everything 
else in medicine—there is more than one way to 
skin a cat! Nevertheless the principles here are 
expected to be non-contentious and largely 
self-evident.

A.M. Crean, M.R.C.P., F.R.C.R. 
Sanghvi Endowed Chair in Cardiovascular Imaging 
Professor of Cardiology and Pediatrics, University of 
Cincinnati Medical Center and Cincinnati Children’s 
Hospital Medical Center,  
Cincinnati, OH, USA
e-mail: andrewcrean@gmail.com
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2	 �What Information Do 
We Want?

In imaging the key question to the referrer should 
always be: ‘what do you want to know?’. An 
uncertain or unfocussed question is unlikely to 
result in a lucid and helpful report. Lack of clarity 
in the request may also lead to incorrect selection 
of modality. Clear communication between the 
referrer and the imager is therefore vital for 
appropriate triage and protocolling of requests. 
The imager cannot however entirely rely on the 
referrer to provide all essential knowledge, and it 
is incumbent upon an ACHD imager to review 
prior imaging and—on occasion—the hospital 
notes as the underlying anatomy and physiology 
(and even the patient’s personality) may dictate 
the most appropriate imaging technique to use.

In general terms, however, the commonest type 
of information required in ACHD patients pertains 
to anatomy, function and flow. These and other 
potential requirements are summarized in Table 1.

3	 �Imaging Anatomy

Understanding the anatomy of the patient is fun-
damental to ACHD care. Many conditions have 
seen era-based variations in surgical repair, lead-
ing to very different anatomic appearances—for 
example, a d-TGA patient repaired 40 years ago 
by a Mustard or Senning procedure has quite dif-
ferent anatomy to the same patient repaired by 
the arterial switch operation which is the stan-
dard of care today (Roche et al. 2011).

Basic anatomy can be inferred to some degree 
from the plain CXR with PA and lateral views. 
Heart size and bronchial situs, great vessel anatomy 
and pulmonary arterial and venous anomalies may 
all be recognized by plain film. Inferences about 
physiology may even be made based on atrial 
chamber enlargement, pulmonary venous disten-
sion and lung parenchymal lymphatic engorgement. 
However it is hard to argue that a two-dimensional 
representation of the chest represents the standard 
of reference in first-world countries any longer. One 
useful feature of the CXR remains its ability to 
depict small stainless steel devices, clips or coils 
that may have been used in childhood to close holes 

or embolize vessels. Many of these devices cause 
substantial disturbance to the uniformity of a mag-
netic field and result in large signal voids on CMR 
images (Fig. 1). Recognition of these in advance is 
useful so that limited magnet time is not wasted.

Although echocardiography is usually the first 
imaging test experienced by the ACHD patient, it is 
in fact probably the least well suited to questions of 
pure anatomy. Image quality is both operator and 
patient dependent. Obesity, in particular, chal-
lenges the echocardiographer in a way that is rarely 

Table 1  Areas of potential interest in an ACHD imaging 
examination

Anatomy

 �   Cardiac anatomy

 �   Bronchial anatomy

 �   Visceral situs

 � �  Anomalies of systemic and/or pulmonary venous 
return

 �   Anomalies of the aorta and/or branch vessels

Physiology

 �   Ventricular volumes

 �   Ventricular function

Flow

 �   Peak velocity across stenoses

 �   Volume of forward and regurgitant flow

 �   Direction of flow

 �   Quantification of shunts

Perfusion

 �   Reimplanted coronary arteries

 �   Compressed or stenosed coronary arteries

 �   Aneurysmal coronary arteries

 � �  Assessment of functional reserve prior to major 
surgery

Tissue characterization

 �   Ischaemic scar

 �   Myocardial oedema

 �   Subclinical fibrosis

 �   Calcium

 �   Metal

Thrombus

 �   Within cardiac chambers

 �   Within aneurysmal coronary arteries

 �   Within pulmonary arteries

Postsurgical complications

 �   Anatomic distortion

 �   Infection

 �   Leakage

Resolving conflicting information

A.M. Crean
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a problem for CT or CMR (assuming the patient 
does not exceed the maximum table weight and can 
physically fit into the scanner). Although image 
acquisition is usually standardized, this is in the 
form of selective 2D tomographic views selected 
by the operator at the time of the scan. There is no 
possibility to return to the data and reconstruct fur-
ther views desired after the fact. This limitation of 
standard 2D echo has only partially been overcome 
by 3D techniques (Yang 2017). These remain cum-
bersome, imperfect (Crean et al. 2011) and far from 
routine in the majority of laboratories. The other 
major limitation of echo pertains to its inability to 
visualize more than the proximal portions of the 
vascular structures of the thorax or to interrogate 
the lung parenchyma beyond basic recognition of 
pleural fluid and lung collapse/consolidation. 
Therefore, although echocardiographic assessment 
is vital in ACHD for other reasons, assessment of 
anatomy alone is rarely its forte.

What then should we use to determine the tho-
racic anatomy of the ACHD patient with confi-
dence? If anatomy is the sole or primary question, 
there is little doubt that computed tomography (CT) 
is the test of choice in many patients (Han et  al. 
2015a). Advances in technology have been so pro-
found that imaging of the chest by CT now takes 
only a few seconds. Images can be acquired in most 
ACHD patients at trivial doses of radiation. Low-

dose imaging is possible for two reasons. Firstly, 
many complex ACHD patients are well below mean 
adult size due to chronic illness, and a relative lack 
of obesity means that images contain less noise. 
Secondly—as a corollary to the first point—low 
body mass index means that tube voltage may usu-
ally be reduced down to 80 kV rather than the stan-
dard 120 kV resulting in an exponential decrease in 
radiation exposure (Han et  al. 2015b). The addi-
tional noise created by this approach is usually tol-
erable for all but the smallest structures and can be 
smoothed out by both iterative reconstruction tech-
niques or simply by reconstructing at thicker slice 
thickness than that acquired (Fig. 2).

There are additional benefits of anatomic imag-
ing by CT. Many of the peculiarities of ACHD can 
be relatively subtle—small communications 
between structures, anomalous vessels including 
aorta-pulmonary and veno-venous collaterals, pul-
monary arteriovenous malformations, etc. may all 
be missed without high spatial resolution. This is 
an inherent advantage of CT where it is possible to 
acquire volumes of isotropic data with a voxel size 
of 0.5 mm3 at still acceptable radiation exposure 
levels. Such high-resolution data sets have the fur-
ther advantage of potential reconstruction in any 
non-standard imaging plane required to best dem-
onstrate the abnormality, long after the patient has 
departed the CT suite. The ability to synchronize 

a b

Fig. 1  Artefact due to stainless steel coils. (a) MR angio-
gram in a patient with a Fontan circuit shows a large cen-
tral area (dotted circle) where the underlying anatomy is 
obscured. (b) CXR in same patient (note incidental dex-

trocardia) reveals multiple metallic densities in the central 
mediastinum (dotted circle) from venous embolization 
with stainless steel coils

Technical Considerations for ACHD Imaging



4

CT image acquisition to the ECG also makes it 
particularly suitable for anatomical assessment of 
the aortic root and coronary arteries which are oth-
erwise obscured by cardiac motion. The principal 
disadvantage of anatomic imaging by CT is the 
need for administration of intravenous contrast. 
This slows the workflow and may be contraindi-
cated in patients with reduced renal function or 
severe contrast allergy.

CMR anatomic imaging is usually performed as 
part of any cardiac study. Sequences may use bright 
blood techniques in which the blood pool is seen as 
higher signal intensity than surrounding myocar-
dium or black blood techniques in which the signal 
from flowing blood is suppressed. Compared to CT, 
anatomic CMR imaging incurs a considerable time 
penalty (10–15 min for bright blood imaging of the 
thorax by CMR versus under 5  s by CT) and is 
obtained at significantly lower spatial resolution. 
Despite this, many centres employ CMR as the pri-
mary tool for assessment of the ACHD patient. This 
is not because it is a better anatomic test than CT but 
because other information (particularly ventricular 
size and function) is usually also desired.

However there are rare situations when CMR 
may be used principally for anatomy. The most 
common indication for this at our centre usually 
involves a pregnant woman with a known aortopa-
thy (Marfan syndrome, coarctation patch aneu-
rysm) who develops chest pain—rapidly leading to 
similar symptoms in the responsible clinician! 

Although CT may be the most logical test for 
patients in the second trimester or beyond, the spec-
tre of unproven ‘risk’ to the foetus almost invariably 
results in both patient and physician insisting upon 
CMR. This may not be a trivial undertaking in a 
heavily pregnant woman who may need to lie par-
tially elevated to prevent IVC compression and who 
is usually uncomfortable and restless. Limited dia-
phragmatic excursion results in poor breath holding 
and frequently suboptimal images. Furthermore, 
gadolinium is relatively contraindicated in preg-
nancy (Garcia-Bournissen et  al. 2006; Sundgren 
and Leander 2011). Here, however, one advantage 
of CMR over CT emerges. Steady-state free preces-
sion (SSFP) pulse sequences generate intrinsic con-
trast within the blood pool without the need to inject 
exogenous agents (Fig. 3). Furthermore, the use of 
free-breathing navigated SSFP sequences can obvi-
ate concerns about poor breath holding (Stehning 
et al. 2005).

Cardiac catheterization should not be forgot-
ten as a method for determining anatomy. Indeed 
in the early days of congenital heart disease, it 
was the principal if not the only way to assess 
complex intracardiac anatomy. Whilst that role 
has largely been usurped by echo and other cross-
sectional techniques, it remains useful for assess-
ment of vascular structures particularly where 
intervention is contemplated (e.g. delivery of 
coarctation or pulmonary artery stent, collateral 
embolization). The direct injection into collateral 

a b c

Fig. 2  Decreasing dose in cardiac CT through kV manip-
ulation. (a) Axial cross section by CT in 2008 in a patient 
with tetralogy of Fallot acquired at 0.5 mm, 120 kV, mul-
tiphase. Image quality is excellent with little noise but the 
total effective dose was 25  mSv. (b) Same patient re-
imaged in 2010 at 0.5 mm, 80 kV, multiphase. The image 

is significantly noisier but still interpretable. (c) Same data 
set as in (b) but this time the slice has been thickened post 
acquisition to 5 mm rather than the native 0.5 mm. Note 
how much of the image noise is reduced by this manoeu-
vre with little change in diagnostic quality for the major 
cardiac structures

A.M. Crean
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vessels may also reveal the course and extent of 
these more clearly than simply relying upon pas-
sive filling by contrast as happens at CT or CMR.

We close this section with nuclear medicine, 
only to comment that the limited spatial resolu-

tion of this technique results in little or no role 
for anatomical imaging of the ACHD patient. It 
may still have some limited role in physiologic 
imaging which will be discussed subsequent 
sections.

a b

Fig. 3  Examples of severe aortic root dilatation in two 
different pregnant patients with Marfan syndrome. To 
avoid administering gadolinium—and limit heating of the 
foetus by radiofrequency deposition—single-shot steady-

state free precession imaging has been used. In both cases 
the aortic root (asterisk) measured almost 6  cm across 
(normal is less than 4  cm; 5  cm is the usual operative 
threshold in Marfan syndrome)

Echo Nuclear CT CMR Cath

Spatial resolution ++ + ++++ ++ ++++

Temporal resolution ++++ + ++ +++ ++++

Suitability in obese ++ + ++++ ++++ +++

Multiplanar reformats possible − ++ ++++ +++ −
3D reconstructions possible − ++ ++++ +++ −
Limited by metal ++ +++ + +++ −
Limited by calcium + + + ++ −
Speed of assessment ++ ++ ++++ + +++

Requires exogenous contrast injection − ++++ +++ + ++++

Availability ++++ ++++ ++++ ++ ++++

Claustrophobia − + ++ +++ −
Radiation − +++ +/++ − ++/+++

Technical Considerations for ACHD Imaging
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4	 �Imaging Ventricular 
Function

One of the most frequently asked questions of an 
ACHD imager pertains to the size and function of 
the ventricles. Accurate assessment is vital since 
serial follow-up is often performed in order to 
determine the most appropriate time to intervene 
on lesions which are responsible for ventricular 
enlargement or impairment of ventricular func-
tion. Although 2D echo is most frequently used 
for this purpose, its accuracy and interobserver 
variability leave much to be desired. Endocardial 
definition is often poor, and, since a volume of 
data is not acquired, size and function are esti-
mated in ways that make assumptions about the 
shape of the ventricles. Such assumptions are fre-
quently untrue in normal hearts and are quite 
unreliable in malformed or repaired hearts. 3D 
echo has been shown to be more accurate and 
precise in the paediatric population, but the size 
of enlarged ventricles (particularly the RV) in 
adults often results in incomplete coverage of the 
ventricle within the sector field of view and can 
lead to quite significant underestimation of ven-
tricular volume (Crean et al. 2011).

CMR is generally regarded as the standard of 
reference for functional and volumetric assess-
ment of the ventricles, notwithstanding occasional 
dissenters (DeFaria Yeh and Foster 2014; Geva 
2014). Sequential slices are acquired in a 2D fash-
ion, and then the resulting stack of discs is con-
toured offline and provides measurements derived 
from Simpson’s rule. Since the precise geometry 
of the ventricle is accounted for in the image 
acquisition, there are no geometric assumptions 
made. Values derived in this way are usually 
highly reproducible both within and between 
observers (Mooij et al. 2008; Moody et al. 2015). 
Nonetheless there are several technical consider-
ations of which to be aware. CMR cine images, as 
conventionally acquired, do not in fact reflect real-
time motion data—in other words the image as 
seen is not constructed from motion data pertain-
ing to a single cardiac cycle. Instead, using a pro-
cess of ‘segmented acquisition’, the cine data 
required to build a moving cine image at any one 
slice location is acquired over multiple temporally 

sequential cardiac cycles. In practice this means 
that each moving image is usually the result of a 
data acquisition process over 10–15 heartbeats. 
There are several implications of this: (a) the tem-
poral resolution (i.e. frame rate) of each cine image 
is a function of how many heartbeats are used to 
acquire data, better temporal resolution can be 
achieved by collecting more data over more heart-
beats but at a cost of a longer breath hold; (b) since 
the image data is derived from sequential beats, 
stable sinus rhythm is a prerequisite for clear 
images free of the temporal blurring which can 
make contouring unreliable. Although there are 
methods for acquiring a cine slice in a single heart-
beat (‘single-shot imaging’), the resulting image is 
often low in both spatial and temporal resolution, 
and since each slice is acquired from beats of dif-
ferent cycle length, the varying number of cardiac 
phases per cycle means that conventional contour-
ing packages (which require each slice to have the 
same number of phases) cannot load the data for 
quantitative measurement. Finally, published nor-
mal ranges exist with different values—how is this 
possible? The answer for the LV depends on 
whether the papillary muscles are ignored (‘left in 
the blood pool’) or included when drawing the 
endocardial contour (Alfakih et al. 2003a; Buechel 
et al. 2009; Hudsmith et al. 2005; Cain et al. 2009; 
Salton et al. 2002; Lorenz et al. 1999; Sievers et al. 
2004). Novel planes of acquisition may also affect 
the ideal normal range (Childs et  al. 2011; Clay 
et al. 2006).Values may differ for the RV accord-
ing to whether the ventricle was contoured from 
the axial, short axis or some other plane (Maceira 
et al. 2006; Alfakih et al. 2003b; James et al. 2013; 
Fratz et  al. 2009; Strugnell et  al. 2005; Winter 
et  al. 2008). It is therefore important that each 
CMR lab maintain a consistent approach to con-
touring and use of the appropriate normal range. 
Very recently, work produced from the UK 
Biobank project has provided normal sex and age-
defined ranges in over 5000 healthy individuals, 
and this is likely to become the standard reference 
paper in this area—at least for Caucasian popula-
tions (Petersen et al. 2017).

Cardiac CT is being utilized at most ACHD 
centres with volumetric and functional assess-
ment an increasingly common indication. Usually 

A.M. Crean
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this is requested in patients who are either claus-
trophobic or have implanted devices and thus 
contraindicated for CMR. There have been sev-
eral reports suggesting comparable accuracy to 
CMR for volumetric assessment (Fuchs et  al. 
2016; Koch et  al. 2004; Juergens et  al. 2004; 
Mahnken et al. 2003; Singh et al. 2014). Caveats 
relate not only to the nature of the populations 
studied which were invariably small and free of 
congenital heart disease but also to the CT equip-
ment employed in the majority of studies fre-
quently involving dual-tube technology resulting 
in a potential temporal resolution considerably 
superior to many other types of scanner. It is nec-
essary to understand that the ability to construct a 
time-volume ventricular filling curve accurately 
is a function of not only the patient’s heart rate 
but also the effective temporal resolution of the 
scanner used. This latter itself can vary according 
to the scan mode selected. As usual in cardiac 
imaging, there is no substitute for understanding 
how image acquisition occurs.

Nonetheless, there is no doubt that cardiac CT 
provides measurements of end diastolic volume 
that are usually highly reliable. End systolic vol-
ume (and therefore ejection fraction) measure-
ment accuracy depends on sufficient temporal 
resolution. Therefore an apparently impaired 
ventricle may be either genuinely impaired or 
apparently so because true end systolic images 
have not been acquired. Distinction between gen-
uine and artificial ventricular impairment may be 
difficult unless the other ventricle demonstrates 
entirely normal function. Since it is difficult to 
overestimate ejection fraction (EF) by CT, nor-
mal function on one side makes it more likely 
that true end systole has been captured and there-
fore that the abnormal function on the other side 
is more likely to be genuine. One final caveat is 
that since most CT scanners acquire cine data by 
segmentation, they are as vulnerable to irregular 
cardiac cycles as CMR.

In cases where CMR is not possible and CT 
and echo give conflicting results, use of radionu-
clide angiography should not be forgotten 
(Schelbert et al. 1975; Harel et al. 2007; Navare 
et  al. 2003; Johnson and Lawson 1996; Hesse 
et  al. 2008). This is a simple and reliable tech-

nique for either ventricle. Since images are 
acquired by averaging over hundreds of heart-
beats, the technique is also relatively independent 
of cycle length variations. Careful attention must 
be paid to correctly defining the boundary of the 
ventricle. This may be difficult for technologists 
unfamiliar with congenital hearts, particularly if 
there are abnormalities of situs or looping. It is 
often wise for the ACHD imager to directly 
inspect the raw data to ensure ventricles have 
been correctly identified and encircled.

Finally, visual assessment of ventricular func-
tion by conventional angiography is still a valid 
approach even if it appears to lack the rigour of 
cross-sectional imaging. The temporal resolution 
of angiography is so high that reliable visual esti-
mates of function can be made even in the pres-
ence of arrhythmia in most cases.

5	 �Imaging Pressure and Flow

Abnormalities of flow are fundamental to many 
of the conditions seen in congenital heart disease. 
Reliable methods are required to measure both 
velocity and volume of flow (Lotz et  al. 2002). 
On occasion it may be useful to additionally have 
information about direction of flow. The com-
monest requirement is for flow assessment across 
a valvular lesion where varying degrees of steno-
sis and regurgitation may coexist. Not infre-
quently there may also be questions regarding the 
flow across conduits—which often calcify and 
stenose with time—as well as differential flow 
into branch pulmonary arteries. Aortic flow may 
be requested in the setting of aortic coarctation. 
In cases of multiple sources of pulmonary blood 
flow (i.e. some or all of the blood flow being 
derived from collateral sources and not simply 
the pulmonary arteries), then summed flow of all 
four pulmonary veins may be required in order to 
calculate total pulmonary resistance according to 
the equation: PVR  =  80 * (Mean Pulmonary 
Artery Pressure - Left Atrial Pressure)/
Pulmonary Flow. Calculation of pulmonary 
arterial and aortic flows is also required in the set-
ting of shunt lesions where the shunt fraction has 
to be calculated.
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Echo is once again on the front line for these 
requests but usually only manages to provide par-
tial answers. There are a number of reasons for 
this including the previously mentioned prob-
lems with poor visualization in a proportion of 
patients. For isolated valvular stenosis in patients 
with suitable body habitus, echo estimates peak 
and mean gradients with a high degree of reli-
ability and reproducibility. Regurgitant lesions 
are typically more difficult to quantify since all 
available echo methods are surrogates for the true 
regurgitant volume which echo cannot measure 
directly. Echo also struggles with conduit steno-
sis since the Bernoulli assumptions break down 
often leading echo to overestimate gradients.

CMR is complementary to echo in many cases. 
Its strengths are the mirror image of echo in that 
direct measurement of aortic and pulmonary regur-
gitant fractions is straightforward and reliable 
(Mercer-Rosa et al. 2012). Atrioventricular regurgi-
tation may also be directly calculated although is 
not routinely performed. Net forward flow mea-
surements in the main pulmonary artery and aorta 
permit calculation of the shunt ratio (Qp:Qs) in shunt 
lesions such as atrial septal defect or patent ductus 
arteriosus. CMR is also the only available method 
for measuring total pulmonary blood flow in condi-
tions where some of the arterial supply to the lungs 
is not derived from the pulmonary arteries. In this 
circumstance, the total blood supply to the lungs is 
equivalent to the total blood volume returning from 
the lungs (Grosse-Wortmann et  al. 2007). Thus 
measurements of blood flow in each of the pulmo-
nary veins may be summated to provide a rough 
assessment of total pulmonary flow, which is 
required for the calculation of pulmonary vascular 
resistance (see above) in these challenging cases.

CMR is inferior to echo generally for the 
assessment of stenotic lesions. This is because the 
velocity profile across a stenosis is rapidly chang-
ing and a high temporal resolution is required to 
catch peak velocity. Although there are technical 
tricks possible to improve CMR temporal resolu-
tion (by decreasing ‘views per segment’), this 
comes at the expense of longer breath holds, and 
a move to free breathing with multiple averages 
may be necessary. Since this can produce rather 
blurred images, many centres refrain from doing 

this. As a consequence the peak velocity across a 
stenosis (and therefore the derivative, peak gradi-
ent) is often underestimated by CMR compared to 
echo. Both CMR and echo may also underesti-
mate the severity of a stenosis due to collateral 
run-off. A classic example of this is tight coarcta-
tion of the aorta where the peak gradient may be 
lower than expected due to the presence of large 
collateral vessels, which circumvent the obstruc-
tion and reduce the measured gradient (Fig. 4). 
Here, the presence of multiple large collaterals 
and direct inspection of the severity of the steno-
sis may be a better guide to its true significance 
than relying upon a number produced by any 
technique! Technical factors relating to correct 
implementation of phase-contrast CMR tech-
niques are nicely reviewed by Nayak et al. (2015).

Fig. 4  Underestimation of coarctation gradient due to 
collateral flow. In cases of significant coarctation, it is 
possible for echocardiography to underestimate the sever-
ity of coarctation if run-off down large collateral vessels 
(arrows) means that the volume of flow across the coarct 
segment (asterisk), and therefore its velocity, is reduced. 
One way of recognising this is by using phase-contrast 
imaging to measure the flow in the aorta at two levels—
firstly, just beyond the coarct and, secondly, at the level of 
the diaphragm. A significant increase in measured flow 
between these two points implies that there is significant 
collateral return to the descending aorta
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There is a limited role for nuclear techniques 
particularly for the calculation of relative pulmo-
nary flow in the setting of pulmonary artery ste-
nosis. A ratio of greater than 70:30 between the 
two sides is usually regarded as an indication to 
intervene. Although this could be easily mea-
sured by CMR, there may be situations where 
claustrophobia or device contraindications pre-
clude this (Roman et al. 2005). Prior stent implan-
tation would also make direct measurement of 
branch flow impossible as the presence of metal 
disturbs the homogeneity of the magnetic field 
and leads to inaccurate values. CT has little or no 
role since flow measurement is not possible, but 
it may be useful to delineate areas of potential 
narrowing invisible to MRI—for example, within 

stents in the aorta or pulmonary arteries. CT may 
also be relevant to reveal the underlying cause of 
stenosis—for example, calcified homograft con-
duits where the obstructing calcium is low signal 
and difficult to recognize by CMR but readily 
apparent on CT (Fig. 5).

Cardiac catheterization remains the standard 
of reference for stenotic lesions (McLaughlin 
et al. 2006). The ability to measure simultaneous 
pressures at two distinct ends of a stenosis pro-
vides the most accurate assessment of stenosis 
severity. As mentioned above, lesions which 
appear severely stenotic on CMR or echo may be 
less impressive at catheterization. Many surgical 
decisions are still made primarily on the basis of 
catheter-derived gradients, and relatively few 

a b

Fig. 5  Outflow tract obstruction across a homograft con-
duit in tetralogy of Fallot recognized by complementary 
imaging modalities. This patient with prior insertion of a 
pulmonary valve homograft conduit was noted to have 
increased velocities across the RVOT at echocardiogra-
phy, but the exact level of obstruction could not be deter-

mined with certainty. (a) Sagittal cine SSFP CMR image 
demonstrates flow acceleration (arrow) which appears to 
be arising just above the level of the conduit valve. (b) 
Axial cardiac CT slice confirms that the obstruction is at 
valve level and is due to dystrophic calcification of both 
valve leaflets (arrows)
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cardiologists would feel comfortable sending a 
patient for surgery on the basis of echo or CMR 
measurements alone. Measurement of shunt frac-
tion may also be made by catheterization using 
the Fick principle. This assumes that flow can be 
derived from oxygen consumption divided by the 
arteriovenous difference in oxygen content of the 
blood. Although this is commonly done—and is 
reasonably accurate—it is important to under-
stand one potential source of error is the term for 
oxygen consumption which is routinely assumed 
for convenience based on gender, age and body 
surface area rather than being directly measured 
which is preferable but more complex. Use of 
catheterization for assessment of regurgitant 
lesions is purely visual and rather dependent on 
operator experience.

6	 �Imaging Perfusion

Assessment of the coronary circulation is more 
commonly required than might be expected in 
young people in the congenital clinic. Although 
there are only a number of patients with coronary 
anomalies who present to congenital clinics each 
year, there are also significant numbers of patients 
with either inflammatory coronary disease 
(Kawasaki, Takayasu, Behcet) or surgical proce-
dures which have necessitated detachment then 
reimplantation of the coronary arteries during 
surgery. Aortic root replacement, the Ross proce-
dure and the arterial switch operation are all good 
examples of the latter and consequently require 
long-term coronary surveillance. Similarly, late 
presentations of coarctation are often associated 
with hypertension and an accelerated risk of cor-
onary atherosclerosis which will need to be 
excluded prior to decision about the best treat-
ment for the coarctation itself (Fig. 6).

There is really no consensus about the optimum 
approach to this sort of patient. The guidelines are 
vague and unhelpful in this regard. There is lack of 
clarity and agreement as to frequency of surveil-
lance and modality to be used. In the absence of 
clear guidelines, choice of strategy may depend 
mainly on local imaging availability and expertise. 
The principal decision for the clinician is whether 
to seek to reassure him/herself that the myocar-

dium is properly perfused under stress or whether 
to undertake direct inspection of the coronary ves-
sels. The decisions are often—but not always—
mutually exclusive as we review below.

Stress echo is an excellent modality for pro-
viding reassurance—especially when combined 
with treadmill stress. Most young adults are 
capable of reaching target heart rate, and 
additional prognostic data is derived from the 
ECG and exercise capacity portions of the test as 
well as the principal focus on wall motion. The 
test is widely available and the equipment 
required is inexpensive. Furthermore the lack of 
ionizing radiation makes it ideal for repeated 
examinations in a young population. The princi-
pal disadvantage stems as always from the 
requirement for an adequate echo window, which 
is variable from subject to subject. With good 
windows, however, a negative exercise echo can 
be highly reassuring.

Nuclear cardiology perfusion techniques have 
dominated the assessment of ischaemia in con-
genital patients until relatively recently. Single-
photon computed emission tomography (SPECT) 
cameras are commonplace, and stress perfusion 
of the heart is easy to perform and well tolerated 
by patients. The main drawbacks of the technique 
include the associated radiation dose, which cur-
rently is in the range of 10–15 mSv using techne-
tium isotopes (but historically was much higher 
with thallium isotopes). The other principal limi-
tation of SPECT imaging is that of relatively 
poor spatial resolution, often in the region of 
8–10 mm, which contrasts unfavourably with the 
1.5–2 mm resolution achievable by CMR.

Recent advances in camera technology con-
tinue to reduce the expected dose, and with the 
advent of rubidium positron emission tomogra-
phy (PET) imaging, doses as low as 2–4 mSv can 
be expected. Heavy water PET has been used on 
occasion and is an ideal tracer because of a linear 
relationship between uptake and perfusion 
(Yoshinaga et  al. 2003; Furuyama et  al. 2003, 
2002). PET technology is currently limited to 
major academic centres however.

As PET becomes more widespread, it is likely 
to play a major role in the assessment of all forms 
of coronary disease including congenital problems. 
This is because of the ability to image the coronary 
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anatomy directly (most PET now is performed on 
integrated PET-CT systems) and superimpose 
regional flow onto three models of the vascular ter-
ritories. Furthermore, software packages now allow 
for derivation of fully quantitative myocardial per-
fusion in mL/min/g of tissue, improving the speci-
ficity of the test (Hagemann et al. 2015).

PET therefore is arguably the ideal test for con-
genital coronary imaging despite the modest asso-
ciated radiation burden. However its limited 
availability means that, in most large ACHD cen-
tres, CMR is regarded as the current non-invasive 

gold standard for perfusion assessment. The tech-
nique of vasodilator stress perfusion CMR is quick, 
easy and safe and has been validated extensively in 
adult ischaemic disease (Greenwood et  al. 2009, 
2012, 2014, 2016; Foley et al. 2017) and to a lesser 
degree in congenital heart disease. Furthermore, 
the use of free-breathing SSFP sequences has made 
it possible to acquire high-resolution images of the 
coronary arteries and their pathology. This has 
been particularly successful when applied to 
Kawasaki disease and congenital coronary anoma-
lies (Fig. 7) (Tobler et al. 2014; Deva et al. 2014).

ai aii

bi bii

Fig. 6  Multimodality coronary imaging in a 35-year-old 
man with unrepaired coarctation. (ai–ii) Thin-slice maxi-
mum intensity projection images from cardiac CT show 
evidence of severe calcification of the left main and left 
anterior descending coronary arteries (arrows), raising 
concern for significant underlying stenosis. (bi–ii) Basal 

and mid-ventricular short axis slices acquired during 
vasodilator stress perfusion CMR, however, demonstrate 
normal perfusion in all coronary territories. Conventional 
angiography confirmed the absence of any flow-limiting 
coronary lesion
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7	 �Imaging Myocardial 
Substrate

Patients with congenital heart disease often have 
abnormal myocardium. This may be congenital, 
for example, left ventricular non-compaction 
(Vermeer et al. 2013; Stähli et al. 2013; Bagur 
et al. 2008); or it may be acquired, for example, 
after chronic ischaemia or chronic volume load-
ing. The ability to recognize and categorize 
abnormal myocardium has been relatively 
under-explored in the past in ACHD cohorts; 
however recent developments in the field of 

both molecular and CMR imaging indicate that 
greater attention to this area is warranted.

Substrate imaging in the nuclear world is lim-
ited by lack of clinical development although 
many interesting tracers have been developed for 
preclinical work. In practical terms SPECT-MIBI 
is the main tool for myocardial imaging. Persistent 
defects at stress and rest are usually indicative of 
scar—here, the absence of tracer acts as a ‘nega-
tive signal’ to identify abnormality. Unfortunately 
the limited spatial resolution of the technique 
means that important but limited or dispersed 
degrees of scarring may be missed entirely. 

a

b

Fig. 7  Kawasaki disease with RCA occlusion. (a) Short 
axis view of the RCA (arrow) on MR angiography (left 
panel) and cardiac CT (right panel)—the vessel does not 
look entirely normal on MRA, but the extent of disease is 

more easily recognized on CT due to inherently higher 
spatial resolution. (b) Basal and mid-ventricular frames 
from vasodilator stress perfusion CMR demonstrate a 
zone of hypoperfusion in the inferior septum (arrows)
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Conversely both diaphragmatic motion and body 
habitus may result in false positive defects that are 
misconstrued as real areas of scar (Fig. 8).

CMR has emerged as the primary method for 
assessing myocardial structure and composition. 
The technique of late gadolinium enhancement 
(LGE) imaging (Jimenez Juan et  al. 2015) has 
been mainstream for 15 years and has revolution-

ized management of cardiomyopathies in partic-
ular. When performed with care it is exquisitely 
sensitive and can detect as little as 1  g of scar 
within the heart. In congenital work it may be 
used to identify areas of myocardium that have 
been scarred by ischaemic, mechanical or inflam-
matory insult (Fig. 9). It is therefore a fundamen-
tal part of any imaging protocol where coronary 

a b

Fig. 8  False positive SPECT MIBI study in a patient fol-
lowing the arterial switch procedure. (a) Bullseye plot 
from stress-rest MIBI demonstrates an area of apparent 
reversible ischaemia in the basal to mid-anterior wall. (b) 

MIP reconstruction of the proximal to mid-left coronary 
tree from CT coronary angiogram demonstrates an 
entirely normal reimplantation site (arrow) and more dis-
tal coronary branches

Fig. 9  Atrial fibrosis and enhancement in an atriopulmo-
nary Fontan connection. Axial LGE images demonstrat-
ing intense enhancement in the wall of the hugely dilated 

right atrium. Scar in the atrial wall is common in Fontan 
patients but often goes unrecognized
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abnormality is suspected. The very high achiev-
able spatial resolution also makes it possible to 
see pathology that previously was only identifi-
able at surgery, for example, endocardial fibro-
elastosis in chronically pressure-overloaded or 
ischaemic ventricles (Fig. 10).

One limitation of the LGE technique, however, 
is the necessity for there to be some recognizable 

normal myocardium in the slice acquired. This is 
because the technique works by suppression of 
signal from (operator recognized) normal myocar-
dium so that scar may be highlighted. This works 
well in conditions of regionality where scar is, for 
example, confined to a vascular territory; however 
it fails when there is a field change with diffuse 
increase in interstitial fibrosis throughout the myo-

a

b c

Fig. 10  Endocardial fibroelastosis (EFE) in setting of 
chronic ischaemia. (a) Basal and mid-ventricular short 
axis slices from an inversion time scout sequence. The 
majority of the myocardium is grey/white, but note the 
subendocardial dark rim (arrows) which has a different 
inversion time since it is composed of fibroelastic tissue 
rather than myocardium. (b) Short axis LGE image dem-
onstrating a subtle inner rim of enhancing tissue (arrows) 
which represents the fibroelastic membrane. Very high-
quality imaging is required to identify this finding—both 

high spatial resolution and appropriately timed image 
acquisition. Had LGE images been acquired even a few 
minutes earlier after contrast injection, the blood pool sig-
nal would have been sufficiently high to conceal the 
increased subendocardial signal. (c) Aortic root (Ao) 
angiogram in a man with chronic severe stenosis of the 
left main coronary artery (arrow) following earlier com-
plicated reinsertion. Chronic ischaemia was believed to be 
the cause of the endocardial fibroelastosis in this case
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cardium. More recently the technique of T1 map-
ping has been proposed to overcome this limitation. 
The details are beyond the scope of this chapter, 
and several useful reviews are provided 
(Messroghli et al. 2017; Radenkovic et al. 2017). 
In essence however it is possible to derive a T1 
value for every pixel in the image—where the 
shortening of T1 post gadolinium generally 
reflects a local increase in fibrosis concentration. 
As such, a ‘map’ of the fibrosis content and distri-
bution may systematically be created (Fig.  11). 
There are a number of assumptions made by T1 
mapping, and in an attempt to reduce the influence 
of these, the field has lately turned towards using 
measured T1 values pre- and post-contrast, cor-
rected for haematocrit, to produce instead a map of 
the extracellular volume (ECV) (Cameron et  al. 
2017; Haaf et al. 2016). In chronic conditions, the 
ECV corresponds mainly to the degree of intersti-
tial fibrosis, and the normal range is 20–30% with 
most normal volunteers lying around 25%. Limited 
initial work suggests that this concept may trans-
late to the ACHD population although it remains 
unclear as yet precisely how it might affect man-
agement (Hanneman et al. 2017). One possibility, 
however, is that subclinical heart failure—a grow-
ing problem in ACHD populations—might be 

detected earlier through an ECV biomarker than 
by conventional measures such as ejection fraction 
(Riesenkampff et al. 2015; Schelbert et al. 2015).

8	 �Imaging Thrombus

Thrombus is usually a result of derangement of 
one or more of the three principal components of 
Virchow’s triad:
–– Altered coagulability
–– Altered wall
–– Altered flow

This is not a trivial issue in adult congenital 
heart disease as many patients will have two if not 
three of these conditions. Fontan patients are 
peculiarly vulnerable to developing thrombus par-
ticularly if they have one of the older right atrium 
to pulmonary artery type connections (RA-PA 
Fontan) (Fig.  12). These—often very dilated—
chambers with swirling flow provide ideal condi-
tions for thrombus to form and possibly embolize 
more distally within the circulation (Fig.  13). 
Atrial arrhythmias may compound the thrombotic 
tendency. This kind of event may be life-threaten-
ing in a Fontan patient, and prompt recognition 
and treatment of this complication are vital.

a b

Fig. 11  T1 mapping in congenital heart disease. Adult 
patient with unrepaired anomalous left coronary artery 
from the pulmonary artery. (a) Native (pre-contrast) T1 
map. (b) Post-contrast T1 map. Combined, these maps 
allow generation of an extracellular volume (ECV) map 

which—in the chronic situation—reflects the degree of 
underlying diffuse tissue fibrosis. Normal ECV is 
20–30%. This patient has an ECV of about 32% even 
though the LGE imaging was unremarkable—and as such 
may be a more sensitive marker for diffuse tissue changes
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Echo is usually the first-line examination for 
such a patient. In our experience transthoracic 
echo rarely allows confident exclusion of throm-
bus within a Fontan circuit. More surprising is 
how often transesophageal echocardiography 
leads to an equivocal ‘unable to definitively rule 
out thrombus’. Why does echo find it so difficult? 
The answer lies in the appearance of slow-
moving twisting patterns of blood flow giving 
rise to what echocardiographers refer to as 
‘smoke’ within the atrium. In places this smoke 
may be sufficiently dense and slow moving as to 
be indistinguishable from fully formed thrombus. 
A similar phenomenon can be seen in the giant 
aneurysms of Kawasaki patients in whom swirl-

ing flow is problematic and can even confuse at 
the time of coronary angiography.

CMR suffers from the same limitation when 
only cine imaging is used for assessment. 
However, after administration of gadolinium, the 
use of LGE imaging invariably allows confident 
detection or exclusion of thrombus (Srichai et al. 
2006; Goyal and Weinsaft 2013). This is because 
LGE imaging is usually performed 8–10 min after 
the administration of contrast by which time even 
the slow-moving currents of flow within the right 
atrium have had chance to distribute the gadolin-
ium evenly throughout the chamber (Fig. 12).

Patients who are unwell and unstable or who have 
a contraindication to CMR may be alternatively 

a b

c d

Fig. 12  The challenges of identifying thrombus in 
ACHD patients. (a) Axial cine SSFP image demonstrates 
mixed intensities suspicious for thrombus in the right 
atrium (asterisk) in this patient with a Fontan circuit. (b) 
Same patient following contrast—no thrombus is present. 
The appearances in (a) were due to swirling slow flow 

only. (c) Same patient several years later with thrombus 
(asterisk) visible in the right atrium on coronal view from 
MR angiogram. (d) This is made even more obvious by 
using phase-sensitive inversion recovery LGE 
sequences—with thrombus (asterisk) appearing uni-
formly low signal
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investigated by cardiac CT (Fig.  13). This is an 
excellent modality for thrombus detection aided 
by best-in-class spatial resolution and unlimited 
multiplanar reconstruction abilities (Choi et  al. 
2017). Many modern scanners have dual-energy 
capability which may further enhance discrimina-
tion between slow-flowing blood and genuine 
thrombus (Hur et  al. 2012). Although dose has 
been a concern in the past, an examination of diag-
nostic quality can be carried out at a dose of only 
1–2 mSv or even less if dose factors are aggres-
sively modulated. Since we see many patients with 
atrial arrhythmias related to a variety of underly-
ing lesions, it would be challenging to arrange 
CMR rapidly in each case prior to cardioversion. 
Over the years we have increasingly moved away 
from pre-cardioversion transesophageal echo and 
now perform cardiac CT instead in many cases—
transforming both the workflow and the patient 
experience—with no adverse outcomes.

9	 �Imaging Infection

Imaging infection in ACHD usually means imag-
ing endocarditis, which is unfortunately not a 
rare occurrence in this population (Li and 
Somerville 1998). Here there is no doubt that 
echocardiography—both transthoracic and trans-

esophageal—comes into its own (Greaves et al. 
2003). Detection of vegetations may be challeng-
ing if small and rapidly moving and only echo 
really has sufficient spatial and temporal resolu-
tion to do this reliably. There is little role for 
CMR here, except perhaps occasionally to con-
firm embolism from an aortic valve vegetation—
by demonstration of new oedema and scar in a 
coronary territory or by revealing acute cerebral 
embolic lesions.

CT, however, has a more relevant role. Right-
sided (tricuspid, pulmonary) lesions should rou-
tinely undergo periodic surveillance to ensure 
that silent pulmonary embolism is not occurring 
with risk for empyema and mycotic aneurysm 
formation. Left-sided lesions—particularly aor-
tic—should probably undergo baseline screening 
once the diagnosis is established with imaging of 
the brain, chest, abdomen and pelvis to establish 
the event of embolic disease in case there is later 
deterioration, which might then favour surgery. 
Infection that is slow to respond with persistent 
fever and/or elevation of inflammatory markers 
should prompt a search for occult sources 
(Fig. 14).

A more recent addition to the imaging arma-
mentarium for endocarditis is FDG PET imaging 
(Pizzi et  al. 2015). This has been shown to be 
effective in whole-body screening of patients to 

a b c

Fig. 13  Cardiac CT to identify thrombus in a Fontan 
patient. (a) The patient presented with acute breathless-
ness, and CT pulmonary angiogram demonstrated right 
lower lobe filling defects (arrows) consistent with pulmo-
nary emboli. (b) Axial CT image with large low attenua-
tion mass (asterisk) in the right atrium, consistent with 
thrombus and attached by a thin stalk to the posterior 

atrial wall. (c) Same patient 1 month later after anticoagu-
lation. The thrombus is still present (asterisk) but has 
reduced in size. Cardiac CT is a very rapid method for 
identifying thrombus in the heart and can be performed at 
very low radiation doses by use of a low-kilovoltage 
technique
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look for evidence of unsuspected embolism to 
various vascular beds (Amraoui et  al. 2016; 
Bonfiglioli et al. 2013; Van Riet et al. 2010). It 
also enables early reclassification from possible 
endocarditis to a definite or rejected diagnosis of 
endocarditis. Although available literature is 
principally confined to non-ACHD patients, there 
are early data suggesting that this might be 
equally valuable in congenital heart patients, 
many of whom have prosthetic valves and devices 
(Pizzi et al. 2017). Since FDG imaging may be 
performed even on standard SPECT cameras 
equipped with appropriate collimators, this may 
become a more widespread approach in the 
future.

10	 �Imaging Surgical 
Complications

Complications following surgery for ACHD are 
an unfortunate fact of life. Prompt recognition of 
a problem by a surgeon is usually followed by an 
equally prompt request for imaging! There is no 
substitute for talking directly to the surgeon in 

order to find out what (s)he did at the operation 
and what (s)he feels may have gone wrong. This 
is essential in order to tailor the examination to 
the precise question of concern. Failure to do this 
usually results in requests for additional imaging 
in subsequent days.

No specific guidance can be given in this sec-
tion since the imaging required varies according 
to situation. A few general comments may be 
made. Cardiac MR is usually poorly tolerated in 
the immediate post-operative period, and image 
quality is often poor. It may be useful however if 
there are concerns about myocardial damage. 
Cardiac CT is a very rapid and well-tolerated 
examination even in quite sick patients and may 
provide a lot of information above and beyond 
what may be obtained by echocardiography 
(although the two are usually complementary). If 
a surgeon is concerned about coronary artery 
compromise (ECG or wall motion abnormality or 
unexpected troponin rise), it is rare that anything 
other than a conventional coronary angiogram 
will reassure. However, following a normal 
angiogram, CMR may reveal the cause for chest 
pain.

a

b

Fig. 14  Detection of 
disseminated infection 
in endocarditis. (a) 
Axial post-contrast CT 
image in a patient with 
pulmonary valve 
homograft endocarditis 
(arrow) and an anterior 
mediastinal collection 
(asterisks) with a 
thickened enhancing 
wall. (b) Incidental 
detection of multiple 
pectoral muscle 
abscesses (arrows) in the 
same patient
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11	 �Imaging by Invasive 
Coronary Angiography

Despite the bias towards non-invasive imaging in 
this chapter, it should be recognized that coro-
nary catheterization is neither outdated nor irrel-
evant. Imaging in its broader sense also includes 
physiologic imaging, and the determination of 
intracardiac pressures is of vital importance both 
for diagnosis and management. Likewise for an 
experienced operator, there is little substitute for 
an angiographic roadmap and measurements 
derived from catheter images. Conventional angi-
ographers are increasingly interested in seeing 
how the 3D data derived from CT and CMR may 
be integrated with the angiographic data to plan 
procedures such as coarctation stenting and pul-
monary valve implantation. Coronary angiogra-
phy remains the gold standard for the assessment 
of chest pain in general ACHD patients and is 
specifically indicated in most congenital patients 
with coronary anomalies of origin, course and 
termination—particularly when associated with 
symptoms. Direct arterial injection permits the 
visualization of flow within coronary arteries, fis-
tulae and aneurysms in a way that remains impos-
sible for CT and CMR.  For coronaries with an 
intramural proximal course, the possibility of 
physiologic assessment by fractional flow reserve 
and intravascular ultrasound arises. More recently 
optical coherence tomography has also been 
employed to look at the structure of the coronary 
wall in conditions such as Kawasaki disease.

�Conclusion

Adult congenital heart disease is a challenging 
area in which to work. No two patients are 
alike—even those who appear to share a com-
mon underlying lesion. The temporal evolu-
tion of surgery and intervention means that 
patients born 40 years ago may look quite dif-
ferent from those born 20  years ago even if 
they share the same diagnosis. The variety and 
complexity amongst the ACHD population 
argues for a personalized rather than dogmatic 

approach to imaging. Flexibility of approach—
and sometimes more than one approach—is 
needed to fully characterize the challenging 
lesions and problems seen in this population.
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Venoatrial Abnormalities

Chantale Lapierre

Abstract

Congenital anomalies of thoracic veins can be 
subdivided into systemic and pulmonary anoma-
lies. This group of pathologies is not uncommon. 
The most common systemic thoracic venous 
anomalies are: persistent left superior vena cava, 
retroaortic left brachiocephalic vein, and azygos 
continuation of inferior vena cava. The pulmo-
nary venous anomalies can be separated into 
partial and total anomalous returns. They have 
a broad spectrum of presentations and can be 
associated with other congenital heart malfor-
mations. Most systemic venous anomalies are 
incidental findings whereas pulmonary venous 
malformations can have a relatively benign 
course like partial anomalous pulmonary venous 
return to a more severe critical disease like an 
obstructed pulmonary venous return. Also, total 
anomalous pulmonary venous return induces 
cyanosis and should be corrected surgically as 
soon as possible. Although echocardiography 
remains the initial noninvasive imaging modal-
ity, an accurate characterization and diagnosis of 
these anomalies can be obtained by CT or MR 
imaging. However, MRI stays the cross-section 
modality of choice because, in addition to pro-
viding a comprehensive assessment of the car-
diac anatomy, it can accurately quantify shunts, 
ventricular size, and function.
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1	 �Introduction

Congenital anomalies of the thoracic veins may 
go unnoticed until adulthood. Most of the time, 
they are recognized incidentally as part of an 
examination for a totally unrelated indication. 
However, these abnormalities require character-
ization as they may be associated with other mal-
formations and have important clinical or surgical 
implications.

The chapter reviews and illustrates the normal 
and abnormal anatomy/venoatrial connections of 
the thoracic veins, which are separated into sys-
temic and pulmonary anomalies. It also covers  
the postsurgical sequelae and imaging strategies.

1.1	 �Imaging Strategies

Patients with congenital anomalies of the thoracic 
veins can be evaluated using catheter angiography, 
echocardiography, computed tomography (CT), 
or magnetic resonance (MR) imaging. Despite 
the fact that echocardiography permits a nonin-
vasive evaluation, this modality of investigation 
has limitations such as poor acoustic window and 
poor depiction of extravascular structures. In the 
past, catheter angiography played a major role, 
but nowadays it is currently reserved for vascu-
lar interventions and hemodynamic evaluations. 
Presently, the anomalies are assessed using CT 
or MRI with well-known advantages and limita-
tions for each modality (Türkvatan et  al. 2017; 
Hellinger et al. 2011; Ruano et al. 2015; White 
2000; Rahmani and White 2008; White et  al. 
1997; Mueller et al. 2015).

Multidetector contrast-enhanced CT with 
reconstructions can be realized with or without 
cardiac gating. Acquisitions without gating per-
mit a good evaluation of both systemic and pul-
monary thoracic veins anatomy. However, the 
intracardiac anatomy, for example, associated 
with atrial (ASD) or ventricular (VSD) septal 
defects, is less precise on CT. The counterpart of 
that technique is the higher radiation dose.

MRI evaluation of the thoracic veins can be 
done with different sequences, with and without 
gadolinium (Table  1). MRI is a good imaging 
modality to assess both the venous anatomy and 

the associated cardiac anomalies. By both cardiac 
function and flow assessment, MRI can precise 
the pulmonic-to-systemic flow ratio (QP/QS) and 
the eventual effect of the anomalies on the car-
diac chambers size and function. In addition to be 
time consuming, MRI have well-known contrain-
dications that preclude that technique (Mueller 
et al. 2015).

2	 �Systemic Thoracic Venous 
Anomalies

2.1	 �Normal Anatomy

Normal systemic thoracic venous anatomy for 
the upper part of the body consists of bilateral 
subclavian and brachiocephalic veins draining 
into the right atrium via the right superior vena 
cava (RSVC). The RSVC courses along the right 
mediastinum. The azygos vein, its major tribu-
tary, travels along the right anterior borders of the 
thoracic vertebrae up to the level of the carina 
and then arches over the right tracheobronchial 
angle to drain posteriorly into the RSVC.  The 
coronary sinus travels in the left atrioventricular 
groove, receives mainly the great cardiac veins, 
and drains into the right atrium. The inferior vena 

Table 1  Institutional cardiovascular MRI protocol for 
thoracic venous assessment

1. Localizers through the thorax images

2. �Anatomic examination with half Fournier shot turbo 
spin echo (HASTE) or balanced steady state free 
precession (SSFP) according to heart rate in axial 
and coronal plane of the thorax

3. �Four-chamber SSFP cine stack views including the 
atrial septum

4. �Short axis SSFP cine stack views including the 
atrial septum

5. �Multiplanar oblique SSFP cine views on the 
abnormal veins (perpendicular views on each 
selected structure)

6. Qp/Qs evaluation by flow mapping on:

    (a) Left pulmonary artery

    (b) Right pulmonary artery

    (c) Main pulmonary artery

    (d) Ascending aorta

7. �Gadolinium enhanced 3D MRA acquisition of the 
thorax in coronal plane, with multiple phases 
acquisition
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cava (IVC) receives systemic venous drainage 
from the legs, retroperitoneal viscera, and the 
hepatic circulation, and drains into the inferior 
surface of the right atrium.

2.2	 �Congenital Anomalies

Many anomalies of the systemic veins are asymp-
tomatic but can co-exist with other more serious 
congenital heart diseases (CHD).

2.2.1	 �Persistent Left Superior Vena 
Cava (LSVC)

A persistent LSVC, the most common congenital 
thoracic venous anomaly, is described in 0.3% of 
the general population with prevalence increas-
ing to 4.3% in patients with congenital heart dis-

ease (Gonzalez-Juanatey et al. 2004; Biffi et al. 
2001). The commonly associated anomalies 
include septal defects, aortic coarctation, and 
anomalous pulmonary venous return (Cha and 
Khoury 1972). It is frequently an incidental find-
ing in an asymptomatic patient. Documentation 
of the anatomy is necessary because it can inter-
fere with the placement of several devices such as 
central venous catheters, cardiac pacemakers, 
and defibrillator leads. It may have some surgical 
implications, namely artery bypass surgery 
(Gonzalez-Juanatey et al. 2004; Biffi et al. 2001).

In most patients (92%), the LSVC drains 
normally into the right atrium through an 
enlarged coronary sinus (Gonzalez-Juanatey 
et al. 2004). No RSVC is detected in 10–18% of 
cases (mirror image) (Fig.  1). A dilated coro-
nary sinus, especially with an absent RSVC, 

a

b c

Fig. 1  Persistent left superior vena cava (mirror image) at 
CT angiography. (a) Axial, (b) coronal oblique, and (c) 
sagittal oblique thin maximum intensity projection images 

demonstrate a persistent left superior vena cava (white 
arrow) draining into an enlarged coronary sinus (black 
arrows) and an absence of right superior vena cava
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can cause stretching of the atrioventricular 
node and the bundle of His; cardiac arrhythmias 
have been reported (James et al. 1976). In 65% 
of patients with persistent LSVC, the left bra-

chiocephalic vein is absent (Fig.  2). Even if 
both vena cava are present, the caliber of the 
RSVC is reduced (Pretorius and Gleeson 2004). 
When isolated, the finding of LSVC has no 

Fig. 2  Persistent left superior vena cava at CT angiogra-
phy. (a)–(e) Axial thin maximum intensity projection 
(MIP), (f) coronal MIP, and (g) sagittal oblique MIP 
images demonstrate a persistent left superior vena cava 

(white arrows) draining into an enlarged coronary sinus 
(black arrows), a right superior vena cava, and an absence 
of left brachiocephalic vein

a b

dc

e f
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physiologic consequence and is detected  
incidentally.

Drainage of LSVC into the left atrium is rare 
but creates a right-to-left shunt and is associated 
with significant increased incidence of 
CHD. Patients are usually asymptomatic but are 
at risk of right-to-left shunting complications 
including paradoxical emboli, brain abscess, 
strokes, and death (Geva and Van Praagh 2008a).

The unroofed coronary sinus can be included 
in this category because it is almost always asso-
ciated with a LSVC. In this entity, the common 
wall between the left atrium and the coronary 
sinus is partially or completely absent (Fig.  3). 
The orifice of the unroofed coronary sinus is 
enlarged and functions like an interatrial commu-
nication (Raghib syndrome). Such a left-to-right 
shunt results in systemic arterial desaturation cre-
ated by the mixing of LSVC blood with pulmo-
nary venous flow blood to the left atrium. The 
degree of arterial desaturation is proportional to 
the net right-to-left shunt, which, in turn, depends 
on the amount of systemic venous blood carried 
by the LSVC and the proportion of systemic 
venous flow that crosses the atrial septum and 
reaches the pulmonary circulation. Patients with 
this anomaly are at risk of right-to-left shunting 
complications like patients with LSVC draining 
into the left atrium (Geva and Van Praagh 2008a). 
Treatment of unroofed coronary sinus and LSVC 

into the left atrium, if needed, is surgical or 
through percutaneous correction. The type of 
treatment is based on the anatomy and associated 
abnormalities. Few postsurgical complications 
are described, usually either stenosis or residual 
shunt. Given the limited number of published 
cases, no standardized posttreatment follow-up 
recommendations are available.

To summarize, the most frequent conditions 
associated with a LSVC are:

•	 Single LSVC draining into the coronary sinus 
(mirror image)

•	 Single LSVC draining into the left atrium
•	 Dual SVC with or without left brachioce-

phalic vein
•	 Dual SVC or single LSVC with unroofed cor-

onary sinus

a

b

Fig. 3  Totally unroofed coronary sinus and persistent left 
superior vena cava at CT angiography. (a) Axial and (b) 
coronal thin maximum intensity projection images dem-
onstrate an absence of wall between the coronary sinus 
and the left atrium (black arrow), a persistent left superior 
vena cava (white arrows), a right superior vena cava, and 
an absence of left brachiocephalic vein. The orifice of the 
coronary sinus is enlarged

g

Fig. 2  (continued)
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2.2.2	 Anomalies of Right SVC (RSVC)
Isolated anomalies of RSVC are rare. RSVC can 
drain into the left atrium, have low insertion into 
the right atrium, or be congenitally dilated 
(Cormier et al. 1989; Freedom et al. 1982; Modry 
et al. 1980; Park et al. 1983). Drainage of RSVC 
into the left atrium results in a right-to-left shunt 
and can occur without any associated anomalies. 
Accordingly, patients are at risk of right-to-left 
shunting complications. An aneurysmal dilatation 
is an incidental finding and a low insertion is 
associated to complex CHD.

2.2.3	 �Anomaly of Left 
Brachiocephalic Vein (LBCV)

Normally, the LBCV joins the RSVC anteriorly 
to the aorta. With retroaortic LBVC, the vein 
courses posteriorly to the ascending aorta, under-
neath the aortic arch, and anteriorly to the main 
pulmonary artery (Fig. 4). The prevalence of this 
finding is 0.5–0.6%, and is usually associated 
with CHD such as Tetralogy of Fallot, truncus 
arteriosus (Cormier et al. 1989). When isolated, 
this anomaly does not cause physiologic modifi-
cations, but can have some clinical implications 
at the time of insertion of central venous lines 
and pacemakers (Hellinger et al. 2011).

2.2.4	 Anomalies of IVC
The azygos continuation of the IVC, also 
described as the absence of hepatic segment 

of the IVC with azygos continuation, occurs 
in 0.6% of the general population (Ruano 
et  al. 2015) (Fig. 5). The hepatic veins drain 
directly into the right atrium. This entity is a 
classical finding in heterotaxia syndrome with 
polysplenia (Geva and Van Praagh 2008a). 
Rarely, the continuation is through the hemia-
zygos vein with three possible paths of drain-
age: (1) the azygos vein, (2) a LSVC, and (3) 
a RSVC (coursing through the accessory 
hemiazygos vein and LBCV) (Dudiak et  al. 
1991) (Fig. 6). These venous anomalies do not 
have any consequences on physiologic circu-
lation but may have clinical implications such 
as IVC filter placement. Since the advent of 
cross-sectional imaging, anomalies of IVC are 
being increasingly found in asymptomatic 
patient.

Other anomalies like bilateral IVC and IVC 
drainage into the left atrium are rare.

2.3	 �Postsurgical Sequelae

2.3.1	 �Atrial Switch
Prior to the establishment of the arterial switch 
procedure to treat patients with d-transposition 
of the great arteries (D-TGA), many patients 
have been palliated using a Mustard or Senning 
procedure (atrial switch) (Fig.  7). These sur-
geries consist of rerouting systemic and pul-
monary venous return to the ventricles that 
were associated with the appropriate great ves-
sels. So, oxygenated blood from the pulmonary 
veins is redirected to right ventricle, aorta, and 
systemic circulation. Conversely, the systemic 
blood from the systemic veins is redirected to 
left ventricle, pulmonary arteries, and lungs for 
oxygenation. Persistent and progressive func-
tional cardiac abnormalities have long been 
recognized following repair and included: 
residual intra-atrial shunts, caval and pulmo-
nary venous obstructions, right ventricular 
dysfunction, tricuspid regurgitation, and 
arrhythmia (Wernovsky 2008).

Residual intra-atrial baffle shunts occur 
most commonly at the superior right atrial 
baffle suture lines and may cause either 

Fig. 4  Retroaortic left brachiocephalic vein at CT angi-
ography. Coronal maximum intensity projection image 
demonstrates the left brachiocephalic vein (black arrow) 
projective under the aortic arch
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systemic-to-pulmonary or pulmonary-to-sys-
temic venous shunting. Although trivial leaks 
have been observed at late postoperative angi-

ography in 10–20% of patients, significant 
leaks requiring re-intervention have been 
uncommon (1–2%) (Wernovsky 2008).

a

c d

e

b

Fig. 5  Interruption of inferior vena cava with azygos continuation (white arrows) on (a)–(d) coronal TruFISP and 
(e) on four-chamber view cine TruFISP MRI sequence images
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Obstruction of superior vena cava pathway 
appears postoperatively in 5–10%. The location 
of obstruction is distal to the superior vena cava 
entrance, at the site of excision of the superior 
remnant of the atrial septum (Fig.  8). Despite 

severe obstruction, patients can be asymptomatic 
because of decompression of the RSVC by the 
azygos/hemiazygos system. Obstruction of IVC 
is a serious but infrequent complication (1%) 
(Wernovsky 2008).

a

c

b

Fig. 6  (a)–(c) Interruption of inferior vena cava with hemiazygos continuation (white arrow) and drainage into a left 
superior vena cava (white dotted arrow) on coronal MR angiography
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3	 �Pulmonary Venous 
Anomalies

3.1	 �Normal Anatomy

In normal conditions, two superior and two infe-
rior pulmonary veins drain into the left atrium. 
The right superior pulmonary vein drains the 
right upper and the middle lobes, the left superior 
drains the left upper lobe including the lingula, 
and the inferior pulmonary veins drain their 
respective lower lobes (Porres et al. 2013).

Almost 25% of the population has a deviation 
from the normal pulmonary venous drainage: 
common vein, accessory vein, or early branch-
ing vein (Türkvatan et al. 2017). Common pul-
monary vein occurs when superior and inferior 
veins join proximally to the left atrium. By defi-
nition, a distance of 0.5 cm or larger between the 
virtual border of the left atrium and the pulmo-
nary venous bifurcation is necessary for diagno-
sis. This is more common on the left side (14%) 
than on the right side (2%). Another variation is 
accessory vein defined by extra-veins draining 

a

c

b

Fig. 7  Atrial switch (Mustard procedure) for 
D-transposition of great arteries at cardiac MRI. (a), (b) 
Coronal oblique cine TruFISP MRI sequence images 
demonstrate drainage of right superior (black dotted 

arrow) and inferior (black arrow) vena cava into the left 
atrium. (c) Four-chamber view cine TruFISP MRI 
sequence image shows drainage of pulmonary veins into 
the right atrium and right ventricular hypertrophy
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into the left atrium. The most frequent is sepa-
rate drainage of the right middle lobe or superior 
segment of the right upper lobe with typically 
narrower atriopulmonary venous junction 
(Kaseno et al. 2008). Early branching is defined 
as bifurcation of the pulmonary vein in two or 
more separate branches within 1 cm of the origin 
of the left atrium.

All of these variations are incidental findings 
without any functional repercussion. However, 
these variations are important to describe in 

patient undergoing interventions on the pulmo-
nary veins, such as radiofrequency catheter abla-
tion for atrial fibrillation (Kaseno et al. 2008).

3.2	 �Congenital Anomalies

3.2.1	 �Partial Anomalous Pulmonary 
Venous Return (PAPVR)

The prevalence of PAPVR in general popula-
tion is 0.4–0.7% (Porres et  al. 2013; Herlong 

a b

c

d

Fig. 8  Atrial switch (Mustard procedure) for 
D-transposition of great arteries and stent placement for 
obstruction of superior vena cava pathway on (a) frontal 

and (b) lateral chest radiographs; and on (c) and (d) axial 
contrast-enhanced CT images. Note the presence of epi-
cardial leads of a pacemaker for arrhythmia
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et al. 2000). By definition, at least one, but not 
all pulmonary veins, drains outside of the left 
atrium. This anomaly creates a left-to-right 
shunt similar to atrial septal defect. The major-
ity of patients are asymptomatic during infancy 
and childhood. The signs and symptoms 
depend on the magnitude of the shunt, on the 
hemodynamic change created by the shunt, and 
on the presence of associated cardiac anoma-
lies (Ruano et al. 2015). A pulmonary-to-sys-
temic flow ratio (QP:QS) of 1.5:1 generally 
requires surgical repair with low morbidity and 
mortality. Imaging findings on chest radiogra-
phy will depend on the configuration of anom-
alous drainage and the degree of left-to-right 
shunting.
(a)	 Right Upper Lobe PAPVR

The right PAPVR is twice more frequent 
than the left. In this condition, the right supe-
rior pulmonary vein drains into the RSVC, 
the azygos vein, the right atrium, or the coro-
nary sinus (Fig. 9). The most common type 
of PAPVR is right upper lobe drainage into 
the RSVC below the azygos vein through 
one large or two or three smaller veins (Geva 
and Van Praagh 2008b) (Fig. 10). The anom-
alous pulmonary venous return always 
involves the right superior pulmonary lobe 
but the middle pulmonary lobe can also be 
affected. Usually, the vein from the right 
lower lobe drains normally into the left 
atrium. A sinus venosus type of atrial septal 
defect is highly associated with right upper 
lobe PAPVR in pediatric population (80–
90%) whereas a recent study in adults by Ho 
et al. showed a moderate association of 47% 
(Katre et  al. 2012; Ho et  al. 2009). The 
cephalic position of sinus venosus atrial sep-
tal defect is difficult to diagnose at transtho-
racic echocardiography. CT angiography and 
MR imaging are excellent modalities to dem-
onstrate this anatomic region.

(b)	 Left Upper Lobe PAPVR
This anomaly represents the second most 
frequent type of PAPVR. On adult CT chest 
examinations, it is the most frequently 
detected anomalous pulmonary venous con-
nection (Haramati et al. 2003). It is charac-

terized by an aberrant vertical vessel that 
conducts blood in a cephalic direction from 
the left superior pulmonary vein to the 
LBCV which eventually drains into the nor-
mal RSVC (Fig.  11). The anomalous pul-
monary venous return always involves the 
left superior pulmonary lobe or the entire 
left lung.
The anomalous vessel (the vertical vein) can 
be confused with the appearance of the 
LSVC. Both entities can be differentiated on 

a

b

Fig. 9  Right superior anomalous pulmonary venous 
return at cardiac MRI. (a) Axial view image obtained 
from cine FLASH MRI sequence and (b) posterior vol-
ume rendering image demonstrate an anomalous drainage 
of right superior pulmonary vein into the right superior 
vena cava (white arrows)
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cross-sectional imaging by the following 
features: (1) the LSVC can be followed infe-
riorly to the coronary sinus (which is usually 
dilated); in PAPVR, the intra-parenchymal 
upper lobe vessels connect with the anoma-
lous vein; (2) in patients with LSVC, two 
vessels are seen anterior to the left main 
bronchus, the normal left superior pulmo-
nary vein, and the LSVC; in patients with 
PAPVR, no vessel is seen anterior to the 
bronchus; (3) LSVC conducts blood cau-
dally from the left subclavian and jugular 

veins into the right atrium; in PAPVR, the 
abnormal vein conducts blood cranially from 
the left upper lobe to the LBCV (Ruano et al. 
2015; Katre et  al. 2012; Maldonado et  al. 
2010; Dillon and Camputaro 1993).

(c)	 Scimitar Syndrome
Scimitar syndrome or pulmonary venolo-
bar syndrome is a rare and complex form of 
PAPVR that almost exclusively involves 
the right lung (Türkvatan et al. 2017). This 
anomaly is characterized by an anomalous 
pulmonary vein draining a portion or the 
entire right pulmonary venous flow to the 
supradiaphragmatic or infradiaphragmatic 
IVC.  The crescent-shaped abnormal vein 
descends in a caudal direction toward the 
diaphragm. The radiologic appearance of 
this anomalous vein resembles a curved 
Turkish sword or “scimitar” from which 
the name of this condition is derived 
(Gudjonsson and Brown 2006). The anom-
alous right pulmonary vein usually drains 
the entire right lung but rarely may drain 
only the middle and lower lobes (Katre 
et  al. 2012). It is associated most of the 
time with hypoplasia of the right lung and 
right pulmonary artery, and cardiac dextro-
position (Fig. 12). The right lung may have 
abnormal lobation with only two lobes 
(Konen et  al. 2003). The atrial septum is 
usually intact (Geva and Van Praagh 
2008b). An anomalous arterial supply to 
the right lower lung from the aorta or its 
branches is also frequent and often supplies 
pulmonary sequestration. This late finding 
is more commonly seen in infancy.
The presentation of the syndrome can be 
incomplete or complete. The scimitar syn-
drome is usually divided into three main 
forms: infantile form with symptoms and 
pulmonary hypertension, an “older” adult 
form, which is typically asymptomatic in 
infancy, and a form with associated CHD 
(Vida et al. 2010).
Goodman and colleagues described an entity 
closely related to scimitar syndrome: mean-
dering pulmonary vein or pseudo-scimitar 

a

b

Fig. 10  Right superior anomalous pulmonary venous 
return at MRI. (a) Coronal oblique view and (b) axial 
oblique view images obtained from cine FLASH MRI 
sequence demonstrate an anomalous drainage of right 
superior pulmonary vein through two veins into the right 
superior vena cava (RSVC) and a sinus venosus type of 
atrial septal defect (black arrow). The anomalous drainage 
involves the right superior and middle pulmonary lobes. 
Note the drainage into RSVC is below the azygos vein
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syndrome (Goodman et al. 1972). It consists 
of an anomalous right pulmonary vein that 
courses through the right lung presenting as a 
scimitar-shaped structure on the chest radio-
graph, but ultimately drains into the left 
atrium (Goodman et  al. 1972; Lee 2007). 
Most reported cases of pseudo-scimitar syn-
drome or scimitar variant connect to the left 
atrium and IVC simultaneously (Lee 2007; 
Mohiuddin et  al. 1966; Morgan and Forker 
1971; Gazzaniga et  al. 1969; Pearl 1987; 
Tumbarello et al. 1991) (Fig. 13). Either sur-
gery or transcatheter endovascular treat-

ments can be performed to close this dual 
venous drainage anomaly depending on indi-
vidual anatomy.

(d)	 Other
Anomalous dual pulmonary venous drainage 
can exist as a PAPVR equivalent described with 
levoatrial cardinal vein (Türkvatan et al. 2017) 
(Fig. 14). The levoatrial cardinal vein connects 
the left atrium or one of the pulmonary veins to 
a systemic vein, usually the left innominate 
vein. In this situation, a portion of the lung 
drains into the left atrium and a systemic vein. 
The direction of the flow is predominantly 

a

b

c

Fig. 11  Left superior anomalous pulmonary venous 
return at CT angiography. (a) Axial, (b) coronal thin max-
imum intensity projection, and (c) anterior volume ren-

dering images demonstrate an anomalous drainage of left 
superior pulmonary vein into the left brachiocephalic vein 
through an aberrant vertical vessel (white arrows)
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cephalad away from the left atrium, resulting in 
a left-to-right shunt. The flow can also be bidi-
rectional, so patients are at risk of right-to-left 
shunting complications. Transcatheter endo-
vascular treatments have been described 
(Peynircioglu et al. 2005).

Also, this entity can be associated with 
obstructive left heart lesions. In this situa-
tion, this abnormal draining vein permits 
the decompression of pulmonary venous 
blood flow into the systemic venous 
circulation.

a

b

c

Fig. 12  Scimitar syndrome. (a) Frontal chest radiograph 
shows hypoplasia of right lung, cardiac dextroposition, 
and a crescent-shaped abnormal vein (black arrow). (b) 
Coronal oblique view image obtained from cine FLASH 

MRI sequence demonstrates a right inferior pulmonary 
vein draining into the inferior vena cava. (c) Coronal 
volume-rendered CT image helps confirm abnormal bron-
chial lobation with only two right pulmonary lobes
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3.2.2	 �Total Anomalous Pulmonary 
Venous Return (TAPVR)

TAPVR is a rare form of CHD in which all pul-
monary veins have no connection to the left 
atrium. Other cardiac lesions are found in 15% of 
patients (Seale et al. 2010). TAPVR can occur in 
patients with heterotaxy syndrome with asplenia. 
It is classified in four major subtypes based on 
the level of drainage as follows: type I, anoma-

lous connection at the supracardiac level; type II, 
anomalous connection at the cardiac level; type 
III, anomalous connection at the infracardiac 
level; and type IV, anomalous connection at two 
or more above levels (Geva and Van Praagh 
2008b).

The supracardiac type represents the most fre-
quent subtype, 40–55% of cases (Katre et  al. 
2012). In this type, connection to the left innomi-
nate vein is found frequently (Karamlou et  al. 
2007), giving the classical snowman appearance 
on chest X-ray (Fig.  15). Other less common 
supracardiac venous connections include RSVC 
and azygos veins. In type II, the second most 
common type, the pulmonary veins connect to 
coronary sinus or the right atrium (Fig.  16). In 
type III, the pulmonary veins connect in 80–90% 
of cases to the portal vein through a common ver-
tical descending vein which courses anterior to 
the esophagus and crosses the diaphragm at the 
esophagus hiatus. Rarely, the vertical vein can 
connect to the ductus venosus, IVC or hepatic 
veins (Katre et  al. 2012). With this type, the 

a

b

Fig. 13  Pseudo-scimitar syndrome at CT angiography. 
(a) Posterior oblique volume rendering image demon-
strates a right inferior pulmonary vein draining abnor-
mally into the inferior vena cava (white arrow) and also 
into the left atrium (black arrow). (b) Posterior oblique 
volume rendering image from CT angiography realized 
after percutaneous intervention shows a device occluding 
the connection between the right inferior pulmonary vein 
and inferior vena cava

Fig. 14  Levoatrial cardinal vein at CT angiography. 
Coronal thin maximum intensity projection image dem-
onstrates a levoatrial cardinal vein (white arrow) connect-
ing the left superior pulmonary vein to the left 
brachiocephalic vein. The left superior pulmonary vein 
drains also normally into left atrium
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anomalous connection is virtually always accom-
panied by some degree of venous obstruction.

This entity induces cyanosis and an atrial sep-
tal defect or patent foramen ovale is necessary to 
sustain life. Anatomically, for most types of 
TAPVR, the pulmonary veins from each lung 
join to form a confluence posterior to the left 
atrium and then connect abnormally. The patients 
with such a condition should be corrected surgi-
cally as soon as possible.

The basis of the correction is the creation of 
a large anastomosis between the left atrium and 
the pulmonary vein confluence (Geva and Van 
Praagh 2008b). The long-term prognostic 
appears to depend mainly on the state of the pul-
monary vascular bed at the time of operation 
and the adequacy of the pulmonary venous-left 
atrial anastomosis. Despite an initial satisfac-
tory course, pulmonary venous obstruction 
(PVO) develops in 5–18%, often within 3 to 6 

a

c
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d

Fig. 15  Supracardiac type of total anomalous pulmonary 
venous return (type 1). (a) Frontal chest radiograph shows 
an enlargement of superior mediastinum snowman shape 
and increased pulmonary arterial vascularization. (b) 
Anterior volume rendering image from CT angiography 
shows all pulmonary veins draining into common pulmo-
nary vein that connects to left brachiocephalic vein 
through a vertical vein. (c) Four-chamber view thin 

maximum intensity projection image demonstrates a pos-
terior position to the left atrium of pulmonary vein conflu-
ence (black arrow). (d) Axial oblique thin maximum 
intensity projection image from CT angiography realized 
10 days after surgical correction shows a large anastomo-
sis between the left atrium and the pulmonary vein conflu-
ence (white arrow)
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months and can be progressive (Seale et  al. 
2010; Karamlou et al. 2007; Lacour-Gayet et al. 
1999; Caldarone et al. 1998) (Fig. 17). Identified 
risk factors for development of postoperative 
pulmonary venous obstruction are preoperative 
hypoplasic/stenotic pulmonary veins and 
absence of a common confluence (Seale et  al. 
2010; Caldarone et  al. 1998). Estimates of 
30-day, 1-year, and 3-year survival for all 
patients with postoperative PVO were 95.8%, 
62.0%, and 58.7%, respectively, which are 
worse than that of patients without postopera-
tive PVO, in whom 30-day, 1-year, and 3-year 
survivals were 94.0%, 91.2%, and 91.2%, 
respectively (Seale et al. 2010, 2013). Risk fac-
tors for death included earlier presentation after 
TAPVC repair, diffusely small pulmonary veins 
at presentation of postoperative PVO, and an 
increased number of lung segments affected by 
obstruction (Seale et al. 2013). According to the 
study of Seale et  al., patients presenting with 
pulmonary venous obstruction six months after 
surgical correction had less severe disease 
(Seale et al. 2013). Postoperative PVO may be a 
consequence of an inadequate anastomosis 
between the left atrium and the pulmonary 
venous confluence, inadequate postoperative 
growth of the surgical anastomosis, a reaction of 

tissues to prosthetic material used, or pre/post-
operative pulmonary vein hypoplasia/stenosis 
(Seale et  al. 2010; Sano et  al. 1989; Whight 
et al. 1978).

3.2.3	 Cor Triatriatum
Cor triatriatum is a rare congenital anomaly 
defined by the presence of a fibromuscular mem-
brane dividing the left atrium into proximal and 
distal chambers. The proximal (superior and pos-
terior) accessory chamber receives inflow from 
all four pulmonary veins and the distal (inferior 
and anterior) main left atrial chamber (including 
the left atrial appendage and mitral orifice) deliv-
ers blood flow to the mitral valve (Figs. 18 and 
19). The proximal chamber has been described as 

Fig. 16  Total anomalous pulmonary venous return into 
coronary sinus at CT angiography. Posterior volume ren-
dering image shows all pulmonary veins draining into 
common pulmonary vein (black arrow) that connects to 
coronary sinus (white arrow)

a

b

Fig. 17  Postoperative pulmonary venous obstruction 
after surgical repair of total anomalous pulmonary venous 
return at MRI. (a) MRI realized one month after repair. 
Four-chamber view image obtained from cine FLASH 
MRI sequence demonstrates a large anastomosis between 
the left atrium and the pulmonary vein confluence (black 
arrow) and good size of pulmonary veins. (b) MRI real-
ized four months after repair. Four-chamber image 
obtained from cine FLASH MRI sequence demonstrates a 
progressive stenosis on the left pulmonary vein near the 
venoatrial anastomosis (white arrow)
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common pulmonary vein or third atrium. The 
reported incidence is 0.1–0.4% (Niwayama 
1960).

Many classifications exist and depend on the 
presence of other anomalies (Capdeville et  al. 
2014) (Fig.  20). The most common congenital 
defect is atrial septal defect or patent foramen 
ovale. A secundum atrial septal defect can com-
municate with either or both chambers, and the 
foramen ovale almost always communicates with 
the true left atrium. The other variation coexist-
ing with this entity is total or partial anomalous 
pulmonary venous return (Kouchoukos et  al. 
2003). In right-sided partial anomalous return, 
the right-sided veins join with each other to drain 
into the anomalous proximal chamber, while left-
sided pulmonary veins drain into the left atrium. 
In left-sided partial anomalous venous return, 
left-sided veins join to form a left vertical vein 
which connects to the left innominate vein and 
the right-sided pulmonary veins connect to the 
anomalous proximal chamber (Kouchoukos et al. 
2003) (Fig. 21).

The natural history depends on the size of the 
membrane fenestration and the presence or 
absence of an atrial septal defect, as well as 
its  location (Capdeville et  al. 2014). When 

fenestration is small and no ASD is present, the 
presentation is typically in infancy. Conversely, 
if an atrial septal defect communicates with the 
pulmonary venous chamber, partial decompres-
sion can occur, thereby potentially delaying the 
presentation. Symptoms usually associated with 
that pathology can be similar to the symptoms of 
mitral valve stenosis such as dyspnea, orthop-
nea, and hemoptysis, but some are asymptomatic 
(incidental finding) (Eichholz et al. 2013). It is 

Fig. 18  Obstructive cor triatriatum at MRI.  Four-
chamber view image obtained from cine FLASH MRI 
sequence shows an obstructive membrane (black arrow) 
dividing the left atrium into proximal and distal chambers. 
Pulmonary parenchymal edema was also noted

a

b

Fig. 19  Non-obstructive cor triatriatum at MRI. (a), (b) 
Four-chamber view images obtained from cine TruFISP 
MRI sequence show a membrane (white arrow) dividing 
the left atrium into proximal and distal chambers. During 
the cardiac cycle, a large opening was demonstrated 
through the membrane
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not clear why patients with large fenestration 
become symptomatic in adulthood. Potential 
factors include fibrosis or calcification of the 
membrane’s orifice and the development of 
mitral regurgitation or atrial fibrillation (Eichholz 
et al. 2013).

3.2.4	 �Congenital Pulmonary Vein 
Stenosis

Congenital pulmonary vein stenosis is a rare 
and severe form of CHD. The congenital pulmo-
nary vein stenosis may represent a hypoplasia of 
the entire vein or a focal lesion along the course 
of pulmonary vein (Türkvatan et  al. 2017) 
(Figs. 22, 23, and 24). This anomaly can be uni-
lateral or bilateral. It is usually found during the 
newborn period and often leads to progressive 
pulmonary hypertension and premature death. 

Few cases have been reported in the adult popu-
lation (Kim et  al. 2011; Kapoor et  al. 2011; 
Omasa et al. 2004). No consensus exists regard-
ing the optimal treatment strategy for this anom-
aly (Devaney et  al. 2006; Gordon and Moore 
2010; Seale et  al. 2006; Peng et  al. 2010). 
Several interventions have been proposed: bal-
loon angioplasty, surgical dilatation, and surgi-
cal marsupialization. No statistically significant 
difference in mortality or re-intervention rate 
was present among these different therapeutic 
modalities according to Charlagorla et  al. 
(Charlagorla et al. 2016). Patients with bilateral 
disease have increased mortality and decreased 
5-year survival. According to this same study 
(the longest follow-up of this pathology to date), 
the overall survival rate at 58 months is 78% 
(Charlagorla et al. 2016).
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Fig. 20  Schematic representation of various types of 
cor triatriatum. The difference between the various 
types is based mainly on the pulmonary venous return 

and the location of the atrial septum defect. Reprinted 
with permission from Allen et al. (Geva and Van Praagh 
2008b)
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a

b

Fig. 21  Obstructive cor triatriatum and left partial anom-
alous pulmonary venous return at CT angiography. (a) 
Axial oblique and (b) coronal oblique thin maximum 
intensity projection images demonstrate membrane divid-
ing the left atrium and a partial anomalous pulmonary 
venous return of the left superior pulmonary vein into a 
vertical vein (white arrow). The right pulmonary veins 
and the left inferior pulmonary veins drain into the anom-
alous proximal chamber. A small secundum atrial septal 
defect (black arrow) is also present between the right and 
the left atrium (distal chamber)
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a

b

c

d

Fig. 22  Pulmonary vein stenosis at CT angiography. (a)–
(c) Coronal oblique thin maximum intensity projection 
(MIP) images and (d) volume rendering demonstrate hypo-

plasia of the left pulmonary veins and focal stenosis involv-
ing all the pulmonary veins at the venoatrial junction. On the 
left side, venous collaterals are visualized (white arrow)

Fig. 23  Right inferior pulmonary vein stenosis at CT 
angiography. Axial oblique thin maximum intensity pro-
jection images demonstrate a focal stenosis of right infe-
rior pulmonary vein near the venoatrial junction
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Fig. 24  Left pulmonary vein stenosis at cardiac MRI. (a) 
Axial oblique view image obtained from cine TruFISP 
MRI sequence shows a severe stenosis involving the left 
common pulmonary vein. (b)–(g) Coronal thin maximum 
intensity projection and (h) posterior volume rendering 

images from MR angiography demonstrate severe focal 
stenosis of left pulmonary vein (black arrow) with 
presence of venous collaterals draining into the left bra-
chiocephalic through the left superior intercostal vein 
(white arrow)

a

b

c

d
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e
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h

Fig. 24  (continued)
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�Conclusion

Congenital pulmonary and systemic venous 
anomalies have a broad spectrum and their 
clinical presentations vary. CT or MR imaging 
is usually necessary in order to characterize 
accurately these entities.
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Septal Defects

Stephan Waelti, Julie Déry, and Chantale Lapierre

Abstract

Cardiac septal defects are the most common 
form of congenital heart disease if bicus-
pid aortic valve is excluded. This category 
includes atrial septal defect (ASD), atrioven-
tricular septal defect, and ventricular septal 
defect (VSD). The different types of ASD 
are: primum, secundum, sinus venosus, and 
unroofed coronary sinus. The most com-
mon forms of atrioventricular septal defect 
are complete and partial whereas the four 
main groups of VSDs are inlet, muscular, 
membranous, and outlet. A good knowledge 
of the anatomy is necessary to classify ade-
quately the ASDs and VSDs. Transthoracic 
echocardiography is the primary and most 
important imaging modality and MRI can 
be useful when echocardiography is not fea-
sible or not diagnostic.

1	 �Introduction

Septal defects, in general, are the most common 
form of congenital heart disease. In the adult pop-
ulation, they represent most of the new congenital 
heart disease cases. The interventricular septum 
and the interatrial septum separate the pulmonary 
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circulation and the systemic circulation. When 
either the interventricular or the interatrial septum 
is deficient, systemic and pulmonary circulation 
can become in contact and create a shunt lesion. 
There are several types of septal defects that 
will be described in this chapter. Usually, septal 
defects are classified in three types: atrial septal 
defects (ASD), ventricular septal defects (VSD), 
and atrioventricular septal defects (AVSD). The 
primary imaging modality for those kinds of 
pathologies remains the transthoracic echocar-
diography, but MRI and to a lesser degree CT can 
precise the diagnosis and its repercussion on the 
cardiac chambers. In the first section of this chap-
ter, several types of ASD will be described, the 
most common being the ostium secundum type. 
Atrioventricular septal defects will be discussed 
in the ASD section since an ostium primum type 
ASD is an inherent part of this pathology. The dif-
ferent types of VSDs will be described and dis-
cussed in the second section.

2	 �Atrial Septal Defects

Atrial septal defects (ASD) are common congen-
ital heart defects. The incidence has been esti-
mated to be approximately 100 per 100.000 live 
births. They constitute 8–10% of congenital car-
diac malformations in children (Hugh et al. 2016; 
Hoffman and Kaplan 2002; Wang et  al. 2003; 
Botto et al. 2001).

The majority of ASDs occur sporadically with 
no identifiable cause. This anomaly can be iso-
lated or occur in association with other congeni-
tal cardiovascular malformations. In some 
congenital heart defects, the ASD may even be 
crucial for survival of the patient, such as 
D-transposition of the great arteries, total anoma-
lous pulmonary venous return (TAPVR), tricus-
pid atresia, and hypoplastic left heart syndrome 
(Hugh et al. 2016; Saremi 2014).

The vast majority of children with isolated 
ASD, even if a large left-to-right shunt is present, 
are asymptomatic and the defects are usually an 
incidental finding on imaging studies. Only 1% 
becomes symptomatic in the first year (Rajiah 
and Kanne 2010). In the second decade, patients 

might still be asymptomatic or present with pal-
pitations or shortness of breath during strenuous 
activities. By contrast, almost all adult patients 
with a large defect are symptomatic (Geva et al. 
2014; Campbell 1970). Untreated large atrial 
septal defect is associated with a reduced life 
expectancy mainly because of the changes 
induced in the pulmonary vasculature bed and in 
the myocardium (Campbell 1970). In the first 
two decades, the annualized mortality rate is low 
(0.6% and 0.7%, respectively), then increases to 
4.5% in the fourth decade to reach 7.5% in the 
sixth decade (Geva et al. 2014; Campbell 1970).

The evaluation of an interatrial septal defect 
usually begins with a transthoracic echocardiog-
raphy (TTE). However, this method is operator 
dependent and can be limited by acoustic win-
dow (Rajiah and Kanne 2010). If the findings 
on echocardiography are uncertain, computed 
tomography angiography (CTA) and/or magnetic 
resonance imaging (MRI) are valuable tools for 
further evaluation. Both can be used to define the 
anatomy of an ASD, its impact on the cardiac 
chambers and associated anomalies (mainly the 
pulmonary venous return) (Sadler 2015; Hagen 
et  al. 1984). However, cardiac MRI stays the 
cross-section modality of choice because in addi-
tion to provide a comprehensive assessment of the 
cardiac anatomy, it can accurately quantify shunts, 
ventricular size, as well as cardiac and valve func-
tions. Computed tomography angiography (CTA) 
should be reserved for patients with known contra-
indications to MRI or when the ability to tolerate 
MRI is limited by claustrophobia. The role of chest 
radiographs is limited. In children with an isolated 
ASD, it is almost always normal. Enlargement 
of the right cardiac chambers and the pulmonary 
artery may be seen only with a hemodynamically 
significant ASD. Hemodynamically significant are 
generally the ASDs with a pulmonic-to-systemic 
flow ratio (QP/QS) > 1.5:1.

ASD can be found at several sites. Knowledge 
of the development of interatrial septum helps 
understanding the different types of ASD. So, the 
next sections review briefly the embryologic 
development of the interatrial and the different 
types of ASD. Then, the indications and options 
of treatment are presented.
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2.1	 �Embryologic Development 
of the Interatrial Septum

The interatrial and interventricular septa are 
formed between the 27th and 37th days of devel-
opment. At the beginning, a pulsatile tube is 
transformed into a hollow, single-chambered 
pump (Rajiah and Kanne 2010). Then, tissue 
masses, the so-called endocardial cushions, 
appear in the atrioventricular region, separate the 
heart into right and left upper and lower cham-
bers, and take part in the formation of the inter-
atrial septum, the inlet portion of the 
interventricular septum, and the atrioventricular 
valves (Rajiah and Kanne 2010; Sadler 2015).

From the roof of the common atrium arises a 
septum, the septum primum, and grows caudally 
toward the endocardial cushions (Sadler 2015). 
The orifice between the septum primum and the 
endocardial cushions is the ostium primum. 
During further growth of the septum primum, 
perforations in the upper portion appear, forming 
the secondary interatrial communication, the 
ostium secundum. Then a second fold begins to 
grow in the atrium, the septum secundum. By fur-
ther growth, it overlaps the ostium secundum, but 
an oblique cleft between the two atria is main-
tained, the foramen ovale (Fig. 1).

The foramen ovale represents a normal interatrial 
communication that is present throughout fetal  
life. This normal fetal interatrial communication is 

commonly encountered in the neonatal period. 
After birth, left atrial pressure normally exceeds 
right atrial pressure, leading to apposition and 
fusion of the septum primum and septum secun-
dum (Saremi 2014; Hagen et al. 1984).

In order to complete the development, the 
endocardial cushions fused with the anterior and 
posterior walls of the heart chamber dividing the 
atrioventricular canal into the mitral and tricuspid 
inlets. The position of the tricuspid annulus is 
normally more apical than the mitral annulus 
(Rajiah and Kanne 2010).

2.2	 �Locations (Types) of ASD

Interatrial communications can be found at sev-
eral sites (Fig. 2). Although they are often sum-
marized as atrial septal defects (ASDs), they do 
not necessarily involve the interatrial septum. 
They are classified according to their location 
and the anatomical structure that is involved:
–– Septum primum and atrioventricular septum 
→ Ostium primum ASD (20%)

–– Fossa ovalis → Ostium secundum ASD (70%)
–– Sinus venosus (embryologic structure) → Sinus 

venosus defect (5–10%)
–– Coronary sinus → Unroofed coronary sinus 

(1%)
–– Foramen ovale → Patent foramen ovale

A proper classification is crucial for an opti-
mal therapeutic decision-making.

RA LA

Foramen
ovale

Normal embryogenesis

Septum
primum

Sino atrial
valve orifice

Septum secundum
Pulmonary veins

Fig. 1  Coronal view of the atrial septa. RA right atrium, 
LA left atrium

Right
ventricle

SVC

IVC

Superior
sinus venosus

Secundum

Primum

Coronary
sinus

Inferior
sinus venosus

Fig. 2  View from the right atrium showing the different 
types of ASDs. IVC inferior vena cava, SVC superior vena 
cava. Reprinted with permission from Slovis et al. (2008) 
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2.2.1	 �Ostium Primum Defect 
and Atrioventricular Septum 
Defect (AVSD)

The ostium primum ASD is part of the spectrum 
of the atrioventricular septum defects (AVSD) or 
endocardial cushion defects. Therefore, we group 
them in the same section. The defect occurs in the 
region of endocardial cushions. The fusion of the 
endocardial cushions not only divides the embry-
onic atrioventricular canal into a right and a left 
orifice, but it is also crucial for the closure of the 
ostium primum and the formation of the interven-
tricular septum. A failure of fusion of the endocar-
dial cushions results in a persistent atrioventricular 
canal and a defect in the interatrial and interven-
tricular septa. It also results in a common atrioven-
tricular valve with one valve ring and five leaflets 
(Saremi 2014; Sadler 2015; Anderson et al. 1998).

A partial, a transitional, an intermediate, and 
a complete form are described (Fig.  3). The 
complete form includes an ostium primum ASD, 
a large ventricular septal defect of the inlet type, 
and a common AV valve with one single orifice 
consisting of the five leaflets (Fig. 4) (Anderson 
et al. 1998; Prasad et al. 2004). In the interme-
diate form, there is also common valve ring, 
but the free margins of the bridging leaflets are 
fused, creating two separate valve orifices. The 
resulting left atrioventricular valve has three 
leaflets, contrary to a normal mitral valve with 
only two leaflets. This abnormality of the mitral 
valve is also called “cleft mitral valve” (Fig. 5) 
(Van Praagh et al. 1994). The cleft mitral valve 
is usually regurgitant. With time, the valve 
becomes thickened and similar to mitral valve 
prolapse. In partial form, the mitral and tricus-
pid annuli are separate but always located at the 

Complete

R.P.V. R.P.V. R.P.V. R.P.V.

L.P.V. L.P.V. L.P.V. L.P.V.
L.A. L.A. L.A. L.A.

R.A. R.A. R.A. R.A.

R.V. R.V. R.V. R.V.

L.V. L.V. L.V. L.V.

Intermediate Transitional

Similar AV valve anatomy:
A tongue of tissue divides the common AV valve
into a right and left component by connecting the
anterior and posterior “bridging” leaflets centrally

Similar physiology − ASDSimilar physiology − VSD & ASD

Partial

Fig. 3  Summary of AVSD.  Physiologic and anatomic 
similarities between the different forms of atrioventricular 
septal defects are illustrated. Reprinted with permission 
from Allen HD et al.
•	� Complete AVSDs have one annulus with large inter-

atrial and interventricular communications. 
Intermediate defects (one annulus, two orifices) are a 
subtype of complete AVSD.

•	� Complete AVSDs have physiology of ventricular sep-
tal defects (VSD) and atrial septal defects (ASD).

•	� Transitional AVSDs are a form of partial AVSD in 
which a small inlet VSD is also present.

•	� Partial defects and the intermediate form of complete 
AVSD share a similar anatomic feature: a tongue of 
tissue divides the common atrioventricular valve into 
distinct right and left orifices.

•	� Partial and transitional AVSDs have physiology of ASDs.
•	� LA left atrium, LPV left pulmonary vein, LV left ven-

tricle, RA right atrium, RPV right pulmonary vein, RV 
right ventricle
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same level. A cleft mitral valve is present and the 
bridging leaflets fuse to the crest of the interven-
tricular septum, leaving only an ostium primum 
atrial septal defect (Sadler 2015). Transitional 
AVSD is a subtype of partial AVSD. This term is 
used when a partial AVSD also has a small inlet 
VSD that is partially occluded by dense chordal 
attachments to the ventricular septum. Whatever 
the employed imaging modalities, this type of 
ASD are well demonstrated on the four-cham-
ber view.

Atrioventricular septal defects constitute 
approximately 20% of ASDs and are particularly 
common in Down syndrome (Hugh et al. 2016). 
In fact, it accounts for 40% of cardiac defects in 
patients with Down syndrome. Other associated 
syndromes are DiGeorge syndrome and Ellis-
Van Creveld syndrome. It may also be associated 
with a persistent left SVC and a secundum ASD 
(Webb and Gatzoulis 2006). Ostium primum 
defects are usually larger than ostium secundum 
defects and are symptomatic at a younger age 
(Rajiah and Kanne 2010).

2.2.2	 �Ostium Secundum Defect
This atrial septal defect occurs in the fossa ova-
lis, the central part of the atrial septum as a result 
of either excessive resorption of the septum pri-

mum or deficient growth of septum secundum 
(Figs. 6 and 7) (Prasad et  al. 2004). In case of 
excessive resorption of the septum primum, the 
defect is central with one or multiple holes. In 
case of abnormal development of the septum 
secundum, the defect is superiorly located and 
larger (Blom et  al. 2005). The size of ostium 
secundum defects varies from several millime-
ters to 2–3 cm (Geva et al. 2014).

Secundum ASDs are by far the most common 
ASDs, accounting for almost 70% of all ASDs. 
Associations with several syndromes have been 
described, such as Down, Holt-Oram, Klinefelter, 
Ellis-van Creveld, Noonan, Treacher-Collins, 
and others.

Fig. 4  Complete atrioventricular septal defect. Four-
chamber view image obtained from cine FLASH MRI 
sequence demonstrates a common atrioventricular valve, 
a large ostium primum ASD, and an inlet VSD

a

b

Fig. 5  Partial atrioventricular septal defect. (a), (b) Four-
chamber view images obtained from cine FLASH MRI 
sequence demonstrate mitral and tricuspid valves at the 
same level due to the common ring, ostium primum ASD 
(black arrow) and mitral regurgitation
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2.2.3	 �Sinus Venosus Defect
Embryologically, this defect results of an incom-
plete resorption of the embryonic sinus venosus 
leading to a communication between the right pul-
monary veins and the SVC, IVC, or the right 
atrium. The anomaly is a deficient separation of the 
pulmonary venous connection to one of the caval 
veins located at the junction of the right atrium 
rather than a true defect in the interatrial septum 
(Webb and Gatzoulis 2006; Van Praagh et  al. 
1994). Therefore, blood with high oxygen content 
from the pulmonary veins is directed into the vena 
cava/right atrium instead of the left atrium. Most 
commonly, this type of ASD is related to the supe-
rior vena cava where blood from the right superior 
and middle pulmonary veins flows in the right 
atrium (Fig. 8). In rare cases, it occurs in relation 
with the inferior vena cava where blood from the 
right lower pulmonary vein flows in (Fig. 9) (Van 
Praagh et al. 1994; Brickner et al. 2000; al Zaghal 
et al. 1997; Kafka and Mohiaddin 2009).

This produces a larger left-to-right shunt than 
ostium secundum defects and leads to a threefold 
higher risk of developing pulmonary artery hyper-
tension (Rajiah and Kanne 2010; Vogel et  al. 
1999). It is a relatively uncommon type of ASD, 
constituting approximately 5–10% of all ASDs 
(Webb and Gatzoulis 2006; Davia et al. 1973).

2.2.4	 �Fenestrated (Unroofed) 
Coronary Sinus

The term fenestrated or unroofed coronary 
sinus corresponds to a defect of the wall 
between the coronary sinus and the left atrium 
allowing a left-to-right shunt (Van Praagh 
et al. 1994). It is a spectrum, ranging from par-
tial fenestration to complete absence of the 

Fig. 6  Isolated secundum ASD.  Four-chamber view 
image obtained from cine TRUFISP MRI sequence dem-
onstrates an ostium secundum defect of less than 10 mm 
in diameter. The QP/QS ratio was estimated to be 1.2:1

a

b

Fig. 7  Secundum ASD. (a) Four-chamber view and (b) 
perpendicular view of the interauricular septum images 
obtained from cine TRUFISP MRI sequence demonstrate 
an isolated, high-riding ostium secundum defect. The QP/
QS ratio was estimated to be 1.4:1
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wall between the left atrium and the coronary 
sinus. In the majority of cases, the communi-
cation is in the mid-portion of the coronary 
sinus. It is a rare cardiac anomaly accounting 
for only 1% of all ASDs (Ootaki et al. 2003a). 
It may occur as an isolated finding, often of 
little functional importance, or as part of 

another congenital heart disease (Saremi 
2014). An unroofed coronary sinus is almost 
always associated with a left SVC (Fig.  10) 
and sometimes with a secundum ASD (Ootaki 
et  al. 2003a). It is relatively common in left 
isomerism heterotaxy syndromes (Matsuwaka 
et al. 1987).

a

b

c

d

Fig. 8  Superior sinus venosus atrial septal defect. (a) Four-
chamber view image obtained from cine TRUFISP MRI 
sequence shows superior type sinus venosus defect located 
in the posterior and superior aspect of atrial septum at the 
opening of right superior vena cava. (b) Coronal-view 
image obtained from cine TRUFISP MRI sequence dem-
onstrates a partial anomalous pulmonary venous return. 
Blood from the right superior and middle pulmonary veins 

is drained into the right superior vena cava instead of the 
left atrium. (c) Axial HASTE MRI image. The red line 
indicates the best orientation to depict sinus venosus ASD. 
(d) Sagittal oblique image obtained from cine TRUFISP 
MRI sequence (the orientation displayed by the red line in 
Fig. 8c) demonstrates a defect in the posterior and inferior 
aspects of right SVC like that found in the superior sinus 
venosus atrial septal defect ASD
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2.2.5	 �Patent Foramen Ovale
Complete closure of foramen ovale occurs in 
almost 75% within the first two years of life. In 
25% of people, anatomic closure does not 

occur. In case of persistent foramen ovale and  
patent valve of fossa ovalis, it may be of little or 
no clinical relevance and is therefore a quite 
common incidental finding on imaging studies 
and autopsies. In some cases, the valve is 
incompetent leading to a left-to-right shunt 
across the foramen. Therefore, these patients 
are at risk of right-to-left shunting complica-
tions. Also, this communication can be used as 
approach for angiographic cardiac evaluation 
or intervention by cardiologists.

a

b

Fig. 9  Inferior sinus venosus atrial septal defect. (a) 
Four-chamber view image obtained from cine FLASH 
MRI sequence shows a communication between the pos-
terior aspect of inferior vena cava and the left atrium. 
Blood from the right inferior pulmonary vein is directed 
into the inferior vena cava/right atrium instead of the left 
atrium. The QP/QS ratio was 2.8:1. (b) Sagittal oblique 
view image obtained from cine FLASH MRI sequence 
demonstrates the right inferior pulmonary vein draining 
into the right atrium near the opening of inferior vena cava

a

b

Fig. 10  (a), (b) Totally unroofed coronary sinus defect. 
Sagittal oblique images of cine FLASH MRI sequence 
show a persistent left superior vena cava (white arrow) 
draining directly into the left atrium due to a complete 
absence of common wall between the left atrium and the 
coronary sinus and interatrial communication correspond-
ing to the opening of coronary sinus
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2.3	 �Hemodynamic Consequence 
of ASD

The amount of shunting through the defect is 
determined by the size of the defect, by the dif-
ference of resistance in the systemic and pulmo-
nary circulation, which relates to the compliance 
of the left and right ventricles, and by associated 
cardiac anomalies (Rajiah and Kanne 2010; Geva 
et al. 2014). In most patients, an ASD results in a 
left-to-right shunt. Defects smaller than 10 mm in 
diameter are usually associated with a small 
shunt and little or no enlargement of the right 
heart structures. Those with a pulmonic-to-
systemic flow ratio (QP/QS) > 1.5:1 are usually 
hemodynamically significant. This is the magni-
tude of shunt needed for a right-sided volume 
overload and pulmonary overcirculation trigger-
ing a cascade of changes in the myocardium and 
in the pulmonary vasculature (Geva et al. 2014; 
Driscoll et al. 2006). A long-standing significant 
shunt will result in an impaired right atrial pump 
function, right ventricular dilatation, and myo-
cardial changes (Sugimoto et  al. 2011). It also 
comes to a remodeling of the pulmonary vascular 
bed, leading to pulmonary hypertension (Steele 
et  al. 1987). In children with ASD, pulmonary 
hypertension is rare (Sachweh et  al. 2006). In 
adults with a large ASD, pulmonary artery hyper-
tension is a common finding and tends to increase 
with age (Geva et al. 2014; Humenberger et al. 
2011). Eisenmenger syndrome is present in 
5–10% of adults with untreated ASDs (Steele 
et al. 1987; Sachweh et al. 2006).

Ostium primum/endocardial cushion defects 
and sinus venosus defects are usually associated 
with a hemodynamically significant shunt and 
they do not improve over time (Geva et al. 2014). 
Therefore, they need surgical repair.

The natural history of secundum ASD is more 
variable. The probability of spontaneous closure 
depends on the size of the secundum 
ASD.  Spontaneous closure occurs in approxi-
mately 56% of patients with an initial defect size 
of 4–5 mm, in 30% with a defect of 6–7 mm, and 
in 12% with a defect of 8–10 mm. If the secun-
dum ASD does not close spontaneously, the size 
of the defect can decrease or even increase with 
age (Hanslik et al. 2006; Helgason and Jonsdottir 
1999; McMahon et al. 2002; Saxena et al. 2005). 

Patients with a defect >2 cm are usually symp-
tomatic in childhood (Ko et al. 2009).

2.4	 �Indications for Defect Closure

A hemodynamically significant shunt causing 
enlargement of the right heart structures should 
be closed once the diagnosis is made, indepen-
dently of symptoms (Geva et  al. 2014; 
Baumgartner et al. 2010; Warnes et al. 2008). As 
mentioned above, a hemodynamically signifi-
cant shunt is defined by a pulmonary-to-systemic 
flow ratio (QP/QS)  >  1.5:1. Patients with an 
ASD and unexplained paradoxical embolism 
should be treated as well (Warnes et  al. 2008). 
Studies have shown that even in patients older 
than 40 years, closure of ASDs increases long-
term survival and limits the deterioration of 
function due to heart failure (Attie et  al. 2001; 
Konstantinides et al. 1995).

Hemodynamically insignificant defects with-
out other indications can be followed conserva-
tively, keeping in mind the possibility of increased 
shunting in later life (Geva et al. 2014).

2.5	 �Treatment Strategies 
and Outcomes

Despite the fact that surgical and interventional 
approaches are available with the same efficacy, 
persistent foramen ovale and ostium secundum 
defects are usually closed with transcatheter 
septal occluder (Figs.  11 and 12) (Ko et  al. 
2009). Complications are rare. The most com-
mon major periprocedural complications are 
device embolization (0.7%) and pericardial 
tamponade (0.1%) (Abaci et  al. 2013). Late 
complications are device embolization (0.1%), 
device thrombosis (0.2%), and device erosion 
through the atrial wall or aortic root (0.1%) 
(Abaci et al. 2013).

Large atrial septal occluders, especially in 
small pediatric patients, can become in contact or 
protrude with adjacent structures, especially the 
roof of the left atrium and the aortic root. In a 
study of Lapierre et al. (Lapierre et al. 2012), it 
has been demonstrated that with the growth of 
the children, the distance between the septal 
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occluder device and the adjacent structures 
increases. In this study, there were no long-term 
complications with large atrial septal occluder 
devices. MRI remains the modality of choice to 
evaluate the effect of the ASD closure on the 
right cardiac chambers. MRI can also evaluate 
the atrial septal occluder itself and its relation-
ship with other cardiac structures without signifi-
cant blooming artifacts (Lapierre et  al. 2012; 
Weber et al. 2008).

Sinus venosus defects as well as unroofed 
coronary sinus defects need surgical closure 
(Geva et al. 2014). Treatment of a sinus venosus 
defect also consists of diversion of the anomalous 
pulmonary vein into the left atrium (Rajiah and 
Kanne 2010).

In patients with AVSD (complete or partial), 
the treatment of choice remains surgical. The 
overall 10-year survival rate is variable in the lit-
erature, ranging from 70% to 100%, depending 
on the complexity of the anatomy and the era of 
surgery (Calkoen et  al. 2016). Arrhythmias, 
including complete heart block that necessitates 
pacemaker placement, range from 0.5% to 7.5%. 
The most frequent indication for reoperation is 
left atrioventricular valve regurgitation. Other 
indications for reoperation are: subaortic stenosis, 
residual ASD or VSD, left ventricular outflow 
tract obstruction, left atrioventricular valve ste-
nosis, and right atrioventricular valve regurgita-
tion (Figs. 13 and 14). So, patients with repaired 
AVSD need echocardiographic follow-up exams 
on regular basis since these various complica-
tions can occur over time. Cross-sectional 
imaging, such as CT or MRI, can be required 
depending on the echocardiographic findings.

3	 �Ventricular Septal Defects

Ventricular septal defect (VSD) is the most 
common congenital heart disease if the bicuspid 
aortic valve is excluded. VSD is defined as a 
communication between the right and left ven-
tricles through an opening or hole in the inter-
ventricular septum. Since many ventricular 
septal defects close with time and many patients 
are asymptomatic, the prevalence varies between 
studies and examination techniques. A screen-
ing study with highly sensitive color Doppler 
study reported prevalence in newborns of up to 
5%, much higher than in postmortem investiga-
tions in adults (Hoffman and Kaplan 2002; 
Roguin et al. 1995; Hoffman et al. 2004; Penny 
and Vick 2011).

VSD can occur as an isolated cardiac mal-
formation, but it is frequently found as a part 
of complex cardiac malformations, including 

a

b

Fig. 11  Secundum ASD treated with septal device 
occluder. MRI obtained 2 years after procedure. Four-
chamber view (a) and axial view (b) images of cine FLASH 
MRI sequence demonstrated an adequate position of septal 
device occluder for closure of ASD without residual shunt. 
Note the normal size of the right cardiac chambers
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double outlet right ventricle, tetralogy of Fallot, 
univentricular atrioventricular connection, trans-
position of the great arteries, congenitally cor-
rected transposition, or coarctation of the aorta 

(Penny and Vick 2011; Wald and Powell 2006). 
Also, VSD represents the most common cardiac 
lesion found with chromosomal syndromes as tri-
somy 13, 18, and 21 (Allen et al. 2008).

a

c

b

d

Fig. 12  Secundum ASD treated by septal device occluder. 
Four-chamber view (a) and perpendicular view (b) images 
of cine TRUFISP MRI sequence demonstrate large secun-
dum ASD. Frontal (c) and lateral (d) radiographs obtained 

four years after percutaneous treatment show septal device 
occluder in a good place, normal cardiac size, and normal 
arterial pulmonary vascularization
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In patients in which ventricular septal defects 
are the main pathology, echocardiography is usu-
ally sufficient and another imaging modality is 
rarely needed. Nowadays, the anomalies can be 
studied using CT or MRI with well-known 
advantages and limitations. Both can be used to 
define the anatomy of VSDs, its influence on the 
cardiac chambers, and associated anomalies. 
However, cardiac MRI stays the cross-section 
modality of choice because, in addition to pro-
vide a comprehensive assessment of the cardiac 

anatomy, it can accurately quantify shunts, ven-
tricular size, as well as cardiac and valve func-
tions. Computed tomography angiography (CTA) 
should be reserved for patients for whom MRI 
is almost impossible or difficult to perform. 
However, VSDs can be difficult to analyze at car-
diac MRI for radiologist or cardiologist unfamil-
iar with this subject.

In this section, a review of the classification of 
ventricular septal defects and the associated 
abnormalities is presented. Also, a MRI approach 
for the evaluation of VSD is proposed and the 
data that should be obtained by cardiac MRI prior 
to surgery or intervention are outlined.

3.1	 �Classification of Ventricular 
Septal Defect

Ventricular septal defects can occur in any por-
tion of the ventricular septum (Allen et al. 2008). 
Several nomenclature schemes of ventricular 
septal defects are in use. Jacobs et  al. (Jacobs 
et al. 2000) summarized the different nomencla-
tures in a paper published in the year 2000. The 
choice of the classification system to use for ven-
tricular septal defects is not especially important. 
What is important is that all of the cardiologists, 
radiologists, and heart surgeons in a clinic use the 
same nomenclature as much as possible, as a way 
to avoid misunderstandings.

For a more precise description and classifica-
tion, knowledge of the anatomy of the ventricular 
septum is necessary. The ventricular septum is 
made of four basic components (Fig.  15): the 
inlet septum, which is contiguous with the atrio-
ventricular valves; the muscular component, 
which represents the main portion of the ventric-
ular septum; the outlet septum between the aortic 
and the pulmonary valve, also referred to as the 
infundibular, conal, supracristal, or subarterial 
septum; and the membranous component, which 
is found at the base of the heart where the three 
other components converge and below the right 
and non-coronary cusps of the aortic valve (Hugh 
et  al. 2016; Gersony 2001; Minette and Sahn 
2006). Ventricular septal defects can also be 
divided into these four main categories, accord-
ing to their location: inlet, muscular, outlet, and 

a

b

Fig. 13  Postoperative complete atrioventricular septal 
defect with stenosis of the mitral valve. (a), (b) Four-
chamber view images of cine TRUFISP MRI sequence 
demonstrate no residual ASD or VSD but a limited open-
ing of mitral valve creating a stenosis with secondary 
enlargement of the left atrium
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membranous (Soto et  al. 1980). Defects can be 
limited to one component of the ventricular sep-
tum or can include several components. Thus, 
accordingly, more subtypes of the four main 
types may be mentioned.

3.1.1	 �Inlet Septum Defects
Isolated inlet septum defects are uncommon. This 
type accounts for 5–8% of all VSDs. Inlet defects 
are located posterior and inferior to the membranous 

defect, beneath the septal leaflet of the tricuspid 
valve (Fig. 16). They are often small, but rarely close 
spontaneously (Gersony 2001).

Inlet septum defects can also be found in asso-
ciation with atrial septal defects and abnormali-
ties of the atrioventricular valves, forming a 
so-called atrioventricular canal defect, more pre-
cisely described in the section about atrial septal 
defects (Gersony 2001). This anomaly is fre-
quently seen in patients with trisomy 21.

a

b c

Fig. 14  Postoperative complete atrioventricular septal 
defect with aortic and mitral regurgitation and subaortic 
stenosis. (a) Four-chamber view image of cine FLASH 
MRI sequence shows correction of complete atrioventric-
ular septal defect without any residual shunt but with left 
atrioventricular valve regurgitation. (b), (c) Three-

chamber view images of cine FLASH MRI sequence 
demonstrate a reduction in caliber of the left ventricular 
outflow tract associated with a membrane in the subaortic 
region creating a subaortic stenosis. Aortic regurgitation 
is also visualized
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3.1.2	 �Muscular Ventricular Septal 
Defects

Muscular VSD accounts for 5–20% of all VSDs. 
They are located entirely within the muscular sep-
tum. The location of VSD can be central, apical, or 

marginal (Wang et  al. 2003; Allen et  al. 2008). 
Central muscular VSD is located posterior to the 
septal band and in the mid-portion of the septum 
(Fig.  17). Apical defects, the most common, are 
found in the apical portion of the ventricles (Fig. 18). 
Small muscular defects near the septal-free margins 
have been called marginal defects. Muscular VSDs 
are frequently multiple and may give a “Swiss 
cheese” appearance (Allen et al. 2008).

Frequently, this type of VSD is difficult to ana-
lyze from the right ventricle because they are usu-
ally multiple bordering and overlying trabeculae, 
giving the appearance of multiple channels whereas 
on the left ventricular side, fewer overlying trabecu-
lae are present and the multiple channels seen from 
the right ventricular side, coalesce to a single defect.

Small, isolated muscular defects often close 
spontaneously due to muscular growth at the 
margins of the defect. Muscular ventricular septal 
defects seen in fetal echocardiography may not 
be visible anymore at birth (Gersony 2001).

3.1.3	 �Membranous Ventricular 
Septal Defects

Membranous ventricular septal defects are the 
most common VSDs, accounting for 80% of all 

Membranous
septum

a

a

b

bc

f

g

e

d

Fig. 15  (a) Components of the ventricular septum as 
viewed from the right ventricle. I: inlet septum; T: trabecu-
lar septum; O: outlet septum. (b) Anatomic position of 
defects: a, outlet defect; b, papillary muscle of the conus; c, 

perimembranous defect; d, marginal muscular defects; e, 
central muscular defects; f, inlet defect; g, apical muscular 
defects. Reprinted with permission from Allen et al. (2008)

Fig. 16  Four-chamber view cine FLASH MRI sequence 
image showing an inlet ventricular septal defect. Note that 
both atrioventricular valves are located at the same level
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VSDs (Allen et al. 2008). They lie in the mem-
branous part of the septum at the base of the 
heart, in the outflow tract of the left ventricle 
beneath the aortic valve (Fig. 19). Through this 
defect, there is a fibrous continuity between leaf-
lets of the tricuspid and aortic valves (Penny and 
Vick 2011).

Pure membranous septal defects surrounded 
by fibrous tissue are rare. Most of the time, 
defects involve the membranous septum and an 
adjacent component. So the term “perimembra-
nous” is more appropriate and can be subclassi-
fied as perimembranous inlet, perimembranous 
muscular, and perimembranous outlet, depending 

on the extension of the defect (Allen et al. 2008; 
Minette and Sahn 2006). When the defect opens 
all part of the ventricle, it is called confluent 
defect (Penny and Vick 2011).

Small membranous defects may become 
smaller or close spontaneously as will be described 
in more detail in the section entitled Aneurysm of 
the membranous septum (Gersony 2001).

3.1.4	 �Outlet Ventricular Septal 
Defects

Outlet ventricular septal defects account for 
5–7% of all VSDs, except for some Asiatic 
countries as Japan, where the incidence is 
approximately 30% (Allen et  al. 2008). They 
are found in the muscular infundibulum, an 
area that, in the normal heart, constitutes a free-
standing tube of muscular tissue which sup-
ports the pulmonary valve and separates the 
right and left ventricular outflow tract (Penny 
and Vick 2011; Minette and Sahn 2006). 
Defects of the outlet ventricular septum are also 
called subarterial, subpulmonary, conal, supra-
cristal (superior to the crista interventricularis), 
or infundibular.

Anatomically, the defects in this region can 
be in the inferior or middle muscular part of the 
infundibulum (called also subaortic VSD) with a 
muscular rim always present under the pulmo-
nary valve or in the subpulmonary region 

a

b

Fig. 17  Central muscular VSD. (a) Short-axis view and 
(b) four-chamber view cine FLASH MRI sequence 
images showing a central muscular ventricular septal 
defect. Note that on the right ventricular side, multiple 
channels are apparent and coalesce to a single defect on 
the left side

Fig. 18  Apical muscular VSD. Four-chamber view cine 
FLASH MRI sequence image showing a small apical 
muscular ventricular septal defect
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(directly under the pulmonary valve). Defects in 
this region therefore result in continuity between 
aortic and pulmonary valves (Penny and Vick 
2011). These defects do not close spontaneously, 
but may become smaller over time. As outlet 
ventricular septal defects can involve the aortic 
sinuses, they may even close on the basis of pro-
lapse of aortic valve leaflet tissue and/or sinus 
into the ventricular septal defect. This will be 

described in more detail in the section entitled 
Prolapse of the aortic valve and aortic regurgita-
tion (Gersony 2001).

3.2	 �Associated Findings

3.2.1	 �Prolapse of the Aortic Valve 
and Aortic Regurgitation

In perimembranous and outlet septum ventricular 
septal defects, the defects are located near the 
annulus of the aortic valve, and therefore the ana-
tomical support of the aortic valve can be insuf-
ficient (Tatsuno et al. 1973). As a result, prolapse 
of the unsupported aortic valve leaflet and sinus 
of Valsalva through the ventricular septal defect 
can occur (Wald and Powell 2006). Hemodynamic 
factors may promote and augment prolapse, as 
described by Tatsuno et al. (Tatsuno et al. 1973) 
(Fig.  20). The blood shunting through the ven-
tricular septal defect in early systole forces the 
aortic valve to prolapse through the defect. 
Thereby the opening of the ventricular septal 
defect becomes narrower and the velocity of the 
blood shunting through the defect increases. This 
in turn pulls the aortic cusps into the right ven-
tricular cavity. During diastole, the intra-aortic 
pressure forces the cusps of the aortic valve to 
close. The unsupported cusp is shifted toward the 
right ventricle and is separated from the other 
two cusps, resulting in incompetency of the aor-
tic valve with subsequent regurgitation (Tatsuno 
et al. 1973). That means that although the leaflet 
prolapse reduces the orifice size of the ventricular 
septal defect, it may lead to an important impair-
ment of the blood flow by causing aortic insuffi-
ciency. Usually, the right coronary cusp of the 
aortic valve is involved in patient with outlet 
VSD. In contrast, patients with perimembranous 
VSD can have herniation of the right coronary 
cusp or much less common the non-coronary 
cusps (Wald and Powell 2006). The prevalence of 
this complication is higher in patients with outlet 
VSD and the associated aortic regurgitation 
increases with age.

a

b

Fig. 19  Perimembranous VSD. (a) Four-chamber view 
and (b) short-axis view cine FLASH MRI sequence 
images showing a perimembranous ventricular septal 
defect with inlet extension
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3.2.2	 �Aneurysm of the Membranous 
Septum

The septal leaflet of the tricuspid valve arises 
from the membranous septum. The membranous 
septum has two portions, the atrioventricular por-
tion and the interventricular portion (Fig.  21). 
The atrioventricular portion lies superior to the 
attachment of the septal leaflet of the tricuspid 
valve and separates the left ventricle from the 
right atrium. The interventricular portion lies 
inferior to the attachment of the septal leaflet of 
the tricuspid valve and separates the two ventri-
cles (Tandon and Edwards 1973).

As mentioned above, small membranous ven-
tricular septal defects may become smaller over 
time or even close spontaneously. There are two 
contributing factors for the closure of the defect: 
growth of fibrous tissue at the margins of the 
defect and adhesion of the septal tricuspid leaf-
let to the edges of the ventricular septal defect. 
Due to the higher pressure in the left ventricle, a 
pouch protruding toward the right ventricle may 
form, referred to as aneurysm of the membra-
nous septum (AMS) (Gersony 2001; Tandon and 
Edwards 1973). AMS is a rare disease, mostly 

Fig. 20  Prolapse of the aortic valve and sinus of Valsalva 
and subsequent regurgitation: (Left) The flow of the 
shunting blood during early systole pulls the anatomi-
cally unsupported aortic valve and sinus through the VSD 
into the right ventricular lumen. (Center) In mid systole, 
the blood ejected from the left ventricle pushes unsup-
ported sinus outward, producing a large bulge. (Right) In 

diastolic phase, the intra-aortic pressure separates the 
unsupported cusp from the other two cusps, resulting in 
sufficiency of the aortic valve with subsequent regurgita-
tion. LV left ventricle, RV right ventricle, IVS interven-
tricular septum, PA pulmonary artery, AI aortic 
incompetency. Reprinted with permission from Tatsuno 
et al. (1973)

A. L.A

R.A.

L.V.

R.V.

S.T.

M.S.

Fig. 21  Anatomy of the membranous septum. The mem-
branous portion of the ventricular septum (M.S.) lies 
beneath the origin of the aorta (A). The septal leaflet of the 
tricuspid valve (S.T.) originates from the membranous 
septum. The atrioventricular portion lies superiorly to the 
attachment of the septal leaflet of the tricuspid valve and 
separates the left ventricle (L.V.) from the right atrium 
(R.A.). The interventricular portion lies inferiorly and 
separates the two ventricles. Right ventricle (R.V.). L.A. = 
left atrium. Reprinted with permission from Tandon et al. 
(Tandon and Edwards 1973)
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associated with other anomalies but occurring 
in up to 19–22.4% with VSD and in 20% with 
perimembranous VSD (Langer et al. 2007; Yavuz 
et al. 2010; Loukas et al. 2006). Basically, AMS 
may be congenital or acquired. Most congenital 
aneurysms are intact so that there is no inter-
ventricular communication (Fig. 22). Rarely, a 
congenital aneurysm of the membranous sep-
tum may rupture leading to an interventricular 

communication. Congenital aneurysms are char-
acterized by the identification of a septal leaflet 
of the tricuspid valve distinct from the wall of the 
aneurysm. In contrast, in aneurysms after spon-
taneous closure of ventricular septal defects, the 
septal leaflet forms an integral part of the aneu-
rysm (Fig.  23). The closure may be complete 
or incomplete allowing some communication 
between the ventricles. Anomalies of the tricuspid 

A. A.

L.V. L.V.

An.

a b

c d

An.

R.A. R.A.

S.T. S.T.

R.V.

A.

L.V.

R.A.

S.T.

R.V.

A.

L.V.

R.A.

S.T.

R.V.

R.V.

Fig. 22  Different aspects of the aneurysm of the membra-
nous septum: (a) Congenital aneurysm of membranous sep-
tum. It is possible to distinguish the aneurysm from the septal 
leaflet of the tricuspid valve. (b) Ruptured congenital aneu-
rysm of the septum. (c) Spontaneous closure of membranous 

ventricular septal defect by adhesion of septal tricuspid 
leaflet to the ventricular septal defect. (d) Incomplete clo-
sure of the membranous ventricular septal defect by the 
septal leaflet of the tricuspid valve. Reprinted with permis-
sion from Tandon et al. (Tandon and Edwards 1973)
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valve, which may be acquired for the left-to-right 
shunting, are frequently associated and result in 
tricuspid regurgitation.

Most AMS appear in the interventricular por-
tion of the membranous septum (Tandon and 
Edwards 1973). Rarely, a defect can occur in the 
atrioventricular portion of the membranous sep-
tum (Gerbode’s defect) producing an isolated left 
ventricular-to-right atrial shunt.

At imaging, AMS should be distinguished from 
sinus of Valsalva aneurysm. AMS arises from the 
right ventricular aspect of the membranous  

septum, beneath the septal leaflet of the tricuspid 
valve, and bulging forward into the right ventri-
cle (Yilmaz et al. 1997). The criteria for the diag-
nosis of Valsalva sinus aneurysm include an 
origin above the aortic annulus, a saccular shape 
and normal dimensions of the adjacent aortic root 
and ascending aorta (Bricker et al. 2010).

3.2.3	 �Obstruction of the Ventricular 
Outflow Tract

VSDs can be associated with obstruction of the 
right or left ventricular outflow tract. The outflow 

a

c

b

d

Fig. 23  Aneurysm of the membranous interventricular 
septum at cine FLASH MRI sequence. (a), (b) Four-
chamber view, (c) three-chamber view, and (d) short-axis 
view images show a large aneurysm of the membranous 
interventricular septum protruding into the right ventricle 

and limiting the opening of the tricuspid valve. The septal 
leaflet of the tricuspid valve forms the wall of the aneu-
rysm. The aneurysm closes almost completely the peri-
membranous VSD with only a small remaining defect
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tract obstruction can arise from the VSD itself due 
to a certain malalignment of the outlet septum and 
the remainder of the ventricular septum. In conse-
quence of anterior and posterior deviation of the 
outlet septum, either the right or left outflow tract 
can be obstructed (Fig.  24) (Saremi 2014). An 
anomalous or hypertrophic muscle bundle cross-
ing the right ventricle from the interventricular 
septum to the right ventricular free wall, also 
known as double-chambered right ventricle, can 
be associated with VSD and cause obstruction of 
the right ventricular outflow tract/subpulmonary 
stenosis (Fig. 25) (Pongiglione et al. 1982; Kucher 
et al. 2001). Myotomy may remove this subpul-
monary stenosis (van Son et  al. 1993; Newfeld 
et al. 1976). Likewise, a crescent-shaped ridge of 
fibro-elastic tissue protruding from the left septal 
surface into the subaortic region can cause left 
ventricular outflow tract obstruction in patients 
with VSD (Newfeld et al. 1976).

3.2.4	 �Hemodynamic Consequences 
of VSD

The size of the ventricular septal defect and the 
pulmonary vascular resistance determine largely 
the shunt volume. If there is no obstruction of the 
right ventricular outflow tract and no pulmonary 

hypertension, the direction of shunt is left-to-
right. Left heart volume overload can occur with 
large left-to-right shunts but not right ventricular 
dilatation (Saremi 2014; Wald and Powell 2006). 
The shunt volume may decrease in the setting of 
right ventricular outflow tract obstruction or pul-
monary vascular hypertension. In extreme cases, 
the shunt direction may invert, causing a right-to-
left shunt (Eisenmenger syndrome).

3.3	 �Diagnostic Evaluation

In patient in whom ventricular septal defects are 
the main pathology, echocardiography is usually 
sufficient and another imaging modality is rarely 
needed. Nowadays, the anomalies can be studied 
using CT or MRI with well-known advantages 
and limitations. Both can be used but cardiac 
MRI remains the cross-section modality of 
choice with a reported sensitivity of more than 
90% for detection of VSDs (Wang et  al. 2003; 
Didier and Higgins 1986; Didier et al. 1986).

MRI evaluation is mainly indicated in the 
diagnosis of defects in the outlet septum as echo-
cardiography is often unable to adequately image 
this region of the ventricular septum (Wang et al. 
2003; Wald and Powell 2006; Bremerich et  al. 
1999). A cardiac MRI is considered to be supe-
rior to an ultrasound where there are multiple 
muscular ventricular septal defects. Furthermore, 
the ventricular septum is visible on MRI until the 
apex, which is not always possible when using 
echocardiography. In addition, MRI can depict 
complications of outlet septal defects, includ-
ing secondary right ventricular hypertrophy 
(Bremerich et al. 1999).

Cardiac MRI can give many important infor-
mation such as: (a) the location, the number, and 
the size of the ventricular component of the 
defect, (b) the relationship between the defects 
and the position of great vessels, (c) the presence 
or not of complications (aortic valve prolapse and 
aortic regurgitation), and (d) the quantification of 
the hemodynamic burden of the defect by provid-
ing reliable quantitative data on the shunt and by 
quantifying cardiac chamber volumes and func-
tion (the most accurate technique). All of these 

Fig. 24  Posterior deviation of the outlet septum. Three-
chamber view of cine FLASH MRI sequence image dem-
onstrates a posterior deviation of the outlet septum 
creating subaortic stenosis. Note that the associated VSD 
is not well shown. The anomaly is associated with a left 
ventricular hypertrophy
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abovementioned criteria can be evaluated using a 
systematic MRI protocol and may influence the 
timing and the approach of correction (Table 1) 
(Parsons et al. 1990; Studer et al. 1982; Pennell 
et al. 2004; Wald et al. 2015).

However, VSD can be difficult to analyze at 
cardiac MRI for radiologist or cardiologist unfa-
miliar with this subject. An approach similar to 
the echocardiography is helpful.

The inlet, membranous, and muscular VSD 
can be evaluated by the coverage of entire inter-
ventricular septum in the four-chamber and short-
axis views. In using these two different standard 
plans, it is possible to analyze the anatomy of the 
interventricular septum and the repercussion on 
the tricuspid valve and cardiac chambers.

Another acquisition that can be used to clarify 
membranous and outlet ventricular septal defects 

a

c

b

Fig. 25  Double-chambered right ventricle. Cine 2D–
Flash sequence. (a), (b) Coronal oblique images show 
multiple infundibular muscular bands (white arrows) cre-
ating a stenosis and a large perimembranous VSD (black 
arrow). (c) Note that the distal portion is of normal size. 

This feature helps to distinguish a double-chambered right 
ventricle from a Tetralogy of Fallot. In Tetralogy of Fallot, 
the outlet septum has a leftward and anterior deviation
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is an image in the plane of the aortic valve 
(Fig. 26). This acquisition can be obtained from a 
coronal image. On the plane of the aortic valve, 
the membranous VSD appears at the 10 o’clock to 
11 o’clock positions (Fig. 27). It is in relationship 
with the left part of the non-coronary sinus and 
the right part of right coronary sinus of Valsalva. 
The infundibular muscular (subaortic) outlet VSD 
appears at the 11 o’clock to 12 o’clock positions 
whereas the subpulmonary VSD appears at the 12 
o’clock to 1 o’clock positions. Both are in rela-
tionship with the right coronary sinus of Valsalva. 
Most of the time, VSD are identified on the aortic 
valve plan by a flow void due to a small size of the 
defect creating blood flow acceleration. When a 
flow void is found in the plane of aortic valve, a 
complementary image should be taken. In order 
to visualize the relationship between the VSD and 
the aortic valve, an acquisition perpendicular to 
the aortic valve, parallel to the jet, and crossing 
the center of the aortic valve should be obtained 
(Fig.  28). The resulting image is almost a three-
chamber view and this projection permits to look for 
a prolapse of aortic valve and aortic regurgitation 
(Fig.  29). To evaluate adequately the ventricular  

outflow tract, a three-chamber view imaging for 
left side should be obtained and a sagittal plan for 
the right side.

3.4	 �Indications for Defect Closure 
and Treatment Options

A Qp:Qs value of >1.5 to 2.0 is considered by 
many cardiologists and cardiac surgeons as a ther-
apeutic indication. Ventricular enlargement, pul-
monary hypertension, or aortic regurgitation are 
also accepted indications for defect closure, either 
surgically or by transcatheter closure using 
occluder devices (Figs.  30 and 31) (Mongeon 
et  al. 2010; Lun et  al. 2001; YC et  al. 2006). 
Small, isolated muscular defects often close spon-
taneously (Gersony 2001). However, multiple 
muscular defects with “Swiss cheese” appearance 
do not close spontaneously and require surgery 
(Saremi 2014). The surgical treatment of multiple 
muscular VSDs is technically difficult due to 

Table 1  Institutional cardiovascular MRI protocol for 
ventricular septal defects

1.  Localizers through the thorax images

2. � Morphologic examination with half Fournier shot 
turbo spin echo (HASTE) or balanced steady-state 
free precession (SSFP) according to heart rate in 
axial plane of the thorax

3. � Four-chamber SSFP cine stack views to cover all 
the interventricular septum

4. � Short-axis SSFP cine stack views to cover all the 
interventricular septum

5. � Three-chamber SSFP view of the left ventricular 
outflow tract

6. � Sagittal SSFP cine view of the right ventricular 
outflow tract

7.  Axial true plane of the aortic root in SSFP cine view

8. � Perpendicular SSFP cine view or gradient echo 
cine view on the VSD and on the aortic root (planes 
depend on the site of the VSD)

9.  Qp/Qs evaluation by flow mapping on:

    (a)  Left pulmonary artery

    (b)  Right pulmonary artery

    (c)  Main pulmonary artery

    (d)  Ascending aorta

a

b

Fig. 26  (a), (b) Location of the VSD based on the aortic 
valve acquisition
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often inadequate exposure of the defects and due 
to significant operative mortality and complica-
tions (Corno et  al. 2013; Alsoufi et  al. 2006; 
Stellin et al. 2000). Several techniques have been 
described, including single-stage repair with a 
transatrial or a transventricular approach 
(Wollenek et  al. 1996; Kirklin et  al. 1980; 
Kitagawa et  al. 1998), initial pulmonary artery 
banding and closure of the residual VSDs in a sec-
ond step (Alsoufi et al. 2006; Serraf et al. 1992; 
Seddio et al. 1999), interventional catheter device 
closure (Holzer et al. 2004), or a hybrid approach 
with operative patch and interventional device 
closure techniques (Bacha et  al. 2005; Ootaki 
et  al. 2003b; Brizard et  al. 2004). Preoperative 
pulmonary artery banding is reserved for pediatric 

patients with other associated cardiac anomalies 
like double outlet right ventricle or with conges-
tive heart failure uncontrolled by medical man-
agement before definitive correction.

A small VSD is defined as <1 cm in diameter 
with a left-to-right shunt of <50%, without pul-
monary stenosis and pulmonary artery hyperten-
sion. Isolated, small VSDs only need prophylactic 
treatment for endocarditis (Saremi 2014; 
Neumayer et al. 1998).

a

b

Fig. 27  Classification of VSD based on the aortic valve 
acquisition. Cine FLASH MRI sequence images show in 
(a) a jet 10 o’clock position indicating a perimembranous 
VSD and in (b) at 12 o’clock position, a small subaortic 
outlet VSD

a

b

Fig. 28  Acquisition sequence to depict prolapse of the 
aortic valve. (a) In order to visualize the relationship 
between the VSD and the aortic valve, an acquisition per-
pendicular to the aortic valve, parallel to the jet, and cross-
ing the center of the aortic valve, should be obtained. The 
red line delineates the optimal orientation. (b) The result-
ing image, almost a three-chamber view, shows the pro-
lapse of the aortic valve reducing the size of the VSD
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a b
Fig. 29  Two examples 
of VSD associated with 
prolapse of the right 
coronary cusp at cine 
FLASH MRI sequence 
images. (a) A saccular 
and (b) a more diffuse 
deformation are 
visualized as shown in 
Fig. 20 on the left and 
right respectively

a

b c

Fig. 30  Surgical closure of a perimembranous and mus-
cular VSD at cine FLASH MRI sequence. (a) Axial, (b) 
sagittal oblique, and (c) short-axis view images show the 

hypointense surgical patch at two locations: perimembra-
nous (black arrow) and muscular interventricular septum 
(white arrow)
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3.5	 �Outcomes

In general, children with VSDs have good out-
comes and excellent long-term survival. 
Therefore, these patients are frequently seen in 
adult cardiology dealing with GUCH patients 
(Grow-Ups with Congenital Heart defects).

�Conclusion

Atrial septal defects and ventricular septal 
defects are among the most common con-
genital cardiac anomalies. They can occur as 
isolated defects or in association with other 
congenital heart lesions. They are classified 
according to their location or embryologic 
origin. Important features include location, 
number, and size. Small defects are often 
hemodynamically insignificant, whereas larger 
defect can cause heart failure and alteration of 
the pulmonary vasculature. Echocardiography 
is often sufficient for diagnosis and treatment 
decision. Cross-section imaging (either MRI or 
CT) can be necessary for surgical or interven-
tional planning, for functional analysis, and for 
the detection of posttreatment complications. 
In general, patients with ASDs and VSDs have 
good outcomes and long-term survival.
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Abstract

Tricuspid valve abnormalities are relatively 
rare lesions in the spectrum of congenital heart 
disease which can affect the leaflets, chordal 
apparatus, and/or papillary muscles of the 
tricuspid valve. Ebstein anomaly is the most 
common form of congenital tricuspid valve 
disease. Although outcomes remain poor in 
neonates with important tricuspid valve dis-
ease, Ebstein anomaly can be managed suc-
cessfully in children, adolescents, and young 
adults with recent surgical advances and cur-
rent interventional techniques. Comprehensive 
cardiac imaging is essential to allow for 
accurate diagnosis and appropriate decision-
making, and should always be performed by 
an advanced cardiac imaging specialist with 
expertise in congenital heart disease. In this 
chapter, anatomical features pertaining to the 
range of congenital heart defects which affect 
the tricuspid valve are reviewed, current imag-
ing techniques are detailed, and contemporary 
approaches to management are discussed.
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1	 �Morphology of the Normal 
Tricuspid Valve

In the structurally normal heart, the tricuspid 
valve guards the inlet portion of the right ventri-
cle. The three leaflets of the tricuspid valve are 
located in septal, anterior, and posterior (also 
called inferior or mural) positions. The papillary 
muscles (medial, anterior, inferior) provide sup-
port for the tricuspid valve leaflets. Unlike the 
mitral valve, however, chordal attachments from 
the septal leaflet of the tricuspid valve to the ven-
tricular septum are present. The tricuspid valve 
septal attachments are more apically positioned 
compared to the anterior mitral leaflet (creating an 
“offset” between the right and left atrioventricular 
valve positions); a distance of up to 8  mm/m2 
between the attachment of the septal tricuspid 
leaflet and the anterior mitral leaflet is considered 
normal (Edwards 1993; Seward 1993).

2	 �Congenital Defects 
of the Tricuspid Valve

Isolated congenital malformations of the tricuspid 
valve are relatively rare lesions. Tricuspid valve dis-
ease can affect the leaflets, chordal apparatus, and/or 
papillary muscles. For the purposes of this discus-
sion, tricuspid valve disease will be reviewed accord-
ing to morphologic abnormalities pertaining to:
	(a)	 Displacement of the valve leaflets from the 

atrioventricular junction towards the apex of 
the right ventricle (Ebstein anomaly)

	(b)	 Hypoplasia of the valve annulus or thickening 
of the valve leaflets (tricuspid valve stenosis)

	(c)	 Abnormal/incomplete leaflet development 
(tricuspid valve dysplasia) or

	(d)	 Tricuspid valve disease present in the context 
of other forms of complex congenital heart 
disease

2.1	 �Ebstein Anomaly

Although a rare disease (occurring in approxi-
mately 3–5 per 100,000 live births and account-
ing for less than 1% of all forms of congenital 

heart disease) (Samanek and Voriskova 1999; 
Correa-Villasenor et al. 1994), Ebstein anomaly 
is one of the most striking abnormalities of the 
tricuspid valve. The malformation is often com-
plex and typically involves the tricuspid valve 
leaflets, the chordal apparatus, and the myocar-
dium of the right ventricle. Additionally, Ebstein 
anomaly is frequently associated with additional 
lesions affecting the right or left heart and can 
encompass an unusually wide clinical spectrum. 
Diagnostic criteria for Ebstein anomaly typically 
include (1) apical (downward) displacement of 
the tricuspid valve functional annulus (hinge 
point of the valve from the atrioventricular ring 
>8 mm/m2), (2) adherence of the tricuspid valve 
leaflets to underlying myocardium (failure of 
delamination), (3) redundancy, fenestrations, 
and/or tethering of the anterior leaflet, (4) dila-
tion of the true tricuspid valve annulus (right 
atrioventricular junction), and (5) dilation of the 
atrialized portion of the right ventricle (Attenhofer 
Jost et al. 2012a).

While Ebstein anomaly diagnosed in fetal or 
neonatal life continues to be associated with dis-
mal outcomes (perinatal mortality estimated at 
45%) even in contemporary series (Yetman et al. 
1998; Wald et al. 2005; Bove et al. 2009; Freud 
et  al. 2015), in some instances underlying 
Ebstein anomaly may remain undetected 
throughout adult life to be discovered only at the 
time of autopsy (Celermajer et  al. 1994). The 
clinical presentation of symptomatic Ebstein 
anomaly in the adult may include fatigue, palpi-
tations, decreased exercise tolerance, edema, 
and/or cyanosis. Tachyarrhythmias (atrial or 
ventricular), heart failure, paradoxical embo-
lism, transient ischemic attacks or stroke, endo-
carditis, and sudden death are recognized 
sequelae of Ebstein anomaly (Celermajer et  al. 
1994). Contemporary guidelines suggest that 
symptomatic patients should be considered for 
operative repair or replacement of the tricuspid 
valve (Attenhofer Jost et al. 2012b; Warnes et al. 
2008; Baumgartner et al. 2010). Younger age at 
diagnosis, male gender, cardiothoracic ratio 
≥0.65, and the severity of tricuspid valve leaflet 
displacement on echocardiography have been 
identified as independent predictors of cardiac 
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mortality in patients with Ebstein anomaly (Attie 
et al. 2000). The functional integrity of the tri-
cuspid valve in Ebstein anomaly generally 
depends on several factors which include the 
degree of displacement of the right atrioventric-
ular junction, extent of dysplasia of septal and 
posterior leaflets, presence and size of fenestra-
tions, size and restriction of the anterior leaflet, 
and dilatation of the “functional” tricuspid valve 
annulus.

Comprehensive cardiac imaging is crucial for 
accurate diagnosis and decision-making, and 
should always be performed by an advanced car-
diac imaging specialist with expertise in congeni-
tal heart disease. Multi-modality imaging should 
be employed to characterize morphology of the 
tricuspid valve leaflets and underlying mecha-
nism of their dysfunction (transthoracic ± trans-
esophageal echocardiography); to quantify 
dimensions of the right atrium, atrialized right 
ventricle, and functional right ventricle (cardiac 
magnetic resonance imaging [CMR] or cardiac 
CT); and to delineate associated congenital heart 
disease lesions as well as structure of the left 
myocardium (echocardiography  ±  cardiac mag-
netic resonance imaging or cardiac CT).

2.1.1	 �Displacement of the  
Atrioventricular Junction

Ebstein anomaly arises from an arrest in fetal 
development which results in incomplete delami-
nation of the tricuspid valve leaflets (persistent 
adherence of the septal ± posterior leaflets to the 
underlying myocardium) resulting in an apically 
displaced attachment of the leaflet(s) into the right 
ventricle in a spiral fashion such that the valve is 
displaced anteriorly and rightward. A distance of 
>8 mm/m2 between the hinge points of the anterior 
mitral valve leaflet and tricuspid valve septal leaf-
let is considered diagnostic for Ebstein anomaly 
(Seward 1993). The apical displacement of the 
right atrioventricular junction results in two com-
ponents of the right ventricle. The portion between 
the true tricuspid annulus and the functional annu-
lus is termed the “atrialized” right ventricle and the 
remainder of the right ventricle is designated as 
the “functional” right ventricle (Fig. 1). The degree 
of adherence of the posterior and septal leaflets 
determines the spectrum of disease severity, rang-
ing from mild forms with minimal displacement of 
the septal leaflet to complete failure of delamina-
tion of the leaflets resulting in an imperforate 
membrane (tricuspid sac).

a b

Fig. 1  Schematic demonstrating Ebstein anomaly in the short 
axis view (a) and axial view (b). aRV atrialized right ventricle, 
fRV functional right ventricle, LA left atrium, LV left ventricle, 

RA right atrium, RVOT right ventricular outflow tract, TVAL 
tricuspid valve anterior leaflet, TVPL tricuspid valve posterior 
leaflet, TVSL tricuspid valve septal leaflet
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2.1.2	 �Development of the Septal 
and Posterior Leaflets

In Ebstein anomaly, the displaced septal and 
posterior leaflets of the tricuspid valve can 
often appear thickened or dysplastic (Freedom 
1997). The septal leaflet can assume a wide 
spectrum of anatomic malformations or may 
be altogether absent. Chordae may be few 
or  even absent and are typically shortened 

and dysplastic with anomalous insertions into 
the right ventricular wall (Freedom 1997). 
Tricuspid regurgitation is commonly seen in 
Ebstein anomaly, often a result of leaflet mal-
coaptation, although fenestrations can provide 
an additional mechanism for valve insuffi-
ciency; tricuspid valve stenosis has been 
described although is infrequently observed 
(Fig. 2).

a

d

b

c

Fig. 2  Cardiac magnetic resonance imaging of severe tricuspid regurgitation in Ebstein anomaly; (a) four chamber 
view in diastole, (b) four chamber view in systole, (c) short axis view in diastole, (d) short axis view in systole
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2.1.3	 �Morphology of the Anterior 
Leaflet

In contrast to the septal leaflet, the anterior leaflet of 
the tricuspid valve is rarely displaced. The anterior 
leaflet is characteristically elongated and, if suffi-
ciently redundant, may contribute to obstruction of 
the right ventricular outflow tract. Fenestrations 
within the leaflet are commonly seen. Tethering of 
the anterior leaflet frequently arises from chordal 
attachments to the ventricular free wall and/or dis-
placed papillary muscles. Size and mobility of the 
anterior leaflet are important determinants for tri-
cuspid valve anatomic repair (Cone reconstruction) 
(Brown 2011), and therefore detailed description of 
leaflet morphology is critical when surgery referral 
is being considered. In rare situations, the anterior 
leaflet forms an atretic membrane (Ho et al. 2005).

2.1.4	 �Development of the Right 
Ventricle

The atrialized portion of the right ventricle is typi-
cally dilated and thinned in the patient with Ebstein 
anomaly. Size of the atrialized right ventricle has 
been associated with poor prognosis in both chil-
dren (Celermajer et al. 1992) and adults (Celermajer 
et al. 1994; Attie et al. 2000). Morphologic features 
of the functional right ventricle apex often include 
increased trabeculations although the myocardium 
itself may be thinned or even aneurysmal. In the 
extreme form, replacement of the myocardium 
with fibrous tissue has been observed. Hypoplasia 
of the functional right ventricle in neonates and 
children is typically a result of marked apical dis-
placement of the atrioventricular junction. In con-
trast, the functional portion of the right ventricle is 
often described as normal in size or even dilated in 
the adult (Yalonetsky et al. 2011; Lee et al. 2012; 
Fratz et al. 2012) and has been attributed to chro-
nicity and severity of tricuspid valve regurgitation 
(Tobler et al. 2011).

2.1.5	 �Associated Cardiac 
Abnormalities

Numerous additional congenital heart lesions 
have been described in conjunction with Ebstein 
anomaly. An interatrial communication, such as 

a secundum atrial septal defect or a patent fora-
men ovale, is the most frequently reported asso-
ciation (80% of cases) (Danielson et  al. 1992) 
(Fig.  3). Right-to-left shunting at atrial level 
may give rise to cyanosis or may allow for para-
doxical emboli which may result in transient 
ischemic attacks or stroke. Ventricular septal 
defects are occasionally associated with Ebstein 
anomaly. Associated right heart lesions include 
pulmonary stenosis, pulmonary atresia, or 
tetralogy of Fallot; associated left heart lesions 
include bicuspid aortic valve, aortic stenosis, 
aortic atresia, coarctation of the aorta, and mitral 
valve defects. Noncompaction of the left ven-
tricular myocardium is a well-described associ-
ation (Attenhofer Jost et al. 2005) (Fig. 4). The 
apical displacement of the septal tricuspid valve 
may result in discontinuity of the central fibrous 
body and septal atrioventricular ring, thereby 
allowing for accessory pathway formation, as 
seen in Wolff–Parkinson–White syndrome 
(Khositseth et al. 2004), which provides a sub-
strate for supraventricular tachycardia. Atrial 
enlargement may give rise to atrial fibrillation or 
atrial flutter. Ventricular arrhythmias, in the set-
ting myocardial fibrosis or left ventricular non-
compaction, have been described although are 
far less common than atrial arrhythmias.

Fig. 3  Cardiac magnetic resonance imaging of an Amplatzer 
device closure of an atrial septal defect in a patient with 
Ebstein anomaly
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2.2	 �Tricuspid Stenosis

Isolated stenosis of the tricuspid valve stenosis is 
a rare lesion and is typically congenital. Stenosis 
is usually seen at valvular level due to hypoplasia 
or underdevelopment of the tricuspid annulus or 
thickening of the valve leaflets with reduced 
valve orifice. Occasionally, stenosis is supraval-
vular, and occurs as a result of a supravalvular 
ring or membrane at the level of the tricuspid 
annulus or at the midportion of the leaflets. In 
isolated valvular tricuspid stenosis the reduced 
valve orifice may result from thickened or hypo-
plastic tricuspid leaflets, underdeveloped or fused 
commissures, abnormal chordal attachments 
(i.e., parachute deformity) (Freedom 1997), and/
or annular hypoplasia. Significant tricuspid ste-
nosis can result in dilation and hypertrophy of the 
right atrium, and in some cases, hepatomegaly.

2.3	 �Tricuspid Valve Dysplasia

Tricuspid regurgitation is commonly a second-
ary finding in the presence of right ventricular 
disease (i.e., pressure/volume overload, systolic/
diastolic dysfunction). Rarely, tricuspid regurgi-
tation is a primary manifestation of tricuspid 

valve dysplasia. Tricuspid valve dysplasia is not 
a single entity but encompasses various congeni-
tal malformations such as malformation of the 
valve leaflets, hypoplasia of the papillary mus-
cles, and/or abnormalities of tendinous chordae 
apparatus. Tricuspid valve leaflet hypoplasia and 
tethering, most commonly involving the septal 
leaflet, resulting in tricuspid regurgitation, is the 
most frequent expression of tricuspid valve dys-
plasia (Edwards 1993) (Fig. 5).

Fig. 5  Cardiac magnetic resonance imaging of a tricus-
pid valve dysplasia and severe TR

a b

Fig. 4  Cardiac magnetic resonance imaging of left ventricular noncompaction in a patient with Ebstein anomaly in 
short axis (a) and four chamber views (b)
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2.4	 �Tricuspid Valve Disease 
Associated with Other 
Congenital Lesions

The tricuspid valve may be involved in more com-
plex forms of congenital heart disease. Congenital 
corrected transposition of the great arteries (cc-
TGA) is often associated with an Ebstein-like mal-
formation of the tricuspid valve (Fig.  6). In this 
condition, the tricuspid valve serves as a systemic 
atrioventricular valve and, therefore, is exposed to 
higher pressure than in typical Ebstein anomaly 
where the tricuspid valve is a subpulmonary atrio-
ventricular valve. The tricuspid valve leaflets in 
this condition are often dysplastic and, as in usual 
Ebstein anomaly, apical displacement of the atrio-
ventricular junction may be present. Unless bona 
fide Ebstein disease, the anterior leaflet is usually 
not elongated and the incomplete delamination of 
the septal and posterior leaflets are limited such 
that the atrialized portion of the right ventricle is 
not particularly enlarged (hence the designation 
Ebstein-like anomaly) (Allwork et  al. 1976; 
Silverman et  al. 1995; Anderson et  al. 1978; 
Horvath et al. 1994). Annular hypoplasia and tri-
cuspid stenosis have been described in various 
forms of complex congenital heart disease such as 
tetralogy of Fallot, pulmonary atresia with intact 

ventricular septum, transposition of the great arter-
ies, and double-outlet right ventricle. A rare form 
of tricuspid valve disease is the so-called “double-
orifice tricuspid valve” which has been seen in 
association with Ebstein anomaly, tricuspid valve 
dysplasia, tetralogy of Fallot, and atrioventricular 
septal defect (AVSD). Extreme forms of Ebstein 
anomaly or severe tricuspid stenosis/atresia will 
result in profound underdevelopment (hypoplasia) 
of the right ventricle resulting in “single ventricle 
physiology” of the left ventricular type.

3	 �Management

Much of the literature pertaining to management 
of the adult with tricuspid valve disease focuses on 
those with Ebstein anomaly given the rarity of the 
other tricuspid valve lesions (described above). 
With advancing age, survival in the adult with 
unrepaired Ebstein anomaly substantially 
decreases over time. In a cohort of 72 unoperated 
patients over the age of 25 years, Attie and col-
leagues demonstrated that survival was 76% at 10 
years of follow-up with a marked decrease to 41% 
at 20 years (Attie et al. 2000). The American Heart 
Association states that surgery in the adult with 
Ebstein anomaly should only be performed by  

a b

1.94 cm

Fig. 6  Cardiac magnetic resonance imaging of congeni-
tally corrected transposition of the great arteries with 
Ebstein-like anomaly of the tricuspid valve (systemic 

atrioventricular valve) (a) and demonstration of anterior 
and leftward position of the aorta relative to the pulmo-
nary artery (b)
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surgeons with training and expertise in adult con-
genital heart disease and outlines the following as 
class 1 indications for operative intervention: devel-
opment of symptoms/decline in exercise testing, 
development of cyanosis, presence of paradoxical 
emboli, progressive enlargement of cardiothoracic 
silhouette on chest X-ray, and progressive enlarge-
ment or dysfunction of the right ventricle (grade of 
evidence B for all listed criteria) (Warnes et  al. 
2008). The European Society of Cardiology lists 
virtually identical criteria for surgical intervention 
(class 1 or IIa for factors listed above, grade of evi-
dence C) (Baumgartner et al. 2010).

The goals of surgery typically include improve-
ment in tricuspid valve function, closure of residual 
intracardiac shunts (atrial/ventricular septal 
defects), down-sizing of the right atrium through 
plications and/or arrhythmia surgery (typically the 
Maze procedure). Specific surgical strategies may 
include tricuspid valve repair (traditionally mono-
cusp repair and more recently Cone repair), or tri-
cuspid valve replacement, and in the event of 
extreme right ventricular hypoplasia insertion of a 
direct superior vena cava to pulmonary artery con-
nection (i.e., a “Glenn” shunt to offload the right 
ventricle, or a one and a half ventricle repair) 
(Fig. 7). In rare occasions, severe Ebstein anomaly 

with a markedly attenuated right ventricle is best 
treated with a Fontan palliation (single ventricle 
strategy) (Fig. 8). Given the variability in right heart 
function and the challenges in assessment of sys-
tolic function in the presence of significant tricuspid 
valve regurgitation, surgery for Ebstein anomaly 

Fig. 7  Cardiac magnetic resonance imaging demonstrat-
ing prosthetic tricuspid valve replacement in a patient 
with Ebstein anomaly

a

b

Fig. 8  Cardiac CT of a patient with underlying Ebstein 
anomaly palliated with a lateral tunnel Fontan, now calcified. 
Axial view (a) and reconstructed four chamber view (b)
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can incur a perioperative mortality not typically 
seen in other forms of congenital heart disease. 
Therefore, the decision to proceed with surgery in a 
given individual should involve detailed discussion 
amongst a specialized team of adult congenital 
heart disease specialists, congenital heart disease 
surgeons, cardiac anesthesiologists, and in some 
cases, electrophysiologists. The cone surgical 
repair, first described by da Silva (da Silva et  al. 
2007), involving the delamination and rotation of 
the anterior septal leaflet with use of remnant septal 
and posterior leaflets to create a cone with bicuspid 
coaptation of valve leaflets, is now the considered 
the surgical repair of choice and is directed by the 
adequacy of the anterior leaflet size and morphol-
ogy. Recent CMR studies have demonstrated that 
following Cone repair, right ventricular end-dia-
stolic volumes decrease, right ventricular ejection 
fraction remains the same or decreases (Lange et al. 
2015; Li et al. 2016), and pulmonary forward flow 
and left ventricular filling increases corresponding 
to an improvement in aerobic capacity on exercise 
testing (Ibrahim et al. 2015).

4	 �Imaging Techniques

4.1	 �Chest X-Ray

The (erect) chest X-ray can be normal or nearly 
normal in mild cases of Ebstein anomaly. The char-
acteristic findings of a “globular” cardiac silhou-
ette, described in patients with severe Ebstein 
anomaly, relates to marked enlargement of the right 
atrium. Cardiomegaly on X-ray is independently 
associated with adverse outcomes in patients with 
Ebstein anomaly (Attie et al. 2000). Contemporary 
management guidelines for adults with congenital 
heart disease suggest that enlarged or enlarging 
cardiothoracic ratio, as measured on chest X-ray, 
can be considered an indication for operative repair 
(Warnes et al. 2008; Baumgartner et al. 2010).

4.2	 �Echocardiography

Transthoracic echocardiography is considered the 
imaging modality of choice for the initial diagnosis 

of tricuspid valve disease. Characterization of valve 
morphology and function (i.e., stenosis or regurgi-
tation) can be reliably achieved using transthoracic 
echocardiography primarily, and transesophageal 
echocardiography occasionally. Estimation of right 
ventricular pressure, cardiac chamber dimensions 
(right atrial, atrialized right ventricular, and ventri-
cle sizes), and ventricular systolic function can be 
achieved; evaluation of associated congenital heart 
disease lesions (such as atrial or ventricular septal 
defects) can be accomplished. Following initial 
diagnosis, transthoracic echocardiography remains 
the imaging modality of choice for first-line sur-
veillance of disease progression in the adult given 
its widespread availability. Detailed anatomic and 
functional review of the right heart, with specific 
focus on tricuspid valve morphology, as detailed 
above, is essential for patients referred for surgical 
repair. Severity of Ebstein anomaly, as determined 
by linear extent of apical displacement of the septal 
leaflet indexed to body surface area (Seward 1993) 
or a ratio of the areas of the right atrium and atrial-
ized right ventricle as compared with the remainder 
of the heart can be readily accomplished by echo-
cardiography (Celermajer et al. 1992).

4.3	 �Cardiovascular Magnetic 
Resonance Imaging (CMR)

Virtually all aspects of Ebstein anomaly are reliably 
characterized using CMR, with the exception of 
detailed characterization of some aspects of valve 
morphology. As such, CMR is an important, 
although emerging imaging modality in the preop-
erative and postoperative assessment of patients 
with tricuspid valve disease, such as Ebstein anom-
aly. CMR can provide morphologic and physiologic 
information not reliably obtained using echocar-
diography alone. Steady-state free-precession 
(SSFP) cine imaging can allow for characterization 
of tricuspid valve morphology in patients with poor 
acoustic windows, can provide quantification of 
right heart volumes (atrialized right ventricle and 
functional right ventricle) and ventricular systolic 
function (Yalonetsky et al. 2011). Several authors 
have reported lower interobserver variability in the 
axial plane as compared with the short axis view 
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(Yalonetsky et  al. 2011; Fratz et  al. 2012). Phase 
contrast flow analysis can allow for estimation of 
magnitude of an intracardiac shunt (using compari-
son of flow volumes through the main pulmonary 
artery and aorta) and measurement of tricuspid 
regurgitation (by comparison of main pulmonary 
artery flow and right ventricular stroke volume). 
Magnetic resonance angiography (MRA) should be 
used for assessment of associated vascular abnor-
malities, such as abnormalities in pulmonary arte-
rial development, coarctation of the aorta, or patent 
ductus arteriosus.

The role of CMR for risk stratification and pre-
operative assessment of the patient with Ebstein 
anomaly is emerging, although as of yet is incom-
pletely defined. Given the complexities of right 
ventricular anatomy in the patient with Ebstein 
anomaly it is not surprising that echocardiographic 
indices of right ventricular systolic function corre-
late poorly with CMR-derived assessment of right 
ventricular function (Kuhn et  al. 2016). A recent 
prospective study of 16 patients with Ebstein 
anomaly at the Mayo clinic comparing information 
provided by echocardiography and CMR as com-
pared with interoperative findings revealed that 
CMR is superior to echocardiography for assess-
ment of some aspects of tricuspid valve anatomy 
(specifically posterior leaflet morphology and pres-
ence of valve fenestrations) and that quantification 
of right heart size and function was only possible 
with CMR; these authors concluded that it is their 
opinion that CMR be a “compulsory” component 
of preoperative screening for the patient with 
Ebstein anomaly (Attenhofer Jost et  al. 2012a). 
That the functional right ventricle is not diminu-
tive, as suggested by echocardiography, but is nor-
mal in size or, more commonly, is enlarged when 
indexed for body surface area (some reports sug-
gest a median increase in right ventricular end-
diastolic volume more than twice normal) is a 
relatively new observation afforded by CMR and is 
likely explained by the presence of chronic tricus-
pid regurgitation (Fratz et  al. 2012; Tobler et  al. 
2011). A severity score for Ebstein anomaly was 
first described by Celermajer derived from cham-
ber areas apparent in the four chamber view on 
echocardiography ([right atrium + atrialized right 
ventricle]/[functional right ventricle  +  left 

atrium + left ventricle]) and was related to adverse 
outcomes (Celermajer et al. 1992). The first CMR-
derived index of severity of Ebstein anomaly was 
described by Tobler and colleagues, specifically 
the ratio of functional right ventricular end-dia-
stolic volume/left ventricular end-diastolic volume 
ratio was inversely related to peak aerobic capacity 
on cardiopulmonary exercise testing; however vol-
ume of the atrialized right ventricle, another novel 
measure, was the only CMR variable found to be 
independently predictive of exercise capacity 
(Tobler et  al. 2011). More recently, Hosch et  al. 
proposed a simplified severity index relating CMR-
derived volumes of all right heart to all left heart 
structures ([right atrium  +  atrialized right ventri-
cle  +  functional right ventricle/left atrium  +  left 
ventricle]) which was found to be correlated to a 
range of clinical parameters of heart failure and 
functional capacity (Hosch et al. 2014).

Although CMR is widely cited as the imaging 
modality of choice to evaluate anatomy, physiology, 
and ventricular function in the patient with Ebstein 
anomaly, in certain situations CMR may not be per-
formed successfully. Given relatively limited avail-
ability and cost, CMR is still considered a restricted 
imaging modality. In the presence of ongoing irreg-
ularities in heart rhythm (such as frequent ectopy or 
ongoing atrial arrhythmias) image quality may be 
significantly impaired due to suboptimal cardiac 
gating resulting in a non-diagnostic examination. 
CMR is generally contraindicated in pregnancy 
(particularly with regard to administration of gado-
linium and if scanning occurs in the first trimester), 
in patients with in-dwelling devices (pacemakers 
and/or defibrillators) and in those who are claustro-
phobic. Anesthesia is generally required to com-
plete a CMR study in younger children.

4.4	 �Cardiac Computerized 
Tomography

Cardiac CT is generally regarded as a partial alter-
native to CMR. Strengths include rapidity of data 
acquisition, ability to acquire isotropic data at high 
spatial resolution (allowing for subsequent off-line 
analysis), and ability to demonstrate intracardiac 
shunting following opacification of one side of the 
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heart (atrium and ventricle) with dense contrast. 
For the patient with Ebstein anomaly in particular, 
CT will allow for precise visualization of the tri-
cuspid valve position, morphology of the chordae 
tendinae and papillary muscles, presence of an 
intracardiac shunt, and extent of myocardial tra-
beculation. Limitations in temporal resolution and 
acute administration of beta-blockade for heart 
rate modulation to optimize image acquisition 
may affect accuracy of assessment of ventricular 
function by cardiac CT. With contemporary dose 
reduction strategies, cardiac CT is achievable at 
relatively low radiation exposure (generally in the 
order of 1–2  mSv) (da Silva et  al. 2007; Lange 
et al. 2015; Li et al. 2016; Ibrahim et al. 2015).
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1	 �Introduction

Tetralogy of Fallot (TOF) is the most common of 
cyanotic congenital heart diseases. In this chapter 
essential background information regarding eti-
ology, clinical presentation, and treatment 
options in TOF are presented. The main focus is 
on imaging adult TOF, discussing the full spec-
trum of image modalities with special attention 
for CT and MRI. Findings in TOF, late outcome 
aspects, follow-up of complications, and the role 
of imaging in guiding therapy are discussed.

1.1	 �Etiology

Tetralogy of Fallot (TOF) is named after Étienne-
Louis Arthur Fallot, who refined earlier descrip-
tions of the condition in his work “L’anatomie 
pathologique de la maladie bleu.” TOF classi-
cally consists of a tetrad of (1) right ventricular 
outflow tract obstruction, (2) ventricular septal 
defect (VSD), (3) misalignment (dextroposition, 
also referred to as “overriding”) of the aorta, and 
(4) right ventricular hypertrophy (Fig. 1).

The key pathological components in TOF are 
anterocephalad deviation of the insertion of the out-
flow septum and hypertrophy of the septoparietal 
trabeculations of the right ventricular outflow tract, 
resulting in pulmonary stenosis. The anterocepha-
lad deviation of the outflow septum results in an 
interventricular communication (VSD) in continu-
ity with the aortic valve (Pacheco Duro et al. 2010). 
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The aortic valve thus has a biventricular connection 
and the degree to which the aortic valve is posi-
tioned above the right ventricle is referred to as the 
degree of “overriding.” Misalignment between the 
outflow septum and the septoparietal trabeculations 
leads to hypertrophy of the latter and subsequently 
results in pulmonary valve stenosis or infundibular 
stenosis. TOF with pulmonary atresia is a severe 
variant with complete obstruction of the right ven-
tricular outflow tract and agenesis of the pulmonary 
trunk. The forth feature of the tetrad, right ventricu-
lar hypertrophy, is a hemodynamic consequence of 
the anatomical anomalies.

In addition to the tetrad described above, TOF 
is associated with a variety of other anomalies, 
including a bicuspid pulmonary valve, stenosis of 
the left pulmonary artery, dextroposition of the 
aortic arch, a patent oval foramen or atrial septal 
defect (ASD) (also referred to as the pentalogy of 
Fallot), an atrioventricular septum defect (AVSD) 
and anomalous pulmonary venous return.

1.2	 �Clinical Presentation

Fetal circulation is not affected by TOF.  After 
birth however, the lungs replace placental blood 
oxygenation; adequate blood flow to the lungs is 
essential. TOF results in lower levels of oxygen-
ated blood due to the right-to-left shunt of deoxy-
genated blood from the right ventricle through the 
VSD. The VSD is usually large, and in combina-
tion with the right ventricular outflow obstruction, 
results in equal pressure in both ventricles. 
Because of the right ventricular outflow tract 
obstruction preferential blood flow from both 
ventricles is through the aortic valve, resulting in 
a right-to-left shunt and cyanosis (Sommer et al. 
2008). However, in case of mild outflow tract 
obstruction this shunt may be small, and sufficient 
blood flow to the lungs results in normal levels of 
oxygenation (non-cyanotic or “pink” Fallot).

TOF is frequently diagnosed during fetal life, 
but most patients present in the first months after 

a b

Fig. 1  (a) Schematic drawing of a normal heart. (b) 
Schematic drawing of the tetralogy of Fallot. Tetralogy of 
Fallot consists of (1) right ventricular outflow tract 
obstruction, (2) a ventricular septum defect, (3) overriding 

of the aorta over the interventricular septum, and (4) right 
ventricular hypertrophy. Drawing adapted from www.
obgenkey.com
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birth (Apitz et al. 2009). The primary symptom is 
low blood oxygenation resulting in failure to 
thrive, dyspnea, and cyanosis. The severity of 
symptoms is determined by the amount of pul-
monary blood flow, which is influenced by the 
functional behavior of the right ventricular out-
flow tract obstruction, and physiological aspects 
such as ventricular and systemic arterial pres-
sures and the origin of pulmonary blood flow 
(i.e., coming from the right ventricle, or through 
the ductus arteriosus or collateral arteries from 
the aorta or bronchopulmonary arteries). Most 
patients have adequate pulmonary blood flow at 
birth and become cyanotic weeks to months after 
birth, due to progressive outflow tract stenosis 
and right-to-left shunting. However, if blood oxy-
genation is severely hampered after birth, patients 
present with cyanosis immediately.

A particular presentation of TOF are recurrent 
hypercyanotic spells, presumably caused by tran-
sient increased pulmonary blood flow resistance or 
contraction of the right ventricular infundibulum, 
resulting in increased preferential flow of deoxy-
genated blood to the systemic circulation. This 
results in sudden onset of (increased) cyanosis and 
may lead to syncope, hypoxic injury, and death.

1.3	 �Current Treatment Options

Before surgical intervention was introduced 
about 35% of the patients with TOF died within 
the first year of life, 50% reached the age of 3 
years, and survival after the age of 30 years was 
exceptional (Bertranou et  al. 1978). Nowadays, 
almost all patients that receive surgical correction 
can expect to reach adult life. Corrective surgery 
aims to completely close the VSD and create an 
unobstructed ventricular outflow tract, with pres-
ervation of the right ventricular function and pul-
monary valve function. In the early years of 
corrective surgery, repair was performed by 
means of right ventriculotomy. From the mid six-
ties transatrial-transpulmonary approaches with 
or without patch repair of the outflow tract 
improved early to middle-term outcome (Karl 
et  al. 1992). Currently, correction of TOF 
has  evolved from complete relief of outflow 

obstruction with extensive resection of infundib-
ular muscles, often at the expense of pulmonary 
valve regurgitation, towards accepting residual 
obstruction in order to preserve pulmonary valve 
function, with the aim to minimize late adverse 
effects (Van Arsdell et al. 2005).

The best age for elective surgical repair is now 
considered to be within the first year of life (Van 
Arsdell et al. 2000; Al Habib et al. 2010). Surgical 
repair in patients younger than 3 months has been 
associated with extended intensive care stay and 
hospitalization (Van Arsdell et  al. 2000). Many 
centers reserve such early repair for patients pre-
senting with severe cyanosis or hypercyanotic 
spells. Potential disadvantages of surgical correc-
tion later in life include complications of long-
lasting right ventricle pressure overload and 
cardiomyopathy due to long-term hypoxemia, 
which has been related to ventricular dysfunction 
and arrhythmias (Chowdhury et al. 2006).

In patients who are not fit for primary correc-
tive surgery (contraindications include aberrant 
coronary arteries, small caliber pulmonary arter-
ies, and coexisting cardiac malformations) pallia-
tive surgery is performed. The goal of palliative 
surgery is to increase the pulmonary blood flow 
and/or to create a time-window as to allow pul-
monary arteries to grow in preparation for correc-
tive repair at second stage. Various types of 
palliative procedures have been developed over 
time, but have also been abandoned because of 
complications or imposing difficulties on second-
ary corrective procedures. The current palliative 
surgery procedure of choice is the modified 
Blalock-Taussig shunt, where a Gore-Tex graft is 
placed between one of the arch vessels and the 
pulmonary artery. This shunt increases pulmo-
nary blood flow and helps the pulmonary arteries 
to develop (Jahangiri et  al. 1999). The risk of 
complications related to the arch vessel is small.

1.4	 �Complications and Treatment 
Options

Most corrective surgery procedures have an 
uncomplicated course. A minority of infants devel-
ops a low cardiac output syndrome or junctional 
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ectopic tachycardia (Cullen et al. 1995; Tharakan 
et  al. 2014). These conditions are presumably 
caused by mechanical trauma to the myocardium 
or the conductive tissue and are of a transient 
nature, but require prolonged and intensive care.

Some TOF patients may have major aortopul-
monary collateral arteries (MACPAs). MAPCAs 
are intersegmental arteries arising at various 
points from the descending aorta that connect to 
the pulmonary hilum to supply the lungs with 
blood. With normal development of the pulmo-
nary arteries these connections regress during 
embryogenesis, but MAPCAs may persist in case 
of pulmonary atresia (Boshoff et  al. 2006). 
Because of their similar anatomy MAPCAs are 
likely dilated bronchial arteries (Nørgaard et al. 
2006). MAPCAs increase in size with physical 
growth and large MAPCAs may lead to pulmo-
nary hypertension, often necessitating interven-
tion early in life (Prieto 2005). MAPCAs may 
further lead to compression of the esophagus and 
airways. Importantly, MAPCAs may cause major 
and fatal bleeding (Miyazaki et  al. 2001; 
Lanjewar et al. 2012; Sharma et al. 2016).

The majority of late complications is related 
to pulmonary valve regurgitation and are major 
cause of reoperation. Other complications include 
aortic root dilatation, regurgitation of the tricus-
pid and aortic valve, and shunt-related complica-
tion after palliative surgery.

Previously, surgery focused on complete relief 
of right ventricular outflow tract obstruction, 
accepting freely regurgitant pulmonary flow and 
dilatation of the outflow tract. However, the 
degree of pulmonary valve regurgitation has now 
been related to adverse late outcomes, including 
biventricular heart failure, ventricular arrhythmia, 
and sudden death. Imaging plays an essential role 
in the evaluation and follow-up of TOF patients.

2	 �Imaging Goals

The natural course of pulmonary valve regurgita-
tion is slow and late adverse effects usually pres-
ent only after decades. Although complications 
can occur at young age, they are few during the 
first 30 years of life. Older patients with important 
pulmonary valve regurgitation may rapidly 
develop progressive and fatal right ventricular 

failure (Shimazaki et al. 1984). Studies have dem-
onstrated a direct relation between the severity of 
pulmonary valve regurgitation and right ventricu-
lar dilatation (Carvalho et  al. 1992; Rebergen 
et  al. 1993). Pulmonary valve regurgitation also 
relates to right ventricular afterload that is 
increased in patients with coexisting pulmonary 
artery stenosis (Chaturvedi et al. 1997). Moreover, 
a multicenter study in almost 800 patients has 
demonstrated that pulmonary valve regurgitation 
is an important determinant of symptomatic ven-
tricular arrhythmia (Berul et  al. 1997). Imaging 
plays an important part in the follow-up of patients 
with TOF and mainly focuses on the assessment 
of pulmonary valve regurgitation and right ven-
tricular dilatation. With quantifying changes in 
pulmonary valve regurgitation and right ventricu-
lar dilatation over time, imaging assists in deci-
sion-making and timing pulmonary valve 
replacement. Optimal timing of pulmonary valve 
replacement is a topic of ongoing research.

Furthermore, imaging is used for the assess-
ment of coexisting abnormalities and other late-
term complications, such as aortic root dilatation. 
Progressive aortic valve regurgitation and a root 
diameter over 55 mm are commonly accepted as 
indication for aortic root surgery, especially when 
an indication for pulmonary valve replacement 
already exists (Apitz et  al. 2009). In addition, 
with increasing survival, late adult life conditions 
such as atherosclerotic coronary artery disease 
are new aspects in the management of (older) 
TOF patients (Coutu et al. 2004). Imaging assists 
in early detection and therapy guidance (e.g., pre-
operative surgical revascularization assessment).

Various imaging modalities are involved in the 
assessment of TOF patients, each with specific 
aims and/or possibilities. The role of 
echocardiography, conventional X-ray, CT and 
MR techniques and nuclear imaging will be dis-
cussed below.

3	 �Imaging Techniques

3.1	 �Echocardiography

Echocardiography provides real-time assessment 
of ventricular size and function, myocardial wall 
thickness and motion, valvular anatomy and 
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function, and hemodynamic information. It is 
readily available, non-invasive, fast, and inexpen-
sive. Echocardiography plays a crucial role dur-
ing fetal life and in small children with TOF 
(Fig. 2), as well as during early follow-up after 
corrective surgery. Over time, increasing empha-
sis is put towards recognizing pulmonary valve 
regurgitation and right ventricular dysfunction. 
Objective, reliable, and repeatable measurements 
for right ventricular size and function and pulmo-
nary valve regurgitation are needed to guide 
future follow-up and therapy. Children can be 
evaluated well with echocardiography; however, 
imaging in adults may become limited by 
restricted acoustic window (Valente et al. 2014).

Quantitative functional analysis of the right ven-
tricle encompasses both geometrical measurement 

of the volume, and nongeometrical parameters 
including TAPSE (tricuspid annular plane sys-
tolic excursion) and Doppler studies. The right 
ventricular volume and function can be derived 
from 2D echocardiographic measurements, using 
methods like the RVOT fractional shortening and 
the fractional area change. These parameters can 
be readily acquired. However, calculation of the 
right ventricular ejection fraction from the frac-
tional area change is suboptimal because the cal-
culation assumes a conical ventricular shape. 
Although applicable for the left ventricle, it is not 
for the right ventricle, in particular not in 
TOF  patients with surgically corrected RVOT 
and right ventricular dilatation, especially at 
the  apical level (Van der Hulst et  al. 2011; 
Carminati et  al. 2015). Three-dimensional (3D) 

a

c d

b

Fig. 2  Two-month-old female patient with uncorrected 
tetralogy of Fallot. Using echocardiography with 2D grey-
scale imaging the tetrad of abnormalities can be evaluated 
(a, b): overriding of the aorta (Ao) over the interventricu-
lar septum (IVS), with subsequent ventricular septal 
defect, hypertrophy of the right ventricle (RV, asterisk) 
and narrowing of the right ventricular outflow tract 
(arrowheads). Using 2D color Doppler echocardiography 
(c) turbulence starting in the right ventricular outflow tract 

and continuing in the main pulmonary artery (MPA) can 
be seen. Continuous wave Doppler measurements (d) 
allow the evaluation of the pressure gradient over the right 
ventricular outflow tract and the MPA, with the use of the 
modified Bernouilli equation. Maximum velocity was 
4.6 m/s, corresponding to a pressure gradient of 85 mmHg 
(LV left ventricle, RPA right pulmonary artery, LPA left 
pulmonary artery)
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echocardiography may improve right ventricular 
evaluation but is still hampered by limited spatial 
and temporal resolution. 3D echocardiography 
underestimates the right ventricular volume and 
function, especially in larger right ventricles 
(with an end-diastolic volume over 200  mL), 
which is often the case in TOF patients (Iriart 
et  al. 2009; Khoo et  al. 2009; Shimada et  al. 
2010).

TAPSE measures the systolic displacement 
of the annular plane towards the ventricular 
apex and is widely used as an indicator for 
right ventricular function in the general popu-
lation. However, the longitudinal shortening 
of the right ventricle is measured only while 
contractions may be dominant in other direc-
tions, especially in ventricular hypertrophy. A 
study in TOF patients has shown weak correla-
tion between TAPSE and right ventricular 
function (i.e., ejection fraction) (Koestenberger 
et al. 2011).

Doppler echocardiography delivers hemody-
namic information, such as measurement of the 
pulmonary gradient, which can help in decision-
making for pulmonary valve replacement 
(Carminati et al. 2015).

Thus, although echocardiography is readily 
available and widely used as the primary imag-
ing modality for follow-up TOF patients after 
corrective surgery, the reliability and repeat-
ability specifically for right ventricular mea-
sures is limited (Carminati et  al. 2015). 
Follow-up of adult TOF patients is therefore 
often complimented with other imaging modal-
ities, especially when echocardiographic find-
ings indicate deteriorating right ventricular 
function. The current guidelines for the man-
agement of adults with congenital heart disease 
recommend annual 2D echocardiography, com-
plimented with cardiac MRI every 2–3 years 
(Warnes et al. 2008).

3.2	 �Radiography

Chest radiographs in patients with TOF may clas-
sically demonstrate a boot-shaped appearance of 
the heart (Fig. 3). Right ventricular hypertrophy 
may elevate the left ventricular apex, resulting in 
the upturned appearance of the heart. A small 

main pulmonary artery may further result in a 
narrow mediastinum, the “upper part of the boot.” 
The upturning of the heart apex increases with 
the severity of RVOT obstruction. Although it is 
said to be classic, only infants with severe TOF 
demonstrate the sign (Haider 2008). Historically, 
the sign could be seen in older patients too, dem-
onstrated by an old study in patients aged 14 
weeks to 32 years, showing the boot-shaped heart 
sign in up to 70% of cases (Johnson 1965). 
Because the diagnosis of congenital heart disease 
is currently usually made early in (prenatal) life 
by echocardiography and followed by treatment 
within the first year of life, the sign is now only 
seen in infants with severe pulmonary atresia or 
older patients who have not been treated. 
Noteworthy, a frontal chest radiograph of a nor-
mal heart with a lordotic projection may result in 
a “false-positive” boot-shaped heart sign as well.

The role of chest radiographs in the follow-up 
of adults with TOF is limited. The anteriorly 
located right ventricle occupies little of the car-
diac silhouette; chest radiographs have therefore 
low sensitivity in the evaluation of right ventricu-
lar failure (Boxt 1999). Also, indirect signs of 
deteriorating right ventricular function (e.g., 
changes in pulmonary circulation) cannot be 
depicted well enough, and chest radiographs are 
insufficient to guide follow-up or therapy. 
However, chest radiographs may be useful for the 
detection of stent fractures in patients with 
valve-containing pulmonary artery stent grafts 
(McElhinney 2011) (Fig. 4).

Fig. 3  Six-week-old female patient with uncorrected 
TOF. Frontal chest X-ray taken preoperatively, showing a 
boot-shaped appearance of the heart with elevated left 
ventricular apex

R.W. Sprengers et al.



95

3.3	 �CT

Advances in multidetector row computed tomog-
raphy (CT) technology have resulted in increased 
spatial and temporal resolution. New reconstruc-
tion algorithms allow improved image quality 
with a substantial reduction in ionizing radiation 
dose. The improvements in temporal resolution 
have also greatly boosted the application of CT 
for cardiac imaging, nowadays allowing for 
imaging of the whole heart in a single breath-
hold, or even in a fraction of a second.

Because CT images are reconstructed from 
multiple projections, CT is sensitive to motion 
that result in blurring artifacts. To reduce motion 
artifacts, data acquisition is performed during 
breath-hold (minimizing respiration related 
motion artifacts) and prospective ECG trigger-
ing. ECG triggering is used to time data acquisi-
tion during the rest phase of the cardiac cycle, 
when motion of the heart itself is at minimum. In 
patients with slow heart rates (e.g., <65  bpm), 

this is at mid-diastole. In patients with higher 
heart rates (e.g., >75 bpm), the mid-diastolic rest 
phase becomes too short and the best phase shifts 
to the end-systolic phase of the RR-interval. A 
slow heart rate improves image quality. For cer-
tain indications (e.g., coronary artery CT angiog-
raphy) pharmacological heart rate control is 
usually indicated and beta-blockers are generally 
used. For selective indications imaging may be 
performed using retrospective ECG gating, 
where data is acquired during the full cardiac 
cycle (RR-interval) at the expense of higher radi-
ation dose. Specific phases can then be retrospec-
tively selected throughout the RR-interval. Also, 
the dataset can be reconstructed as a “movie-
loop,” for ventricular function analysis.

3.3.1	 �Ventricular Volume 
and Function

Right and left ventricular volumes and function 
can be determined with CT by using retrospective 
ECG reconstruction when acquired throughout 

a

c

b

Fig. 4  Twelve-year-old female patient with corrected 
TOF after pulmonary valve replacement with a valve-
containing stent graft. Frontal chest X-ray (a) and detailed 
views (b, c). Suboptimal deployment of the stent graft 

with slight residual stenosis at the level of the pulmonary 
valve (a, b). Approximately 6 months later (c): multiple 
stent-strut fractures (arrows) with signs of progressive 
stenosis
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the cardiac cycle. Acquisition must include the 
end-systolic and end-diastolic phases. Multiple 
phases of the RR-interval are reconstructed with a 
5 or 10% interval that can be displayed as movie-
loop. A 10% interval is sufficient for global func-
tion analysis with reduced post-processing time 
and data transfer (Joemai et al. 2008). Global and 
regional function such as motion and wall thick-

ening can be visually evaluated. End-diastolic 
volume, end-systolic volume, stroke volume, and 
ejection fraction can be (automatically) calculated 
after (automatically) drawing endocardial con-
tours on the end-diastolic and end-systolic phases 
(Fig. 5 shows an example of left ventricular vol-
ume analysis). By drawing epicardial contours, 
ventricular mass can be calculated as well. CT 

a

c

b

d

Fig. 5  Fifty-nine-year-old female patient with corrected 
TOF. CT views of the left ventricle in short axis (a), verti-
cal long axis (b, d), and volume rendering (c). Automated 
detection of endocardial (continuous line) and epicardial 
(dotted line) contours of the left ventricle (a).The ven-
tricular volume is automatically segmented (shaded areas 
in a, b, c, and d), with exclusion of the papillary muscles. 
This is automatically performed for all available phases 
throughout the cardiac cycle, including end-diastolic (b) 

and end-systolic phase (d). The end-diastolic volume, 
end-systolic volume, stroke volume, and ejection fraction 
are automatically calculated. The myocardial mass can be 
calculated from the difference between the endocardial 
volume from the epicardial volume. A volume rendering 
of the segmented volume (c) aids visual assessment of the 
ventricular function during playback of the “movie-loop.” 
Note the pacemaker leads visible in the right atrium and 
ventricle in the end-systolic phase (d)
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measurements of ventricular volume and function 
correlate well with cardiac MRI (Lembcke et al. 
2005; Raman et al. 2006). Because of inherit radi-
ation exposure, ventricular function assessment 
with cardiac CT should be reserved for patients 
with contraindications for cardiac MRI (see para-
graph on MRI limitations).

3.3.2	 �Pulmonary Arteries
Because of its excellent spatial resolution, CT is 
an excellent tool for imaging the pulmonary 
arteries. Congenital abnormalities such as pul-
monary artery stenosis and morphologic abnor-
malities after palliative surgical correction are 
often seen. With multiplanar reconstruction tools, 
CT provides an easy way to evaluate the pulmo-
nary artery diameter or to visualize abnormal 
pulmonary artery course (Fig. 6).

CT allows for detailed imaging of the extent 
and course of MAPCAs (Fig. 7), often necessary 
before treatment.

Treatment of pulmonary artery stenosis is 
increasingly performed by means of balloon angio-
plasty and stenting (Fig.  8). The effects of treat-
ment and complications such as intimal hyperplasia 
or stent fracture may be evaluated with CT.

3.3.3	 �Aortic Root
TOF may be complicated by aortic root dilata-
tion. Both cardiac MRI and CT can be used to 
assess aortic dimensions. CT acquisition must be 
performed with ECG gating to prevent motion 
artifacts. Measurements should be performed in 
double oblique fashion (perpendicular to the axis 

of blood flow) and include the vessel wall for 
reproducibility and comparison reasons (Hiratzka 
et al. 2010). The topic aortic root dilatation is fur-
ther discussed in the MRI section of this chapter.

3.3.4	 �Coronary Arteries
The role of CT in the assessment of atheroscle-
rotic coronary artery disease and related risk strat-
ification is well established. Increasing number of 
TOF patients reach age where atherosclerotic 
coronary artery disease may become relevant. 
Assessment of coronary artery disease in TOF 
patients is similar to any other patient. Preoperative 

a b c

Fig. 6  Twenty-one-year-old male patient with a homo-
graft conduit between the right ventricle and pulmonary 
arteries. CT multiplanar reconstruction (MPR) centered 
on the conduit with axial oblique (a), parasagittal (b), and 

double oblique semi-coronal view (c). MPR provides an 
easy way to evaluate the pulmonary artery diameter. Note 
the extensive calcifications in the RVOT and homograft 
(arrows), as well as a dilated aortic root (arrowhead)

Fig. 7  Four-month-old male patient with pulmonary 
atresia. CT parasagittal view shows a major aortopulmo-
nary collateral artery (MAPCA), arising from the descend-
ing aorta and connecting to the right hilum
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assessment of the coronary artery anatomy in 
TOF patients, e.g., before (percutaneous) pulmo-
nary valve implantation, may be performed by 
cardiac CT or MRI. Despite advances in cardiac 
MRI that improved the visualization of the coro-
nary arteries, CT has much higher diagnostic 
accuracy (Hamdan et  al. 2011). If evaluation of 
the origin or proximal course of the coronaries is 
uncertain on cardiac MRI, additional assessment 
with cardiac CT may be needed for planning sur-
gical or percutaneous interventions (Fig. 9).

3.3.5	 �CT Limitations
The use of ionizing radiation is a drawback of 
CT. Since the risk for cancer increases with dose 
and repeated exposure, this is particularly true for 
follow-up (Brenner et al. 2003). Risks related to the 
administration of iodinated contrast agent are con-
trast-induced nephropathy and risk for allergic reac-
tion (Weisbord et al. 2008; Andreucci et al. 2014).

3.4	 �MRI

Cardiac MRI is the imaging modality of first 
choice in adult TOF patients for follow-up and 
for assessing complications. Cardiovascular 
anatomy, biventricular size and function, myo-
cardial viability, and blood flow and function 
can be evaluated. MRI is considered the refer-
ence standard for quantification of right ventric-
ular size and function and pulmonary 
regurgitation (Kilner et  al. 2010). Using an 
imaging protocol that combines multiple MRI 
techniques, morphologic and hemodynamic 
changes can be monitored over time (Fratz et al. 
2013). Because of the variety in MR imaging 
sequences that can be used, imaging protocols 
may vary from simple and short to complex and 
extensive. We use sequences depending on the 
clinical question that has to be answered. A 
minimal standard follow-up protocol includes at 
least axial cine-series for assessing right and left 

a b c

Fig. 8  Twenty-one-year-old male patient with corrected 
pulmonary atresia and right pulmonary artery stenosis. 
CT multiplanar reconstruction centered on the right pul-
monary artery with axial oblique (a), coronal oblique (b), 
and double oblique view (c), showing a stent placed in the 

right pulmonary artery to treat the stenosis (arrows). The 
stent is well deployed without signs of restenosis or in-
stent stenosis. The effects of treatment and the presence of 
complications can be easily evaluated with CT

Fig. 9  Same patient as in Fig. 8. CT angiography with 
maximum intensity projection (MIP) of the coronary 
arteries, demonstrating an aberrant course of the right 
coronary artery (arrows) arising from the left coronary 
sinus with retro-aortic course to the right atrioventricular 
groove. A retro-aortic course is benign

R.W. Sprengers et al.



99

ventricular function and morphology (when the 
morphology is rather normal, the pulmonary 
morphology can often be evaluated on these 
images as well). Also, phase-contrast flow series 
of the pulmonary artery are made for assessing 
regurgitation and stenosis, series of the aortic 

valve for calculating shunt fraction by compar-
ing flow with that of the pulmonary artery, and 
series of the tricuspid valve for assessing right 
ventricular diastolic function. Table 1 shows an 
overview of commonly used imaging sequences 
and their indications.

Table 1  Overview of MRI sequences and their purpose

Acquisition Orientation Purpose Sequence

Localizer –Axial
–Sagittal
–Coronal
–Oblique

–Planning other sequences
–Anatomical survey
–Extracardial findings

–

Black blood –Axial
–Sagittal
–Coronal

–Cardiac anatomy Double IR FSE

Single slice cine –2-Chamber LV
–2-Chamber RV
–3-Chamber LV (LVOT)
–4-Chamber (long axis)
–RVOT

–Cardiac anatomy
–Ventricular wall motion
–Outflow obstruction

SSFP GE

Multi-slice cine –Axial (preferred)
–Ventricular short axis

–Cardiac anatomy
–Ventricular wall motion
–Outflow obstruction
–Ventricular volume
–Ventricular wall mass
–Ventricular function

SSFP GE

Flow Perpendicular to:
–Proximal MPA
–Proximal aorta
–Mitral valve
–Tricuspid valve

Quantifying:
–Pulmonary flow
–Systemic flow
–Valve regurgitation
–Peak flow velocity
Assessment of ventricular 
diastolic dysfunction

PC GE

Flow Perpendicular to:
–Proximal LPA
–Proximal RPA

Quantifying differential 
pulmonary artery flow

PC GE

Flow 4D dataset Quantifying:
–Pulmonary flow
–Systemic flow
–Valve regurgitation
–Shunt fraction (direct shunt 
measurement)
–Eccentric jets

PC GE echo 
planar

Late enhancement –Ventricular short axis
–2-Chamber LV
–3-Chamber LV (LVOT)
–4-Chamber

Myocardial scarring Phase sensitive IR

Late enhancement 3D dataset Myocardial scarring Phase sensitive IR

MRA Sagittal oblique Vascular anatomy 3D spoiled GE

LV left ventricle, RV right ventricle, LVOT left ventricular outflow tract, RVOT right ventricular outflow tract, MPA main 
pulmonary artery, LPA left pulmonary artery, RPA right pulmonary artery, ECG electrocardiography-triggered, IR 
inversion recovery, FSE fast spin echo, SSFP steady-state free precession, PC phase-contrast, GE gradient echo
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c

a

Fig. 10  Forty-nine-year-old female with corrected 
TOF.  MRI bright blood (SSFP) images in axial (a), 
2-chamber left (b), and 2-chamber right (c) view. Note the 
asymmetric chest wall, with ventral displacement at the 

level of the dilated right ventricle. SSFP images acquired 
throughout the cardiac cycle allow for visual assessment 
of ventricular size, function, and wall motion

In general, SSFP (steady-state free precession 
gradient-echo technique) imaging is typically 
used for imaging and measuring ventricular func-
tion and mass, as well as for visualizing valve 
leaflets and to assess the cardiac and surrounding 
anatomy. Images are acquired at standard cardiac 
planes (e.g., 2-chamber, 3-chamber, and 
4-chamber views) throughout the cardiac cycle 
and allow for the visual assessment of ventricular 
function, wall motion, and valve function 
(Fig.  10). Continuous stacks of cine images are 
acquired in axial plane and include the entire ven-
tricles to allow for reliable quantification of the 
ventricular end-diastolic and end-systolic vol-
umes, as to calculate stroke volume and ejection 

fraction. Because the right ventricular morphol-
ogy, global and regional function are best evalu-
ated on axial (“transverse”) series, and the left 
ventricle can be adequately evaluated regarding 
volumes and ejection fraction on these series as 
well, axial series are preferred over “left ventricu-
lar short-axis views” in TOF patients. Double 
inversion recovery (IR) fast spin-echo (FSE) 
sequences, also known as “black blood imaging” 
(Fig. 11), or ECG-triggered, respiratory-navigated 
SSFP “white blood” sequences can be used to 
produce high-resolution, high-contrast static 
images (Valente et al. 2014).

Furthermore, non-contrast and contrasted-
enhanced MR angiography sequences allow for 
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the acquisition of 3D datasets for the assessment 
of systemic and pulmonary vessels and ECG-
triggered phase-contrast sequences may be used 
to measure blood flow and quantify valve regur-
gitation fractions. Late enhancement sequences 
allows for the assessment of myocardial scaring 
and fibrosis after surgical correction.

3.4.1	 �Ventricular Volume 
and Function

Cardiac MRI is the reference standard for quanti-
fication of the ventricular volume and mass. To 
determine the volume of a ventricle, the blood 
pool area on all slices on which the ventricle is 
visible (n) is pooled and multiplied with the slice 
thickness according to the equation:

Volume blood pool area

slice thickness

mL mm

mm
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n
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´ ( )
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For calculating the blood pool volume, the 
area is drawn on each slice at the endocardium-
blood boundary. Papillary muscles and trabecula-
tions may be included or excluded from the blood 
pool volume; this should be done so consistently 
for end-systolic and end-diastolic phases to avoid 
over- or underestimation of volumes and function. 
Also, this should be done consistently during 

follow-up to allow for reliable comparison of vol-
umes over time. Volumes are traced in end-
diastolic and end-systolic phases (Fig.  12) and 
the difference between these two volumes repre-
sents the stroke volume:

Stroke volume (mL)  =  end diastolic vol-
ume (mL) − end systolic volume (mL).

From this, the ejection fraction and cardiac 
output can be calculated:

Ejection fraction
stroke volume

diastolic volume
%( ) = ( )mL

mend LL( )
and

Cardiacoutput stroke volume

heart rate

mL
mL

bpm
min

æ
è
ç

ö
ø
÷ = ( )
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In patients with surgically corrected TOF, par-
ticular attention should be paid to selecting the 
correct end-diastolic and end-systolic phases for 
each ventricle individually, as these may differ 
due to conduction delay in the right ventricle 
(Geva 2011).

The ventricular mass can be calculated the 
same way by additionally tracing the epicardial 
border of the ventricle, thus creating an epicardial 
volume. The difference between the epicardial 

ba

Fig. 11  Same patient as in Fig. 10. MRI black blood (double IR FSE) images in axial view (a) and coronal view (b). 
Black blood sequences produce high-resolution, high-contrast static images
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volume and blood pool volume results in the ven-
tricular wall muscle volume that can be converted 
to mass by multiplying it with the specific gravity 
of myocardial muscle (1.05):

Ventricular wall mass  (g) = (epicardial vol-
ume (mL) − blood pool volume (mL)) × 1.05.

Increased right ventricular mass in patients 
with surgically corrected TOF has been associ-
ated with increased risk of adverse outcomes. 
However, because of the complex right ventricular 
morphology, the right ventricular contours for 
mass calculation are rather difficult to analyze, 
with large variation in accuracy and reproducibil-
ity (Valente et al. 2014).

Table 2 shows normal values for end-systolic 
and end-diastolic volumes of the left and right 
ventricle, differentiated for gender and age decile, 
obtained from 120 healthy subjects (Maceira 
et al. 2006). In the follow-up of TOF patients it is 
important to determine the volume and function 
for both ventricles. The ejection fractions of the 
right and left ventricle are closely correlated and 
right ventricular dilatation and dysfunction may 
lead to left ventricular dysfunction (Geva et  al. 
2004). Systolic dysfunction of the left ventricle is 
present in 20% of patients with surgically cor-
rected TOF, and is strongly associated with 

arrhythmia (Broberg et  al. 2011; Khairy et  al. 
2010). In a multivariate analysis on patients with 
repaired TOF, a left ventricular ejection fraction 
below 55% showed to be an independent predic-
tor for major adverse clinical outcome including 
death, sustained VT, and progression to NYHA 
class III or IV (Knauth et al. 2008).

Surgically corrected TOF patients may have 
impaired diastolic function of the right ventricle 
(Van den Berg et al. 2007). Diastolic ventricular fill-
ing happens by active relaxation of the myocardium 
at early diastole (the E-wave) and passive relaxation 
at late diastole (the A-wave, during atrial contrac-
tion). The two major determinants of ventricular 
filling are ventricular relaxation and chamber com-
pliance, reflected by the inflow pattern of blood 
from the atrium. The inflow patterns of the right and 
left ventricles can be evaluated by means of the flow 
curves across the tricuspid valve and mitral valve, 
respectively. Measured variables include peak 
velocities of the E-wave and A-wave and the decel-
eration time of the E-wave. The E/A-ratio repre-
sents the difference between the peak velocities of 
the E-wave and A-wave. The E-wave is influenced 
by atrial pressure at atrioventricular valve opening 
and the rate of ventricular relaxation. The A-wave 
occurs at atrial contraction after ventricular relax-
ation, and depends on ventricular compliance.

a b c

Fig. 12  Same patient as in Fig.  10. Volume tracing on 
MRI cine images. The blood pool area of the left ventricle 
(fine dotted line) and right ventricle (dotted line) are 
traced in end-diastolic (a) and end-systolic (b) phase. 
From this the ventricular volume and function can be cal-
culated (volume rendering of both ventricles shown in c). 
End-diastolic volumes for left and right ventricles are 
156 mL and 358 mL, respectively. End-systolic volumes 

for left and right ventricles are 74 mL and 264 mL, respec-
tively. Stroke volume of the left ventricle is 82 mL, of the 
right ventricle is 94 mL. Ejection fractions: 52% and 26%, 
respectively. By tracing the epicardial contours the mass 
can be calculated, for the left ventricle (continuous line). 
This is 191 g. Similarly, this can be done for the right ven-
tricle, but is less reliable
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Normal diastolic function has an E/A-ratio > 1. 
Impaired relaxation is the earliest manifestation 
of diastolic dysfunction. Impaired relaxation 
leads to a lower early filling velocity (lower 
E-wave peak, with prolonged E-wave decelera-
tion time). A compensatory increased flow at 
atrial contraction leads to an increased A-wave 
peak. The E/A-ratio may become reversed (<1) 
(Fig. 13). This flow pattern also occurs naturally 
with physical aging and is usually seen in patients 
over 70 years (Strait et al. 2012). With progres-
sive decrease of ventricular compliance, diastolic 
dysfunction increases. High atrial pressure at 
atrioventricular valve opening leads to fast early 
filling of the ventricle (high E-wave peak). A 
more rapid increase in ventricular pressure short-
ens the E-wave deceleration time. The increased 
ventricular pressure also hampers forward flow 
during atrial contraction, leading to a lower 
A-wave peak. The flow pattern of decreased 

ventricular compliance (also referred to as restric-
tion to ventricular filling) thus resembles the flow 
pattern of normal diastolic function with E/A-
ratio  >  1. This phenomenon is referred to as 
pseudo-normalization of the E/A-ratio. 
Determining the flow direction in the inferior 
vena cava or hepatic veins may aid in distinguish-
ing normal right ventricular diastolic function 
from pseudo-normalization. Normal flow in the 
veins has a forward direction during systole and 
diastole and a retrograde direction during atrial 
contraction. With decreased compliance of the 
ventricle, forward flow decreases and retrograde 
flow during atrial contraction increases. The ratio 
between ventricular forward flow and retrograde 
venous flow is an indicator of ventricular compli-
ance. With further progression of restrictive fill-
ing the E-wave increases and E-wave deceleration 
time decreases, leading to a steep, short E-wave. 
In severe diastolic dysfunction, the E/A-ratio 

Table 2  Normal absolute end-diastolic (EDV) and end-systolic (ESV) volumes in mL, papillary muscles excluded 
from volume

Normal left ventricular volumes

Males 20–29 30–39 40–49 50–59 60–69 70–79

EDV 126–208 121–204 117–200 113–196 109–191 105–187

ESV 35–80 33–78 31–76 29–74 27–72 25–70

EDV/BSA 68–103 66–101 64–99 62–97 60–95 58–93

ESV/BSA 19–41 18–39 17–38 15–37 14–36 13–35

Females 20–29 30–39 40–49 50–59 60–69 70–79

EDV 112–193 108–189 104–185 100–181 96–177 91–172

ESV 32–73 30–71 28–69 26–67 24–65 21–62

EDV/BSA 67–101 64–98 62–96 59–93 57–91 54–88

ESV/BSA 19–39 18–38 16–36 15–35 14–34 12–32

Normal right ventricular volumes

Males 20–29 30–39 40–49 50–59 60–69 70–79

EDV 127–227 121–221 116–216 111–210 105–205 100–200

ESV 38–98 34–94 29–89 25–85 20–80 16–76

EDV/BSA 68–114 65–111 62–108 59–105 56–101 52–98

ESV/BSA 21–50 18–47 16–45 13–42 11–40 8–37

Females 20–29 30–39 40–49 50–59 60–69 70–79

EDV 100–184 94–178 87–172 81–166 75–160 69–153

ESV 29–82 25–77 20–72 15–68 11–63 6–58

EDV/BSA 65–102 61–98 57–94 53–90 49–86 45–82

ESV/BSA 20–45 17–43 14–40 11–37 8–34 6–32

Data adapted from Maceira et al. 2006a and b. 95% confidence interval of normal ventricular volumes per age decile for 
adult males and females (10 subjects per subdivision, 120 subjects in total). Values indexed to body surface area (BSA) 
in mL/m2 (mean BSA in males was 1.96, mean BSA in females was 1.71)
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usually becomes >2 (Nishimura et  al. 1997). 
Noteworthy, age-dependent variation, respira-
tion, and inter-individual variation may hamper 
interpretation of inflow patterns. Furthermore, 
care should be taken to correct for pulmonary 
regurgitation, especially while interpreting the 
patterns in TOF patients.

The fundamental abnormality of impaired 
relaxation/restriction to right ventricle filling in 
TOF patients is ventricular hypertrophy due to 
an increased afterload of the right ventricle 
(Lam et al. 2007). The decreased compliance of 
the right ventricle leads to filling resistance. 
When this filling resistance exceeds the pulmo-
nary vascular resistance, the right ventricle acts 
as conduit between the right atrium and pulmo-
nary artery. As a result end-diastolic antegrade 
flow in the pulmonary artery may be observed. 
End-diastolic antegrade flow is present in a sig-
nificant portion of TOF patients (Gatzoulis et al. 
1995a; Van den Berg et al. 2007). Reports on the 
presence of restrictive physiology in adult TOF 
patients during long-term follow-up have 
been  equivocal. Interestingly, some authors 
have found a protective effect on exercise 

performance (Gatzoulis et al. 1995b), while oth-
ers found an association with severe pulmonary 
regurgitation and decreased exercise capacity 
(Van den Berg et  al. 2007). These different 
results have been explained by different meth-
ods used to assess diastolic dysfunction. 3D 
velocity-encoded MR imaging may provide 
more accurate diastolic flow measurements than 
2D techniques in assessing diastolic function 
(Van der Hulst et al. 2010). 3D velocity-encoded 
MR confirmed impaired right ventricular relax-
ation and restrictive right ventricular filling in 
TOF patients with end-diastolic antegrade flow 
in the pulmonary artery. This may help in assess-
ing right ventricular diastolic dysfunction (Van 
der Hulst et al. 2010).

3.4.2	 �Right Ventricular Outflow Tract
Reconstruction of the right ventricular outflow 
tract is part of the corrective surgery procedure 
in TOF.  Long-term pulmonary regurgitation 
affects the reconstructed outflow tract. 
Dilatation and wall motion abnormalities (aki-
nesia and dyskinesia) are commonly observed 
in the right ventricular outflow tract. Wall 
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Fig. 13  Atrioventricular valve flow patterns (upper row) 
with early ventricular filling (E-wave) and ventricular fill-
ing during atrial contraction (A-wave) in normal diastolic 
function (1), impaired relaxation (2), reduced ventricular 
compliance or “pseudo-normalization” (3), and severe 

restriction to ventricular filling (4). In the lower row asso-
ciated flow patterns in pre-atrial veins (S systolic flow, D 
diastolic flow, R retrograde flow during atrial 
contraction)
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motion abnormalities can be assessed using 
SSFP cine images. Evaluation can be done in 
the standard axial plane, as well as in outflow 
tract oriented 2-chamber and sagittal oblique 
views (Fig. 14). SSFP images provide dynamic 
anatomical information on outflow tract dilata-
tion or obstruction, and flow-related signal loss 
or flow jets may be observed depending on 
the  technique used (Fig.  15). Signal voids on 
SSFP images are related to acceleration rather 
than velocity, while SSFP images allow for 
visual assessment of turbulent flow, they may 

underestimate the degree of flow disturbance 
(Myerson 2012). In case of dilatation and 
aneurysm formation, SSFP images may depict 
thrombus at locations of slow flow. Furthermore, 
assessment of the right ventricular outflow 
tract morphology is necessary before consider-
ing percutaneous pulmonary valve replace-
ment. A pyramidal shape of the right ventricular 
outflow tract, as can be seen in patients with 
previous transannular patch repair, is unsuited 
for percutaneous valve replacement (Saremi 
et al. 2013).

Fig. 14  Fifty-six-year-old male with corrected TOF. MRI 
bright blood (SSFP) images in three adjacent axial views 
of the RVOT, showing an aneurysm (arrows). SSFP cine 

images provide dynamic anatomical information about 
outflow tract dilatation or obstruction

a b

Fig. 15  Same patients as in Fig. 14. MRI bright blood 
(SSFP) images in 2-chamber view of the right ventricle 
(a) and RVOT view (b), demonstrating a flow-related jet 

caused by pulmonary regurgitation (arrows). Note the 
aneurysm of the RVOT in (b) (arrowhead)
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3.4.3	 �Pulmonary Valve 
and Pulmonary Arteries

Flow through the pulmonary arteries can be 
assessed using phase-contrast sequences and flow 
velocity measurements can aid in determining 
the severity of pulmonary branch stenosis. ECG-
triggered phase-contrast sequences are used for 
flow measurements and quantification of pulmo-
nary regurgitation (Fig. 16). The imaging plane 
is perpendicular to flow in the main pulmonary 
artery. Regurgitation percentage is calculated by 

dividing backward flow by forward flow and pul-
monary valve regurgitation can be graded as mild 
(<20%), moderate (20–40%), or severe (>40%) 
(Mercer-Rosa et al. 2012).

Phase-contrast imaging can also be used to 
determine peak flow velocity that allows calcu-
lating the hemodynamic significance of a steno-
sis by applying the modified (simplified) 
Bernoulli equation (Wallerson et  al. 1987): 

DP mmHg
m

sec
( ) = ´ æ

è
ç

ö
ø
÷4 u 2 , where the pressure 

Fig. 16  Fifty-two-year-old male with corrected TOF. MRI 
anatomical modulus images (a, b) and phase-contrast (PC) 
images (c, d) showing pulmonary valve regurgitation. 
Systolic forward flow (bright signal) in the pulmonary 
artery at the level of the pulmonary valve (a, c). Backward 
flow (note that the signal is black, due to opposed flow 

direction) during diastole, indicating regurgitation (b, d). 
The flow over the valve can be quantified by drawing con-
tours on the phase-contrast images (see graph): forward 
flow: 85 mL (above baseline), backward flow: 11 mL (below 
baseline). The net forward flow is 74  mL.  Regurgitation 
fraction: 13% (backward flow divided by forward flow)

a b

c d
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(P) gradient equals four time the squared flow 
velocity distal from the stenosis (v2). For exam-
ple, the calculated pressure gradient over a steno-
sis with a measured peak flow velocity of 3.5 m/s 
is 49 mmHg. No absolute pressure gradient has 
been reported that indicates therapeutic interven-
tion in TOF patients, however, a high systolic 
pressure in the right ventricle equal or larger than 
70% of the systolic pressure in the systemic cir-
culation could be considered an indication for 
pulmonary valve replacement (see also below).

Pulmonary artery or pulmonary artery branch 
stenosis may lead to pressure overload and right 

ventricular hypertrophy. Stenosis can be depicted 
anatomically by a variety of sequences, including 
static black blood (Double IR FSE) or white blood 
(SSFP) sequences or dynamic cine white blood 
techniques (SSFP). Contrast-enhanced MRA 
techniques can be used as well. MRA sequences 
provide a three-dimensional datasets which aids 
the visualization of the pulmonary arteries in rela-
tion to their anatomic surroundings and can be 
used for the evaluation of branch stenosis 
(Fig. 17). Excellent agreement between MRA and 
conventional angiography has been demonstrated 
(Greil et al. 2002). Regarding (pulmonary artery) 
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Fig. 16  (continued)

a b

Fig. 17  Fifty-two-year-old male with corrected 
TOF.  Contrast-enhanced MRA (a) of the pulmonary 
artery. MRA can be used to evaluate pulmonary artery 

(branch) stenosis. Alternative MRI sequences can pro-
duces comparable images without contrast (b, courtesy 
prof. H.J. Lamb)
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stent evaluation, FSE sequences have a high spa-
tial resolution and are less susceptible to metal 
artifacts as compared to (contrast-enhanced) 
MRA, and may therefore provide additional 
information. The best sequence for determining 
in-stent stenosis with MRI is subject of ongoing 
research and improves over time with new devel-
opments in MRI techniques. By comparing flow 
measurements between the right and left pulmo-
nary artery, flow differences between the lungs 
can be calculated (Weber et al. 2006).

3.4.4	 �Myocardial Scarring/Fibrosis
Late enhancement (or late gadolinium enhance-
ment, LGE, also known as “delayed enhance-
ment”) refers to the presence of bright signal in 
the myocardium 15–20 min after administration 
of gadolinium contrast. After injection, gadolin-
ium contrast reaches the myocardial interstitial 
space via the coronary circulation and washes out 
from the normal interstitium within approxi-
mately 10 min. Gadolinium contrast is retained in 
areas with increased extracellular space, such as 
in acute or chronic myocardial infarction. Late 
enhancement may also be seen in myocarditis, 
various cardiomyopathies, and myocardial stor-
age diseases (Vogel-Claussen et al. 2006).

In TOF patients, late enhancement is common at 
locations of surgical corrections, such as the right 
ventricular outflow tract and in and around patched 
septal defects, due to retention of gadolinium con-
trast in scarred or fibrotic tissue. In patients who 
underwent surgery with the use of a transapical vent 
in the left ventricle, focal transmural late enhance-
ment may be observed at the insertion point at the 
left ventricular apex (Babu-Narayan et al. 2006).

In TOF, late enhancement may also be typically 
observed in the right ventricular anterior wall and 
at the junction points of the right ventricle and the 
ventricular septum. The reason for late enhance-
ment at these sites is unclear, but most likely 
reflects previous myocardial damage that occurred 
early in life, perioperative, or progressively due to 
myocardial strain. One hypothesis for enhance-
ment at these particular locations is progressive 
right ventricular fibrosis from stretching, dilata-
tion, and hypertrophy, due to pulmonary regurgita-
tion or stenosis (Babu-Narayan et al. 2006). Late 
enhancement at these locations has been associ-
ated with ventricular dysfunction, arrhythmias, 

and exercise intolerance (Oosterhof et  al. 2005; 
Babu-Narayan et al. 2006; Wald et al. 2009).

Identification of areas of myocardium scarring 
may guide treatment of patients with arrhythmias 
by radio frequency or cyro-catheter ablation ther-
apy. Catheter ablation is generally performed 
under fluoroscopy guidance, where using the late 
enhancement MRI containing scar focus informa-
tion in the electro-anatomical mapping system can 
facilitate the mapping procedure and aid in plan-
ning ablation therapy (Kolandaivelu et al. 2009).

3.4.5	 �Aortic Root
Aortic root dilatation is a known complication in 
TOF that may lead to aortic valve regurgitation 
that needs surgery. The reported incidence ranges 
from 15 to 88% (Grotenhuis et  al. 2009). 
Dilatation may result from increased aortic flow 
from right-to-left shunting prior to corrective sur-
gery (Niwa et al. 2002). However, dilatation has 
also been shown to progress after surgery. It has 
been hypothesized that hemodynamic stress leads 
to damage of the aortic wall media (Dobbs et al. 
1997). MRI studies have shown that aortic dilata-
tion could attribute to wall pathology indeed, as is 
reflected by abnormal aortic wall distensibility 
(Grotenhuis et  al. 2009). Furthermore, reduced 
aortic elasticity may have a negative effect on aor-
tic valve function (Grotenhuis et al. 2009).

Aortic root dilatation can be assessed with MRI 
using cine SSFP sequences parallel and perpen-
dicular to the aortic root, as well as with ECG-
triggered 3D SSFP sequences (Fig. 18). Similar to 
CT, measurements of the aortic diameter should be 
performed in double oblique fashion (perpendicu-
lar to the axis of blood flow) and include the vessel 
wall for reproducibility and comparison reasons.

Contrast-enhanced MRA may also be used for 
assessing aortic root dilatation, but it should be 
noted that images with non-ECG-triggered 
sequences can be blurred by motion artifacts 
(Kaiser et  al. 2008). Aortic valve regurgitation 
can be quantified with phase-contrast imaging 
perpendicular to the aortic root.

3.4.6	 �Shunts
Shunts in TOF, such as a residual VSD or ASD 
after patch closure, are usually recognized with 
echocardiography, but can also be visualized 
with MRI using SSFP or TSE sequences 
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perpendicular and in plane parallel to the atrio-
ventricular septum. Flow over the septum defect 
can be quantified with phase-contrast imaging, 
which should be planned perpendicular to the 
direction of the jet. In case of an eccentric jet, the 
perpendicular plane may be difficult to establish 
at the time of acquisition. Non-perpendicular 
acquired phase-contrast images may underesti-
mate the magnitude of the shunt flow. Four-
dimensional, three-directional flow sequences 
may be used for optimal shunt calculation (Roes 
et  al. 2009). Alternatively, to quantify a left-to-
right shunt, the shunt ratio can be calculated by 
the formula Qp:Qs, where Qp represents the flow 
volume in the main pulmonary artery and Qs the 
flow volume in the ascending aorta (s, systemic). 
A shunt ratio > 1.5 is generally used as an indica-
tion for surgical closure (Baumgartner et  al. 
2010).

3.4.7	 �Timing Pulmonary Valve 
Replacement

The negative effect of pulmonary valve regurgita-
tion and the resulting right ventricular volume 
overload is well known and has been extensively 
described in literature. Largely dilated right ven-
tricles (e.g., EDV 172  mL/m2 in female and 
185 mL/m2 in male) are associated with adverse 
outcomes (Knauth et  al. 2008). Adult patients 

with too largely dilated right ventricles have also 
been shown to no longer benefit from pulmonary 
valve replacement (Thierrien et  al. 2000). 
Preoperative thresholds for diastolic and systolic 
volumes have therefore been suggested; normal-
ization of the right ventricular volume can be 
achieved when the EDV is <160 mL/m2 before 
pulmonary valve replacement (Fig.  19) 
(Oosterhof et al. 2007). Nevertheless, consensus 
on optimal timing of pulmonary valve replace-
ment is still lacking and may be especially diffi-
cult for asymptomatic patients (Apitz et al. 2009, 
Geva 2013). For timing surgery, the risk of the 
procedure has to outweigh the risk for further 
decline. According to the ESC guidelines, pul-
monary valve replacement should be performed 
in symptomatic patients with severe pulmonary 
regurgitation and/or stenosis. Pulmonary valve 
replacement should also be considered in asymp-
tomatic patients with severe pulmonary regurgi-
tation and/or stenosis and objective decrease in 
exercise capacity, progressive right ventricular 
dilatation or systolic dysfunction, progressive tri-
cuspid regurgitation, right ventricular outflow 
tract obstruction with right ventricular systolic 
pressure >  80  mmHg, or sustained atrial or 
ventricular arrhythmias (Baumgartner et  al. 
2010). Based on interpretation of available litera-
ture, Geva individually proposed similar 

a b

Fig. 18  Forty-four-year-old male with corrected 
TOF. MRI bright blood (SSFP) images of the aortic root, 
demonstrating aortic root dilatation (a). The mean cusp-

commissure diameter can be measured at this level (b, 
lines). The mean diameter was 46 mm
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indications for pulmonary valve replacement in 
repaired TOF patients, as well as some additional 
indications (Geva 2013). Table 3 summarizes the 
indications proposed in both publications.

Currently, the role of N-terminal B-type natri-
uretic peptide (NT-proBNP) is subject of investi-
gation in the follow-up of TOF patients. 
NT-proBNP is a biomarker that reflects general 
cardiac function. In patients with chronic heart 
failure, NT-proBNP guided therapy has shown to 

reduce all-cause mortality (Troughton et  al. 
2014). Interestingly, in TOF patients increased 
NT-proBNP has been shown to correlate with 
deteriorated left ventricular MRI parameters 
(ejection fraction, mass, end-systolic and end-
diastolic volume index), but not with any volu-
metric or functional parameters of the right 
ventricle. Moreover, NT-proBNP was shown 
superior to MRI regarding risk assessment. This 
suggests that while right ventricular parameters 

ba

c d

Fig. 19  Forty-four-year-old female with corrected 
TOF. MRI bright blood (SSFP) images of the pulmonary 
artery and right ventricle before (a, c) and after pulmonary 
valve replacement (b, d). Dilated pulmonary artery (a) 
and right ventricular dilatation and hypertrophy (c) before 

pulmonary valve replacement. After surgery pulmonary 
artery size has been normalized (b) and the right ventricu-
lar size decreased (d). Note the coexisting persist left 
superior vena cava (arrows) displaced backwards by the 
dilated pulmonary artery in (a)
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reflect severity of pulmonary regurgitation, left 
ventricular parameters are important for long-
term clinical outcome (Westhoff-Bleck et  al. 
2016). Even in mildly symptomatic patients with 
pulmonary regurgitation after TOF repair, 
NT-proBNP was shown a strong predictor of 
adverse outcome (supraventricular tachycardia or 
heart failure).

Thus, while MRI plays a crucial role in the 
follow-up of morphological and functional 
changes that direct therapy, biomarkers such as 
NT-proBNP may be of additional prognostic 
value. Further research should include biomark-
ers to determine their value for timing pulmonary 
valve replacement (Westhoff-Bleck et al. 2016).

3.4.8	 �MRI Limitations
Cardiac MRI quality can be severely hampered 
by susceptibility artifacts caused by implants or 
other ferromagnetic objects (e.g., containing 
iron, nickel, or cobalt). These materials have pos-
itive magnetic susceptibility that affects the 
homogeneity of the magnetic field and results in 
signal loss and spatial distortion, observed as 
dark spots or areas that can hamper diagnosis. 
Furthermore, presence of a strong magnetic field 
and/or field changes during acquisition impose 
an absolute contraindication for patients with 
certain implanted electronic devices (e.g., neuro-
stimulating devices). Until recently, having a 
pacemaker was considered an absolute contrain-
dication for cardiac MRI. Nowadays many new 
implantable devices contain little or no ferromag-
netic material and an increasing number of MRI-
safe devices become available (Shinbane et  al. 
2011; Hwang et al. 2016). Patients with implanted 
pacemakers or defibrillators may be scanned, 
provided that (1) no alternative imaging modality 
for diagnosis (e.g., CT or echocardiography) is 
available, (2) the MRI examination is strongly 
indicated, (3) planning and performance of the 
MRI investigation follows strict guidelines and 
communication with involved clinicians/techni-
cians, and (4) that the patient is not pacemaker-
rhythm dependent (Horwood et al. 2016). In our 
department MRI procedures in these patients are 
performed under direct supervision of the radiol-
ogist at the MRI scanner and with clinical guid-
ance by the cardiologist and/or pacemaker 

Table 3  Proposed indications for pulmonary valve 
replacement

Indication for pulmonary valve replacement

ESC recommended indications:

Symptomatic patients Additional 1 or more criteria 
for asymptomatic patients

Severe pulmonary 
regurgitation

Decrease in objective 
exercise capacity

Severe pulmonary 
stenosis (right 
ventricular systolic 
pressure > 60 mmHg)

Progressive right ventricular 
dilatation

Progressive right ventricular 
systolic dysfunction

Progressive tricuspid valve 
regurgitation (at least 
moderate)

RVOT obstruction with right 
ventricular systolic pressure 
> 80 mmHg

Sustained arrhythmias

Proposed indications by Geva based on available 
literature:

Symptomatic patients with one or more of the 
following criteria or asymptomatic patients with two 
or more of the following criteria:

Ventricular dilatation Hemodynamic abnormalities

Right ventricular EDV 
index >150 mL/m2

RVOT obstruction with right 
ventricular systolic pressure 
≥ 0.7 systemic systolic 
pressure

Right ventricular ESV 
index >80 mL/m2

Severe branch pulmonary 
artery stenosis (<30% flow to 
affected lung) not amenable 
to transcatheter therapy

Ventricular function Pulmonary valve 
regurgitation greater than or 
equal to moderate tricuspid 
regurgitation

Right ventricular 
ejection fraction 
<47%

Left-to-right shunt from 
residual septal defects with 
pulmonary-to-systemic flow 
ratio ≥ 1.5

Left ventricular 
ejection fraction 
<55%

Severe aortic regurgitation

Conduction 
abnormalities

Morphologic abnormalities

QRS duration 
>160 ms

Large RVOT aneurysm

Sustained 
tachyarrhythmia 
related to right-sided 
heart volume load

Adapted from Baumgartner et  al. 2010 and Geva 2013. 
RVOT right ventricular outflow tract
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technician. Relative contraindications exist for 
patients with residual epicardial pacemaker leads 
due to the possible risk of heat or electric current 
generation in the lead wires.

The MRI bore is generally small; the patient is 
positioned in the tight tunnel, while the examina-
tion time is usually long (between 30 and 60 min). 
This can be a contraindication for patients with 
severe claustrophobia. In milder cases sedation 
may help in performing the MRI examination.

Regarding risk, nephrogenic systemic fibrosis 
(NSF) is a rare but severe complication of 
gadolinium-bases contrast agents. NSF is charac-
terized by skin thickening and tethering that 
causes flexion contractures of joints (Bernstein 
2012). Patients with end-stage kidney disease 
(glomerular filtration rate (GFR) < 15 mL/min or 
on hemodialysis) are predominantly affected, but 
NSF has been reported in patients with less 
severe chronic kidney disease (Bernstein 2012). 
After recognition of the relation between 
gadolinium-based contrast agent administration 
and NSF, the U.S. Food and Drug Administration 
has recommended against using gadolinium-
based contrast agents in patients with GFR 
<30 mL/min. Changes in guidelines and regula-
tions have led to NSF occurrence decline to near 
zero since 2009 (Forghani 2016).

3.5	 �Nuclear Imaging

Historically, nuclear imaging has been used to 
evaluate cardiac function, myocardial perfusion, 
and to quantify blood flow in cardiac patients. 
Currently, cardiac MRI has replaced nuclear 
imaging as the first imaging modality of choice 
for many indications. MRI provides superior ana-
tomic detail without radiation exposure (Valente 
et al. 2014). Nuclear imaging in TOF is reserved 
for quantification of (asymmetrical) lung perfu-
sion in patients with contraindications for cardiac 
MRI.  Asymmetrical lung perfusion may be 
observed in TOF patients with pulmonary artery 
stenosis that can be predictive for prognosis. The 
gold standard for quantifying pulmonary perfu-
sion is quantitative perfusion scintigraphy with 
intravenous injection of radioactive Technetium-
99m (99Tc) macroaggregated albumin (MAA). 
Count images of both lungs are acquired using a 
gamma camera (Fathala 2010). In TOF patients 
with normal pulmonary arteries, lung perfusion is 
comparable to the normal population, with 
slightly larger perfusion to the right lung than to 
the left lung reflecting the differences in lung vol-
umes (Fathala 2010). In patients with pulmonary 
artery stenosis, scintigraphy may demonstrate 
segmental or unilateral hypoperfusion (Fig. 20). 

a b

Fig. 20  Same patient as in Fig. 8. 99Tc-MAA perfusion 
scintigraphy in anterior (a) and posterior (b) view. Besides 
the stenosis of the right pulmonary artery, treated with a 
stent, right pulmonary branch stenosis was also suspected. 

Anterior and posterior views confirm a segmental hypoper-
fusion of the right upper lobe (encircled). Note that due to 
the shape and location of the heart less perfusion is seen in 
the left lower field in anterior view, but not in posterior view
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Perfusion scintigraphy may guide decision-
making for treating pulmonary artery or branch 
stenosis and can be used to evaluate the treatment 
effect.

�Conclusion

Imaging plays an important role in the follow-
up of patients with TOF and mainly focuses on 
the assessment of late complications after sur-
gical corrections, in particular pulmonary 
valve regurgitation and right ventricular dilata-
tion. Several imaging modalities are available 
for follow-up, including echocardiography, 
cardiac MRI, and cardiac CT.

Cardiac MRI is the imaging modality of 
first choice for the assessment of repaired 
TOF, because it allows for complete assess-
ment of the cardiovascular morphology and 
physiology. Cardiac MRI provides reproduc-
ible and accurate measurements of the right 
ventricular volume and function, pulmonary 
flow volumes, regurgitation and stenosis, and 
has the ability to detect myocardial scarring. 
MRI is attractive as longitudinal follow-up 
imaging modality because of lack of harmful 
ionizing radiation.

Cardiac CT is a good alternative imaging 
modality for follow-up of patients with con-
traindication for cardiac MRI.  CT can be 
safely performed in patients with implanted 
cardiac devices (e.g., pacemaker). CT pro-
vides excellent spatial resolution that allows 
for detailed visualization of complex cardio-
vascular anatomy and may be used as a com-
plementary imaging modality in cases where 
MRI is inconclusive (e.g., evaluation of stent 
related complications).

Over the years, surgical correction of TOF 
has changed from complete relief of outflow 
obstruction at the expense of pulmonary 
valve regurgitation, towards accepting a 
residual obstruction but preserving pulmo-
nary valve function, in order to prevent the 
late complications of right ventricular dilata-
tion. A largely dilated right ventricle, but 
also left ventricular dysfunction determine 
outcome in TOF patients. Optimal timing of 
pulmonary valve replacement is difficult 
where the risk of surgery is weighted against 
the expected health benefits. MRI in 

particular plays a crucial role in detecting the 
morphological and functional changes that 
guide therapy.
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Abstract

Univentricular congenital heart diseases 
include a range of pathologies that result in 
a functionally single ventricular chamber. 
The most common pathologies in this group 
are tricuspid atresia, pulmonary atresia with 
an intact ventricular septum, hypoplastic left 
heart syndrome, and a double-inlet ventricle. 
Although the only curative therapy for these 
patients is cardiac transplantation, there are 
several palliative surgical techniques that 
divert part or all the systemic venous circu-
lation into the pulmonary arteries bypassing 
the single ventricular chamber. The modern 
Fontan procedure consists in anastomosing 
both SVC and IVC to the right pulmonary 
artery; it is nowadays the last step of single 
ventricle palliation.

The importance of imaging in these pathol-
ogies lies not only in the understanding of 
the new circuit established after surgical cor-
rection, but also in the early detection of the 
wide spectrum of cardiac and extracardiac 
complications that can happen due to the new 
physiological condition. Due to the increased 
survival of these patients, long-term compli-
cations are becoming more common. Imaging 
patients with single ventricle physiology and 
particularly following single ventricle pal-
liative procedures is challenging due to the 
altered anatomy and hemodynamics. While 
MRI and MRA should be considered the 
modality of choice due to the inherent lack of 
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ionizing radiation in this patient population, 
CT angiography is an important alternative 
noninvasive imaging technique. In this chap-
ter, we review the different palliative surgical 
techniques in patients with univentricular heart 
diseases, and we describe the optimal imaging 
protocol and the expected surgical anatomy as 
well as the long-term complications.

Keywords

Fontan procedure • Hypoplastic left heart syn-
drome • Tricuspid atresia • Pulmonary atresia 
• Magnetic resonance imaging • Computed 
tomography

1	 �Introduction

Some congenital heart diseases show impairment 
of the normal biventricular physiology. In normal 
circumstances, pulmonary and systemic circula-
tions are separated and driven by their respective 
ventricular “pump,” but there are several congen-
ital heart diseases, such as hypoplastic left heart 
syndrome (HLHS), tricuspid atresia, or pulmo-
nary atresia, characterized by having a functional 
single ventricular chamber (Fredenburg et  al. 
2011; Khanna et  al. 2012; Lu et  al. 2012). 
Physiologically, the single ventricle receives the 
flow from both pulmonary and systemic circula-
tions with subsequent volume overload and long-
term dysfunction.

Although the definitive treatment of these 
patients is cardiac transplantation, there are sev-
eral palliative surgical techniques that prevent 
ventricular volume overload diverting part or all 
the systemic venous circulation into the pulmo-
nary arteries, and therefore bypassing the single 
ventricular chamber (Fredenburg et  al. 2011; 
Khanna et al. 2012). The result obtained is a sin-
gle ventricle that functions both as suction and 
expelling pump.

The dramatic advances in congenital heart sur-
gery and intensive care medicine have substan-
tially increased the life expectancy of these 
patients and late complications of the failing 
Fontan physiology are therefore observed more 
commonly (Khanna et al. 2012).

Imaging follow-up is essential for anatomical 
and functional assessment before and after sur-
gery, and early detection of cardiac and extracar-
diac complications (Lu et al. 2012).

The objective of this chapter is to review the 
different surgical options in patients with func-
tionally univentricular heart, to describe the opti-
mal imaging protocol, to illustrate the expected 
normal postsurgical anatomy, and to describe the 
potential (long-term) complications of these pro-
cedures and the spectrum of their imaging 
findings.

2	 �Surgical Techniques 
and Normal Postsurgical 
Anatomy

The goal of palliative therapy in the setting of 
heart disease with a functioning single ventricle 
is to unload the ventricular burden imposed by 
the pulmonary and systemic circuits flowing in 
parallel to a system in which they operate in 
series. This is achieved by removing the subpul-
monic pump in lieu of passive systemic venous 
flow directly into the lungs, thus freeing the sin-
gle ventricle for pumping oxygenated blood sys-
temically. In the 1940s, it was shown that the 
right ventricle could be excluded from the pul-
monary circuit while maintaining adequate pul-
monary blood flow (Rodbard and Wagner 1949). 
Fontan capitalized on this in 1968 when he per-
formed his landmark surgery for tricuspid atresia, 
by anastomosing the right atrial appendage 
directly and the pulmonary artery (Fontan and 
Baudet 1971). Subsequently, this procedure was 
modified and adapted to other variants of univen-
tricular hearts.

Fontan circulation can be achieved by either 
anastomosing the vena cava to the pulmonary 
artery, with the use of baffles or conduits, or con-
necting the right atrium to the pulmonary artery 
after excluding tricuspid flow and repairing any 
atrial septal defect (classic atriopulmonary con-
nection, classic Fontan) (Fig. 1). However, many 
patients will require a staged approach rather 
than primary creation of the Fontan circuit due to 
unfavorable anatomy and physiology. A staged 
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approach allows for appropriate growth of the 
pulmonary arteries and minimizes acute changes 
in end-diastolic filling, resulting in a decrease in 
mortality as compared to a primary Fontan cre-
ation (Norwood and Jacobs 1993).

The first stage of palliation of the single ven-
tricle is performed in the neonatal period and 
consists of controlling pulmonary blood flow, by 
means of a direct systemic-to-pulmonary artery 
shunt or pulmonary artery banding; relieving any 
systemic outflow obstruction; and addressing 
issues with pulmonary venous return. In cases of 
HLHS, a Norwood procedure is performed 
whereby the main pulmonary artery (MPA) is 
transected and a “neoaorta” is created from the 
amalgamation of the MPA with the ascending 
aorta. In combination with aortic arch augmenta-
tion, unobstructed systemic flow for aortic 
growth and coronary perfusion is provided. 
Pulmonary blood flow (PBF) is regulated via a 
size-specific conduit from the subclavian or bra-
chiocephalic artery to the pulmonary artery 
(modified Blalock Taussig shunt) or via a con-
duit from the right ventricle to the pulmonary 
artery (Sano shunt) (Fig. 2).

The location of the Blalock Taussig shunt 
downstream of the neoaortic valve results in con-
tinuous PBF in both systole and diastole, creating 
a situation where retrograde flow could occur in 
the coronary arteries during diastole. The Sano 
shunt eliminates the potential for coronary steal, 
but may lead to decreased ventricular function 
and increased arrhythmias secondary to the ven-
triculotomy. However, there is no clear evidence 
to support superiority of one technique over the 
other (Ohye et al. 2016).

The second stage of palliation is the creation 
of a superior cavopulmonary connection, typi-
cally occurring at 4–9  months of age, after the 
pulmonary vasculature has matured. The superior 
vena cava venous return is directed into the pul-
monary arteries, sources of systemic-to-
pulmonary arterial blood flow are disconnected 
or interrupted (e.g., Blalock Taussig shunt, Sano 
shunt, flow through a stenotic pulmonary valve), 
and any pulmonary bands are removed. Cardiac 
output is directed solely to the systemic circula-
tion, reducing the volume work of the heart. The 
procedure chosen at this stage determines the 
final technique employed for Fontan completion.

The bidirectional Glenn procedure (BDG) is 
created by dividing the superior vena cava (SVC) 
at the SVC-atrial junction, oversewing the atrial 

Fig. 1  Classic Fontan procedure for tricuspid atresia cor-
rection. Contrast-enhanced MRA image shows the connec-
tion between the right atrium (RA) and the right pulmonary 
artery (arrow). Note the mild dilatation of the RA

Fig. 2  Norwood-Sano procedure for correction of hypo-
plastic left heart syndrome in the neonatal period. Sano 
conduit seen from the right ventricle to the pulmonary 
artery (arrow). Neoaorta created from the amalgamation 
of the transected MPA with the ascending aorta after the 
Norwood procedure is also seen (arrowheads)
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end, and anastomosing the SVC to the ipsilateral 
pulmonary artery in an end-to-side fashion 
(Fig. 3). Continuity of the left and right pulmo-
nary arteries permits blood flow to both lungs. In 
cases of bilateral SVCs, this anastomosis is per-
formed bilaterally to direct all venous return from 
the head and upper extremities to the pulmonary 
arteries. The BDG typically results in a 
pulmonary-to-systemic blood flow ratio (Qp/Qs) 
of 0.6:1. BDG is relatively simple as compared to 
hemi-Fontan procedure (HF), requiring shorter 
cardiopulmonary bypass time without aortic 
cross clamping or circulatory arrest. BDG does 
not address problems with pulmonary artery dis-
tortion or stenosis and due to the need for exten-
sive dissection to free the SVC there is an 
increased risk for phrenic nerve injury (Talwar 
et al. 2014). In the setting of a BDG, Fontan com-
pletion is performed with an extracardiac 
conduit.

An alternative cavopulmonary connection is 
the hemi-Fontan procedure (HF), which addresses 
problems of pulmonary artery anatomy and sim-
plifies lateral tunnel completion of the Fontan. In 
this procedure, the SVC and pulmonary arteries 
maintain their anterior-posterior relationship. 
The SVC is opened along the medial aspect at 
the atrial junction and amalgamated with the 
anterior aspect of the pulmonary arteries, using a 
homograft patch. The pulmonary arteries are 

augmented with a patch extending from just 
medial of the right upper lobe branch to the left 
lobar branch. A homograft patch is also used to 
create a dam between the right atrium and SVC, 
directing the superior caval flow into the pulmo-
nary arteries, which can be easily removed at the 
time of lateral tunnel creation (Spray 2013). 
Percutaneous completion of the Fontan can be 
performed by perforation of the dam and stenting 
from the IVC to the pulmonary artery (Talwar 
et al. 2014). Additionally, the anteroposterior off-
set between the caval and pulmonary arterial flow 
may have some hemodynamic benefit (Bove 
et al. 2003).

The Fontan completion operation is typically 
performed at 18–48  months of age. This final 
stage of single ventricular palliation directs sys-
temic venous return from the inferior vena cava 
(IVC) into the pulmonary arteries, thereby com-
pleting the total cavopulmonary connection. In 
patients that have undergone HF, a lateral tun-
nel (LT) is the procedure of choice for comple-
tion. The homograft dam is excised and a baffle 
made of synthetic material is used to isolate 
flow from the IVC into the pulmonary artery 
along the lateral aspect of the atrium. The baf-
fle is created so as not to obstruct the atrial sep-
tal defect. A fenestration, or hole, is often 
made in the baffle to maintain cardiac output in 
high-risk patients. This fenestration maintains 

a b

Fig. 3  6-month-old boy with the history of tricuspid atre-
sia status post-bidirectional Glenn. Coronal CT angiogra-
phy, maximum intensity projection (a), and volume 

rendering 3D (b) images show connection (arrow) of the 
superior vena cava (SVC) to the right pulmonary artery 
(RPA)

L. Flors et al.



121

blood flow to the systemic ventricle in the set-
ting of high pulmonary vascular resistance and 
has the added benefit of reducing the length of 
postoperative pleural effusions (Bridges et  al. 
1992).

An extracardiac conduit (ECC) completes 
the Fontan circuit in the setting of a prior BDG 
by connecting the IVC above the hepatic veins 
to the right pulmonary artery by means of an 
extracardiac synthetic tube graft coursing along 
the free wall of the right atrium (Fig. 4). Akin 
to the LT, a fenestration is created by sewing a 
right atriotomy to a hole in the tube graft. 
Alternatively, a small ringed tube graft can be 
connected between the ECC and the right 
atrium (Bradley 2006). Advantages of ECC as 
compared to LT include application in a variety 
of anatomic configurations including hetero-
taxy syndromes, anomalies of systemic and 
pulmonary venous drainage, and apico-caval 
juxtaposition. Furthermore the risk for the right 
atrium to cause arrhythmias is theoretically 
lower with an ECC by avoiding exposure to 
pulmonary artery pressures and a significantly 
reduced suture burden.

3	 �Imaging Protocol

Imaging patients with single ventricle physiol-
ogy and particularly following single ventricle 
palliative procedures is challenging due to the 
altered anatomy and hemodynamics. Typically, 
patients are seen biannually by their cardiolo-
gists and echocardiography is performed annu-
ally. A routine MRI is often performed 10 years 
after Fontan operation or when clinical findings 
and echocardiographic results require further 
investigation (Rychik 2016). MRI is usually 
preferred over CTA due to the inherent lack of 
ionizing radiation in this patient population. 
Nevertheless, CT angiography is an important 
alternative noninvasive imaging technique. 
CTA is particularly useful in emergent situa-
tions, in unstable patients, in patients where 
metal coils obscure structures of interest, and in 
patients in whom MRI is contraindicated. One 
of the major advances of CT is the speed of 
acquisition, and, particularly with the use of 
modern dual-source scanners, the ability to 
scan pediatric patients without the use of 
sedation.

a b

Fig. 4  Fontan procedure for repair of tricuspid atresia. 
Coronal dark blood spin-echo image (a) and contrast-
enhanced MRA (b) show the total cavopulmonary con-
nection with anastomosis of both the SVC and IVC to the 

RPA, the latter by means of an extracardiac conduit in this 
case (arrow). An intracardiac lateral tunnel can also be 
performed
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Imaging objectives vary and techniques need 
to be adopted depending on if the study is per-
formed before or after surgical therapy. In post-
surgical patients, the stage of surgical palliation 
has to be taken into account.

3.1	 �MRI/MRA Protocol

Evaluation of the patient with single ventricle for 
surgical planning or postsurgical follow-up 
should provide information about the size, mor-
phology, and function of the cardiac chambers; 
the pulmonary arteries and veins; as well as the 
systemic arteries and veins. It should allow 
assessment of the baffles and conduits as well as 
complications of the surgical procedures, which 
are discussed later in this chapter. MRI is 
uniquely suited for this purpose due to its lack of 

ionizing radiation. In our institution, a typical 
exam lasts approximately 45–60  min (Table  1) 
and begins with anatomical sequences covering 
the whole chest using steady-state free preces-
sion (SSFP) sequences in axial, sagittal, and cor-
onal planes, as well as black blood axial images 
using a fast spin-echo (FSE) technique. These are 
followed by cine SSFP breath-hold images with 
thin slices and without interslice gap, using 
stacked axial images in addition to the standard 
horizontal and vertical long-axis and ventricular 
short-axis images. These sequences allow func-
tional and morphological assessment of the car-
diac chambers, their connections, and the 
presence of septal defects. Multiphase MR angi-
ography (MRA), preferably using a high-
resolution (1  mm isotropic) time-resolved 
sequence, allows identification and sizing of the 
pulmonary and systemic arterial and venous 

Table 1  CMR imaging protocol at the University of Virginia (1.5 T system preferred over 3 T)

Sequence Planes Trade name

1. Localizers
2. �Bright blood imaging (breath-hold, nongated 

multislice balanced SSFP images of the entire 
chest)

Axial
Coronal
Sagittal

GE: FIESTA, Philips: 
bFFE, Siemens: TrueFISP

3. �Black blood imaging of the entire chest with 
single-shot technique

Axial GE: SSFSE, Philips: 
single-shot TSE, 
Siemens: HASTE

4. Cine MRI Stacked axial without gap 
standard short and long axes
Valve plane
Outflow tract

GE: FIESTA, Philips: 
bFFE, Siemens: TrueFISP

5. �3D contrast-enhanced MRA in arterial and 
venous phases (preferably a time-resolved 
technique) with 1 mm isotropic resolution

Coronal or sagittal oblique GE: TRICKS, Philips: 
4D-TRAK, Siemens: 
TWIST

6. �Velocity-encoded cine 2D phase-contrast 
imaging

Depending on clinical question: 
pulmonary arteries, aorta, 
baffle, conduit, systemic veins, 
pulmonary veins

7. Late gadolinium enhancement imaging
10–15 min after contrast is given
2D segmented inversion recovery GRE or SSFP, 
PSIR for patients with regular heart rhythm and 
able to hold breath, otherwise single-shot imaging

2-chamber
3-chamber
4-chamber
Short axis

SSFP steady-state free precession; FIESTA fast imaging employing steady-state acquisition; bFFE balanced fast field 
echo; True FISP fast imaging with steady-state free precession; SSFSE single-shot fast spin echo; TSE turbo spin echo; 
HASTE half-Fourier acquisition single-shot turbo spin-echo; MRA magnetic resonance angiograph; TRICKS time-
resolved imaging of contrast kinetics; TRAK time-resolved angiography using keyhole; TWIST time-resolved angiogra-
phy with stochastic trajectories; GRE gradient-recalled echo; PSIR phase-sensitive inversion recovery
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system as well as their connections with the heart 
as well as the baffles and conduits. Due to the 
lack of radiation and the ability to repeat the 
image acquisition at multiple time points follow-
ing the contrast injection, contrast-enhanced 
MRA is an excellent technique to diagnose 
thromboembolic complications in the pulmonary 
vasculature, baffles, and conduits, and assess the 
systemic veins as well as the arterial system. In 
general, the spatial resolution of MRA is inferior 
to CTA and the diagnosis of smaller emboli, pul-
monary arteriovenous malformations (PAVMs), 
and systemic–pulmonary veno-venous shunts 
frequently requires CTA (Lewis et  al. 2015). 
These complications are discussed later in this 
chapter. Time-resolved MRA can be performed 
using dilute contrast and has been shown to pro-
vide excellent assessment of the flow dynamics 
and morphology of the pulmonary circulation as 
well as the pulmonary perfusion status in Fontan 
patients (Goo et  al. 2007). We typically use 
0.1  mmol/kg of gadolinium-based contrast and 
obtain multiple datasets with a temporal resolu-
tion of 3 s with 1 mm isotropic resolution for 90 s 
with a 10 s scan delay (Video 1). In general, stan-
dard extracellular MR contrast agents have been 
shown to give excellent image quality, and we 
have not been using blood pool agents in this 
patient population, which have been used anec-
dotally (Hashemi et al. 2014).

Velocity-encoded (VENC) cine-phase con-
trast sequences allow measurement of blood flow 
in the pulmonary arteries, aorta, baffles and con-
duits, systemic and pulmonary veins, systemic-
to-pulmonary collateral flow, as well as 
assessment of atrioventricular valves (Latus et al. 
2016). The aortopulmonary collateral flow can be 
quantitated using 2D flow measurements of the 
ascending aorta, the pulmonary veins, the pulmo-
nary arteries, and the inferior and superior vena 
cava flow using one of these two equations:

	1.	 Sum of flow in all pulmonary veins—(right + 
left pulmonary artery flow)

	2.	 Ascending aorta flow—(inferior + superior 
vena cava flow) (Kutty Heart 2016)

The presence and degree of obstruction in 
baffles and conduits can also be measured using 
these techniques. Several newer, albeit not 
widely available MRI techniques provide even 
more detailed assessment of the hemodynamics 
of Fontan patients. Hybrid CMR and X-ray-
guided angiography (CMR/XMR) allows to 
more accurately measure pulmonary vascular 
resistance than standard catheter techniques 
(Pushparajah et al. 2015). More recently, the use 
of particle traces derived from time-resolved 3D 
MR velocity mapping (4D flow MRI) has been 
shown to allow in  vivo quantification of the 
caval flow distribution to the PAs in patients 
with Fontan circulation. It could be demon-
strated that 83% of the superior vena cava blood 
flows to the right pulmonary artery whereas 
55% of the inferior vena caval blood flows to the 
left PA (Bachler et al. 2013).

Late gadolinium enhancement (LGE) of the 
myocardium using a phase-sensitive ECG-
triggered breath-hold inversion recovery 
sequence allows assessment for myocardial 
fibrosis and infarction. The presence of LGE is 
common in late heart Fontan survivors and its 
presence has been shown to be associated with 
adverse ventricular mechanics and a higher fre-
quency of nonsustained ventricular tachycardia 
(Rathod et al. 2010). In one retrospective study 
involving 215 patients who underwent MRI at a 
median age of 18.3  years and who underwent 
the Fontan operation at a median age of 
3.6  years, LGE was present in 33% (Rathod 
et al. 2014).

3.2	 �CTA Protocol

In cases where MRI is not feasible, CTA is an 
excellent alternative. We consider high-pitch spiral 
scanning on dual-source CT scanners without gat-
ing or triggering optimal for most patients unless 
coronary artery evaluation is required in which 
case we resort to prospective or retrospective tech-
niques. Due to the extreme acquisition speed (up 
to 74  cm/s table motion) the scan times are 
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extremely short and we routinely scan children of 
all ages without sedation or anesthesia. Low kV 
technique results in effective doses of 1  mSv or 
less for these scans. If dual-source scanners are not 
available, at least a 64-channel system should be 
used—with ECG gating. Proper contrast timing is 
critical and will depend according to what stage of 
surgical palliation the study is performed in.

After stage 1 palliation, performed in the neo-
natal period, patients with systemic-to-pulmonary 
arterial shunts are typically not at risk to develop 
pulmonary embolism, due to the absent connec-
tion of the pulmonary arteries with systemic 
veins. They do however have a 1–17% risk of 
shunt thrombosis, which occasionally leads to 
the need for imaging beyond echocardiography 
(Ghadimi Mahani et al. 2016). Conduit stenosis 
also occurs in a small percentage and can neces-
sitate cross-sectional imaging. In these cases, CT 
pulmonary angiography (CTPA) is best per-
formed during the pulmonary arterial phase. A 
venous injection into the lower extremities elimi-
nates streak artifacts that would otherwise affect 
a scan with an upper extremity venous injection, 
particularly in children where low kV settings are 
used (Ghadimi Mahani et al. 2016).

For stage 2, blood from the superior vena 
cava is redirected to the pulmonary arteries, 
either via a bidirectional Glenn or a hemi-Fontan 
procedure. In this stage thrombosis and throm-
boembolic events are infrequent and often 
caused by catheters in the upper venous system. 
CTA in this phase is best performed with lower 
extremity venous access with the scan started 
after optimal enhancement of the SVC or bilat-
eral jugular veins with contrast monitoring in the 
neck or mediastinum. The contrast flows at this 
stage from the IVC to the ventricle to the sys-
temic arteries, and returns from the brain via the 
jugular veins. Using this technique, homoge-
neous enhancement of the pulmonary arteries 
without inflow of nonopacified blood simulating 
filling defects is usually achieved. In addition, as 
the scan is acquired during the arterial phase, the 
diagnosis of systemic-to-pulmonary arterial col-
laterals is possible.

The prevalence of thrombosis and thromboem-
bolic events is higher after completion of the total 
cavopulmonary connection (stage 3). CTPA is 
suitable to diagnose or exclude thromboembolic in 
these patients with high accuracy, if performed 
properly. Standard CTPA techniques using single 
upper extremity venous access suffer from mixing 
of opacified blood from the SVC and unopacified 
blood from the IVC resulting in a large number of 
nondiagnostic or false-positive studies (Sandler 
et al. 2014). One way to obviate this problem with 
single upper extremity venous access is to increase 
the contrast volume and image with a scan delay 
of 70–80 s. This results in homogeneous enhance-
ment of the pulmonary arteries and allows the 
diagnosis of PE. Recommended contrast doses are 
up to 2  mL/kg in smaller children (we usually 
hand-inject smaller children and aim for duration 
of injection of 10–15 s; in older children we use 
power injectors with flow rates between 0.6 and 
2 mL/s) and a total dose of 150 mL in adults with 
a flow rate of 2  mL/s. If simultaneous aortic 
enhancement is also desired, the flow rate can be 
increased to 3–5 mL/s toward the end of the study. 
A timing bolus or bolus tracking technique is used 
to determine the time from injection to aortic peak 
(Ghadimi Mahani et al. 2016). It has to be noted 
that all intravenous injections in these patients 
need to be absolutely free of air due to the frequent 
presence of fenestrations which represent right to 
left shunts and put the patient at risk of stroke from 
air emboli.

The optimal technique requires dual venous 
access, typically one in an antecubital vein and 
the other in a dorsal foot vein. Alternatively, 
femoral access can be chosen in adults. Contrast 
is injected with two power injectors if available 
with 60% of contrast injected into the lower 
extremity. Recommended contrast dose is up to 
2 mL/kg of 370 mg iodine/mL or up to 3 mL/kg 
of 300  mg iodine/mL contrast agent. 
Recommended flow rates are 2–2.5 mL/s in the 
upper extremity and 3–4  mL/s in the lower 
extremity. Contrast injection should be followed 
by a saline flush. A monitoring scan is per-
formed at the level of the carina. The scan is 
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initiated when the contrast arrives in the left 
pulmonary artery, which typically occurs after 
the right PA (Ghadimi Mahani et al. 2016). The 
dual venous access is also recommended in the 
ACR–NASCI–SIR–SPR Practice Parameters 
for the performance of CTA (2016). A 60–90 s 
delayed scan can be performed in addition 
depending on the clinical question.

4	 �Complications

Late complications arising from the new hemo-
dynamic and physiological conditions are 
observed with increasing frequency due to pro-
longed survival of these patients. Currently, sur-
vival rates are around 85% at 20 years (Khanna 
et al. 2012).

High pulmonary vascular resistance, anatom-
ical alterations in the pulmonary arteries, 
increased systemic venous pressure, and ven-
tricular dysfunction are some risk factors that 
predict a worse outcome and more frequent 
occurrence of complications (Fredenburg et al. 
2011); these can be categorized as cardiac or 
extracardiac.

4.1	 �Cardiac Complications

The most common cardiac complication after 
the classic Fontan technique is atrial enlarge-
ment (Fig. 5), which predisposes to arrhythmias 
and thromboembolic events (Fredenburg et  al. 
2011; Khanna et al. 2012; de Leval 1998; Soler 
et al. 2007). Pulmonary embolism secondary to 
atrial thrombus is the most common cause of 
out-of-hospital death in patients who have 
undergone a Fontan procedure (Gewillig 2005). 
Arrhythmias can also be seen after lateral tunnel 
total cavopulmonary connection and be the 
result of atrial suture load and injury to the sino-
atrial node during atriotomy (Lewis et al. 2015). 
When ablation is required, imaging planning is 
usually helpful.

Ventricular dysfunction is common in long-
standing Fontan circuits, usually as a result of 
chronically elevated afterload and reduced pre-
load. Ventricular dilatation, hypertrophy, and 
dysfunction can be assessed by imaging.

Atrioventricular valve regurgitation, leak, ste-
nosis (Fig. 6), or thrombosis (Fig. 7) of the con-
duit are additional potential complications of 
modern Fontan procedure (Fredenburg et al. 2011; 

a b

Fig. 5  29-year-old female status post-classic Fontan for 
tricuspid atresia repair. Dark blood spin-echo (a) and 
bright blood gradient-echo SSFP (b) images show severe 
right atrial enlargement. Artifact secondary to slow flow 

within the dilated atrium (arrows) may mimic thrombosis 
on dark blood imaging (a). Patent right atrium without 
evidence of thrombosis was seen on SSFP (b) and 
contrast-enhanced MRA (not shown)
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Khanna et  al. 2012; de Leval 1998; Soler et  al. 
2007). Differentiating thrombus from slow-flow 
artifact may be sometimes challenging (Fig.  5). 
As described before, optimal contrast timing is 
paramount to assess conduit thrombosis espe-
cially when CTA is performed.

4.2	 �Extracardiac Complications

There is a wide range of extracardiac complica-
tions occurring in these patients and imaging 
plays an important role in the early diagnosis. 
These can be broadly categorized into complica-
tions involving the pulmonary arteries, conditions 
entailing right-to-left or left-to-right shunting, and 
hepatic and lymphatic complications.

4.2.1	 �Pulmonary Arteries
The low pressures achieved after the Fontan 
repair paradoxically condition an increase in the 
pulmonary vascular resistance (Fredenburg et al. 
2011). This complication is attributed to the 
absence of pulsatility of the pulmonary arteries, 
the inability to achieve complete filling of the 
pulmonary vasculature, and the increase of pul-
monary lymphatic pressure (Fredenburg et  al. 
2011; de Leval 1998). Pulmonary vascular resis-
tance is a determinant factor in the cardiac output 
of this new hemodynamic condition.

Pulmonary vascular resistance may also be 
affected by morphological alterations in the pul-
monary arteries, mainly stenosis, which fre-
quently occur at the site of anastomosis 
(Fredenburg et al. 2011). Stenosis of the left pul-
monary artery by extrinsic compression of an 
enlarged aortic root can also be seen; this is 

Fig. 6  Fontan procedure for repair of tricuspid atresia. 
Coronal contrast-enhanced MRA shows mild focal steno-
sis of the extracardiac Fontan conduit (arrow)

a b c

Fig. 7  3-year-old male with recent Fontan procedure for 
double-outlet right ventricular repair and acute thrombo-
sis of the Fontan conduit. Axial (a) and coronal (b) CTA 
images show a heterogeneous peripherally enhancing fill-
ing defect within the extracardiac inferior vena cava to 

pulmonary artery shunt (black arrow). The superior vena 
cava has been routed into the right pulmonary artery 
(white arrow). A large VSD (asterisk) and small right 
ventricular chamber can also be seen on a. Hepatic 
venous congestion is seen on the upper abdomen (c)
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particularly common in cases of hypoplastic left 
ventricle that underwent Fontan palliation and 
prior Norwood connection (aorta and pulmonary 
artery connection) due to compression by a 
dilated neoaorta (Fig.  8) (Lewis et  al. 2015). 
Early detection and treatment of pulmonary 
artery stenosis can improve system functionality. 
Stents are often placed in the pulmonary arteries 
to maintain patency. Due to metallic artifact, 
these are usually better assessed with CTA.

After completion of the total cavopulmonary 
connection the prevalence of thrombosis and 
thromboembolic events has been found to range 
from 1 to 33%, with the highest risk immediately 
postsurgery and then again late (10 + years) fol-
lowing the surgery (McCrindle et al. 2013).

4.2.2	 �Shunting
Right-to-left shunts may occur due to the develop-
ment of pulmonary arteriovenous fistulae (PAVFs) 
and the formation of systemic-pulmonary venove-
nous shunts (VVS) (Fredenburg et al. 2011; Khanna 

et  al. 2012; de Leval 1998) which usually cause 
desaturation and cyanosis (Khanna et al. 2012).

The lack of pulsatility in the pulmonary 
arteries and the absence or asymmetrical distri-
bution of the hepatoenteric inflow in the lungs 
are considered potential etiological factors 
(Khanna et al. 2012; Ashrafian and Swan 2002; 
Srivastava et al. 1995) but the exact etiology of 
PAVF is not clearly known. Some authors attri-
bute the PAVF formation to an unknown “hepatic 
factor.” They hypothesized that the liver may be 
responsible for the degradation of a vasodilating 
substance (Duncan and Desai 2003; Kim et al. 
2009), and may also be the source of vasoactive 
substances that function as inhibitors of pulmo-
nary vascular dilatation or recruitment (Duncan 
and Desai 2003). In fact, an increased risk of 
occurrence of these malformations in lungs with 
absent hepatoenteric flow during “the Glenn 
stage” and reversibility of this condition after 
the Fontan completion has been seen (Lu et al. 
2012).

a b c

d

Fig. 8  10-year-old male with the history of hypoplastic 
left heart syndrome status post-staged extracardiac fenes-
trated Fontan and prior Norwood procedure. Bright blood 
axial SSFP image (a) shows the Fontan conduit (black 
arrow) connecting to the pulmonary arteries. The left pul-
monary artery is small in size (white arrow) with evidence 
of compression from a severely dilated neo-ascending 
aorta (asterisk). The right pulmonary artery is of normal 

size. Differential pulmonary blood flow calculated using 
velocity-encoded phase-contrast (VENC) imaging 
obtained perpendicular to the pulmonary arteries follow-
ing the plane marked by the dashed lines on the dark 
blood axial image (b), through the right (c) and left (d) 
pulmonary arteries (arrows), revealed asymmetric pulmo-
nary flow, 80% of a total flow to the right and 20% of total 
flow to the left
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Venovenous collateral development with con-
nection between the systemic and pulmonary cir-
culation, systemic-pulmonary VVS, is a 
consequence of the existence of an elevated cen-
tral venous pressure (Khanna et  al. 2012; 
Ashrafian and Swan 2002; Srivastava et al. 1995). 
These anomalous vessels are seen in the medias-
tinum connecting the subclavian veins, the infe-
rior or inferior vena cava, and the hepatic veins 
with the pulmonary veins.

Maximal intensity projection (MIP) recon-
structions can help identifying PAVF and VVs on 
CTA images (2) (Fig. 9). When clusters of small 
innumerable PAVFs occur, multifocal ground-
glass opacities can be seen on CT (Fig. 10); addi-
tional regional early venous drainage is also 
frequently seen (Figs. 9 and 10). MRI has become 
an excellent and accurate noninvasive method for 
quantifying functional parameters, such as pul-
monary and systemic flow, and right-to-left 
shunting resulting from collateral flow and fistu-
lae (Whitehead et  al. 2009; Grosse-Wortmann 
et al. 2009). Excellent hemodynamic assessment 
of the PAVFs can also be obtained with time-
resolved MRA (Fig. 10).

Left-to-right shunting can also occur via major 
aortopulmonary collaterals, which can arise from 
the thoracic aorta, and brachiocephalic and inter-
nal mammary arteries. Other potential causes of 
shunting include surgical fenestrations and resid-
ual atrial septal defects.

4.2.3	 �Hepatic Complications
Elevated systemic venous pressure after a Fontan 
procedure causes chronic passive venous conges-
tion that has negative effects on the liver paren-
chyma. The increased retrograde pressure in the 
hepatic sinusoids may ultimately lead to centri-
lobular, necrosis, sinusoidal fibrosis, cirrhosis, 
and portal hypertension (Fredenburg et al. 2011; 
Khanna et al. 2012; Ghaferi and Hutchins 2005). 
In addition to hepatic vein-centered liver fibrosis, 
portal-based fibrosis has been demonstrated 
recently in the majority of patients who died soon 
after the Fontan procedure, which suggests a 
multifactorial origin of the disease (Schwartz 
et al. 2012).

As occurs in all other causes of cirrhosis, 
patients with cardiac cirrhosis may develop dys-
plastic nodules and hepatocellular carcinomas 

Fig. 9  20-year-old female with multiple PAVF and VVS 
presented with cyanosis and oxygen saturation of 82%. 
Contrast-enhanced CT images (MIP reconstructions) 
show strong and early contrast opacification of the right 
upper pulmonary artery (PA) and right upper pulmonary 
vein (PV) due to the presence of innumerable PAVFs in 

the right upper lobe. Collateral circulation is also seen 
within the mediastinum (arrow) representing several 
systemic-pulmonary VVS that connect the left subclavian 
vein and the SVC with the pulmonary veins (black arrow). 
PAVF pulmonary arteriovenous fistulae; VVS venovenous 
shunts
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(HCC) (Ghaferi and Hutchins 2005; Asrani et al. 
2013). In addition to the alpha-fetoprotein level, 
imaging surveillance is, therefore, recommended 
(Ghaferi and Hutchins 2005). Some authors 
advocate the use of CT and ultrasound, consider-
ing MRI and target biopsy for large and enlarging 
nodules (Kiesewetter et al. 2007).

In the first stage of passive hepatic congestion 
a typical reticular enhancement pattern in the 
portal phase, more pronounced in the periphery, 
is seen (Khanna et  al. 2012) (Figs.  7 and 11). 
Chronic increase of the venous pressure results in 
the development of regenerative nodules and the 
formation of intra- and extrahepatic VVS 

(Khanna et al. 2012; Ghaferi and Hutchins 2005; 
Kiesewetter et  al. 2007; Bryant et  al. 2011). 
Regenerative nodules have a similar appearance 
to focal nodular hyperplasia (FNH) on dynamic 
contrast-enhanced imaging—both are brightly 
hyperenhancing lesions on arterial phase and 
slightly hyperintense or isointense to the back-
ground liver on the venous phase—and must be 
differentiated from HCC which shows the typical 
contrast washout on delayed images (2) among 
other distinctive features. Benign hypervascular 
hepatic nodules, frequently located in the periph-
ery, are common in the failing Fontan circulation. 
A recent study showed that postmortem histology 

a c

d

b

Fig. 10  13-year-old girl with Fontan procedure for pul-
monary atresia correction presented with shortness of 
breath. Contrast-enhanced thoracic CT image shows 
countless small PAVFs in the RUL presenting as ground-
glass opacities (arrowheads) (a). Strong and early con-

trast opacification of the right upper pulmonary vein 
(white arrow) is seen in the MIP (b) and volume-rendering 
(c) reconstructions due to the presence of the PAVFs. 
Time-resolved contrast-enhanced MRA (d) allows excel-
lent assessment of the hemodynamics of the PAVFs
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suggests that FNH is the underlying pathology 
and their presence very likely indicates arteriali-
zation of hepatic blood flow and reciprocal portal 
venous deprivation (Bryant et al. 2011).

4.2.4	 �Lymphatic Complications
In the lungs, the elevated systemic venous pres-
sure and secondary increased lymphatic pressure 
can cause interstitial pulmonary edema, and pleu-
ral and pericardial effusion (de Leval 1998). 
Plastic bronchitis is another rare potential compli-
cation of lymphatic dysfunction (Fredenburg 
et al. 2011; Goo et al. 2008). Patients usually pres-
ent with cough and expectoration. Impaired lym-
phatic drainage and low cardiac output cause 
hypersecretion of mucin and formation of large 
and dense secretions that impact into the airway 
(Khanna et al. 2012). CT findings usually include 
bronchial wall thickening, mucous plugging, and 
atelectasis.

Protein-losing enteropathy and ascites are 
the most relevant abdominal complications 
derived from the increased lymphatic pres-
sure. Protein-losing enteropathy is a late, seri-
ous complication with a poor prognosis 
(Fredenburg et  al. 2011; Khanna et  al. 2012; 
de Leval 1998; Feldt et al. 1996), thought to be 
associated with the venous and lymphatic con-
gestion that occurs in the splanchnic circuit 
causing protein loss into the intestinal lumen 

with the subsequent hypoalbuminemia and immu-
nodeficiency (Fredenburg et  al. 2011; Khanna 
et al. 2012). The hypoproteinemia may also be the 
cause of pleural effusion and ascites. MRI and CT 
are rarely helpful in the diagnoses of this condi-
tion. Ascites (Fig. 12) and bowel wall thickening 
are the nonspecific findings usually seen.

a b

Fig. 11  Hepatic venous congestion after Fontan proce-
dure in two different patients. CT image (a) and portal-
phase contrast-enhanced MRI (b) images show 

heterogeneity and peripheral perfusion alteration. 
Extracardiac Fontan conduit is also seen (arrow)

Fig. 12  16-year-old male patient with cardiac cirrhosis, 
portal hypertension, and protein-losing enteropathy after 
Fontan procedure. Coronal abdominal CT images show 
morphologic changes of cirrhosis and portal hypertension 
with ascites and splenomegaly. Large systemic-pulmonary 
venovenous shunts (VVS) from the left suprahepatic vein 
to the left inferior pulmonary vein are also seen (arrow). 
Coils from prior embolization of VVS also noted in the 
mediastinum (arrowhead)
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�Conclusion

The Fontan procedure is a palliative surgical 
therapy indicated for patients with a variety of 
congenital cardiac diseases which results in 
univentricular physiology. Although many 
modifications to the original description have 
been employed, the main objective of this 
technique is based on connecting the systemic 
venous flow to the pulmonary circulation in 
order to avoid overloading the single ventricu-
lar chamber. Because of its comprehensive 
assessment, CMR has become the best imag-
ing technique in the postoperative evaluation 
of these patients. In cases where MRI is not 
feasible CTA is an excellent alternative. 
Familiarity with the surgical procedure, the 
new postsurgical anatomy and physiology, 
and the spectrum of long-term cardiac and 
extracardiac complications are becoming 
more important as the survival of these 
patients increases.
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1	 �Introduction

Transposition of the great arteries (TGA) is the 
second most common cyanotic congenital heart 
disease with a prevalence of 3.5/10,000 live 
births in Europe and a greater than twofold male 
predominance (Pexieder et al. 1995). It is charac-
terized by a ventriculo-arterial discordance with 
the aorta arising from the right ventricle and the 
pulmonary artery arising from the left ventricle. 
In case of an atrioventricular concordance (with 
the right atrium connected to the right ventricle 
and the left atrium connected to the left ventricle) 
it is called dextro-TGA (d-TGA) due to the right-
sided position of the ascending aorta. In case of 
an atrioventricular discordance (with the right 
atrium connected to the left ventricle and vice 
versa) it is called congenitally corrected-TGA 
(cc-TGA) or simplified levo-TGA (l-TGA) due 
to the mostly left-sided position of the ascending 
aorta. However, the use of the term “l-TGA” for 
this congenital heart disease (CHD) is unprecise 
as in cc-TGA with situs inversus the aorta is in 
“d”-position and there are also other CHD with 
“l”-position of the aorta like the double-outlet 
right ventricle (DORV).

Both forms of TGA have their own diagnostic 
and therapeutic challenges. In this chapter we 
focus on typical adult cardiac magnetic resonance 
(CMR) and computed tomography (CT) findings 
that result from the different types of surgical repair 
and which have a significant value for the early 
detection of typical long-term complications.
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2	 �Etiology

The etiology of TGA is still not fully understood 
and there are two major theories trying to explain 
the altered morphologies (Ferencz et al. 1995).

One theory suggests that the underlying mecha-
nism is an alteration of the normal clockwise rota-
tion of the aorta towards the left ventricle caused 
by an abnormal persistence of the subaortic conus 
(Goor and Edwards 1973). Following this theory 
TGA can be interpreted as one end in the spectrum 
of dextroposition of the aorta (Unolt et al. 2013).

The second theory sees the underlying cause in 
a rather linear than normal spiral development of 
the aortopulmonary septum putting the future aorta 
in contact with the anterior conus, which is con-
nected to the right ventricle (de la Cruz et al. 1981).

In epidemiologic studies, TGA showed a higher 
prevalence with maternal infection, maternal 
intake of pesticides and ibuprofen, and ionizing 
radiation and in infants with diabetic mothers, 
whereas the periconceptional intake of folic acid 
may have a protective effect (Loffredo et al. 2001).

D-TGA can be accompanied by additional 
cardiac anomalies of which a ventricular septal 
defect (VSD) is most common with almost 50%. 
Furthermore, right ventricular outflow tract 
(RVOT) obstruction, valvular stenosis, and, less 
commonly, coarctation of the aorta (5%) can be 
found. Extracardiac anomalies are rare and 
mostly include the kidneys and the brain.

In cc-TGA additional cardiac anomalies are 
very common (>95%) and determine the clinical 
course of the disease. Besides a VSD, which is 
present in about 25% of patients, stenoses of the 
left ventricular outflow tract (LVOT) and the pul-
monary arteries, hypoplasia of the ventricles, and 
tricuspid insufficiencies can be found. Moreover, 
due to the atrioventricular discordance, also the 
cardiac conduction system is altered and up to 
30% of the patients are diagnosed with an atrio-
ventricular (AV) block (Warnes 2006).

3	 �Clinical Presentation

Unlike other congenital heart defects d-TGA 
does not present an alternative model of blood 
circulation. With the systemic and pulmonary 

circulation running in parallel there is no blood 
oxygenation after closure of the ductus arteriosus 
unless there is an additional shunt. If not treated, 
d-TGA is the leading cause of cardiac death in 
neonates and infants (Samanek 2000). The chil-
dren develop progressive cyanosis and have an 
average life expectancy of 2 months.

In contrast to d-TGA there is a physiologic 
situation with the systemic and pulmonary circu-
lation running in row in cc-TGA.  However, in 
difference to normal hearts, the systemic ventri-
cle is not the left, but the right ventricle.

The clinical presentation of cc-TGA shows a 
broad spectrum depending on the type and degree 
of additional anomalies. In the rare absence of 
additional cardiac anomalies (except of the car-
diac conduction system) cc-TGA can remain 
undetected for a long time until it becomes clini-
cally apparent in adulthood with the symptoms of 
systemic heart failure. Survival to the seventh and 
eighth decades has been reported. Although the 
right ventricle can compensate the systemic pres-
sure for many years by hypertrophy, it is designed 
as a subpulmonary volume pump with a complex 
triangular shape and not as a concentric pressure 
pump like the left ventricle. Moreover the coro-
nary artery anatomy is concordant and the hyper-
trophic RV is perfused by a single right coronary 
artery, which might cause an imbalance between 
oxygen demand and oxygen supply. Increasing 
tricuspid regurgitation is common in cc-TGA 
patients.

Pulmonary stenosis can be found in about 40% 
of patients and is mostly subvalvular, but also val-
vular stenosis occurs. In combination with a VSD 
varying degrees of cyanosis can be found.

4	 �Treatment Options 
and Prognosis

4.1	 �D-TGA

In the industrialized countries d-TGA can be 
determined during ultrasound screening in preg-
nancy in many cases and a precise prenatal diag-
nosis decreases both the infantile and the maternal 
risk and improves outcome. Still, d-TGA is one 
of the most difficult CHD to diagnose prenatally 
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because of the relatively normal appearance in 
the four-chamber view (Jouannic et al. 2004).

For patients without a prenatal diagnosis, 
CHD should be considered if there is cyanosis 
not responding to oxygen in the immediate new-
born period. In fetal d-TGA diagnosis, birth 
should be planned in a center where a balloon 
atrial septostomy (BAS) can be performed.

Therapy of d-TGA consists of pharmacologi-
cal therapy, initial palliative procedures to 
improve oxygenation by connecting the systemic 
and pulmonary circulations, and an early correc-
tive surgery.

4.1.1	 �Prostaglandin and Balloon 
Atrial Septostomy

In hypoxic neonates prostaglandin is adminis-
tered to maintain patency of the arterial duct. 
Additionally this large-volume shunt can cause 
left atrial hypertension and enlargement which is 
stretching the foramen ovale, resulting in 
improved mixing.

If prostaglandin therapy is insufficient a BAS 
has to be considered. Usually a BAS results in an 
acute and substantial improvement in oxygen 
saturation and can be performed under echocar-
diographic as well as fluoroscopic control. The 
benefits of a BAS have to be weighed against the 
rare but threatening risks like vascular trauma, 
arrhythmias, and atrial perforation.

4.1.2	 �Surgical Therapy
Corrective surgery of d-TGA is performed a few 
days after birth after transition from fetal to neo-
natal circulation and initiation of enteral nutri-
tion. It is common to plan surgery within the first 
2 weeks after diagnosis. This approach might 
avoid some adverse long-term effects of the 
unstable d-TGA circulation.

Before the anatomical correction became pro-
cedure of choice for surgical treatment of patients 
with d-TGA, the atrial switch operation was per-
formed to achieve a physiological correction of 
blood flow since the 1960s. This type of correc-
tion involves the creation of a two-way systemic 
venous tunnel (baffle) at the atrial level to direct 
the deoxygenated systemic venous return towards 
the mitral valve, the LV, and eventually the pul-
monary artery. Accordingly pulmonary venous 

blood is directed through the pulmonary venous 
baffle towards the tricuspid valve, the RV, and 
eventually the aorta. Depending on the used 
material for the baffle this procedure is also called 
Senning (use of autologous tissue) or Mustard 
(use of synthetic material) operation after the sur-
geons who described the procedures first. The 
long-term benefits of this procedure are moder-
ate, and there are specific long-term complica-
tions that are associated with increased morbidity 
and mortality (Williams et al. 2003). In addition 
to the development of arrhythmias, systemic ven-
tricular dysfunction is the most important sequela, 
being mainly caused by the nonphysiological 
systemic position of the right ventricle (RV). 
Moreover, hemodynamically relevant stenosis or 
leakage of the systemic venous baffle, particu-
larly of the superior limb, can occur.

Since the late 1980s the arterial switch opera-
tion (ASO) has replaced the atrial switch proce-
dure. The first successful ASO was performed in 
1975 by Jatene and is now the procedure of 
choice in all centers (Jatene et al. 1976).

Although the concept of ASO is simply the res-
toration of the normal anatomic arrangement 
where the arteries are transferred to the proper 
ventricle, it is still one of the most complex and 
technically challenging operations in CHD. 
During this procedure the aorta and the pulmonary 
artery are transected above the sinuses and 
switched into their new position. The pulmonary 
trunk is hereby placed anterior to the ascending 
aorta (Lecompte maneuver) and the pulmonary 
arteries embrace the aorta (Fig.  1). The ASO 
includes the detachment of the coronary arteries 
along with a “button” from the aortic sinus and 
their transfer to the sinus of the neo-aorta.

The surgical technique of the ASO determines 
its potential short- and long-term complications. 
Particularly the meticulous reinsertion of the coro-
nary artery origins is of highest importance for a 
successful procedure. Stenosis of the coronaries 
can result in immediate ischemia and early mortal-
ity is mostly due to difficulties with this transfer. 
However obstruction of the coronary arteries by 
growth can also be a long-term complication and 
visualization of the course of the proximal coro-
naries is an important component of lifelong fol-
low-up care. Further potential long-term 

Transposition of the Great Arteries



136

consequences are neo-pulmonary stenosis, neo-
aortic regurgitation, and neo-aortic root dilatation.

Survival into adulthood is common and adults 
after ASO represent a large group in adult con-
genital heart disease clinics (Fricke et al. 2012).

When a d-TGA coexists with a pulmonary ste-
nosis and a large subaortic VSD a Rastelli proce-
dure can be performed. In this operation a patch 
is placed to conduct blood from the LV through 
the VSD to the aorta (Fig.  2). Additionally a 
valved conduit conducts blood from the RV to the 
pulmonary artery. The Rastelli procedure has the 
advantage that the LV is in systemic position. 
However, there are also typical long-term 
sequelae of which conduit degeneration and ste-
nosis are of foremost importance.

4.2	 �CC-TGA

Therapy of cc-TGA depends on the type and 
severity of associated cardiac anomalies. If 
isolated, pharmacological therapy focuses on 

treatment and the prevention of RV failure. The 
basic principles do not differ from treatment of 
LV failure and focus on reduction of the pre- and 
afterload and improvement of ventricular 
contractility.

As the RV is in systemic position, systemic 
pressure causes hypertrophy which is followed 
by a dilatation of the RV as well as the tricuspid 
annulus. This mechanism causes the steady 
increase in tricuspid regurgitation over time. 
Long-term prognosis of adults with even mild 
systemic RV dysfunction or tricuspid regurgita-
tion is poor and patients can develop severe 
tachyarrhythmia unpredictably (Filippov et  al. 
2016). In high-degree AV block the implantation 
of a pacemaker has to be considered.

As in many CHD surgical management of cc-
TGA has evolved over the last decades. In the 
early 1960s the physiological repair was intro-
duced. It consisted of repair of associated cardiac 
anomalies and surgical palliations to improve the 
prognosis. However in this type of repair the RV 
remains the systemic ventricle and long-term 
follow-up showed limited outcome in these 
patients.

During the 1990s the physiological repair 
was replaced by the double-switch operation. 
In this approach a Senning/Mustard repair is 
performed on the atrial level. In the rare cases 
in which the LV is in systemic or close to 
systemic pressures as a result of a VSD and 

*

AA

LV

Fig. 2  Steady-state free-precession LVOT view after 
Rastelli procedure. A patch is placed to conduct blood 
through the VSD to the aorta (asterisk). AA ascending 
aorta, LV left ventricle

PT 

RPA LPA 

AA 

Fig. 1  3D volume rendering after arterial switch opera-
tion. The pulmonary artery branches are encompassing 
the ascending aorta. The pulmonary trunk is in anterior 
position after Lecompte maneuver. AA ascending aorta, 
PT pulmonary trunk, RPA right pulmonary artery, LPA left 
pulmonary artery
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pulmonary stenosis, the atrial switch procedure 
can be combined with a Rastelli operation and 
an RV to PA conduit. More often, however, the 
LV has to be prepared for the systemic position 
before an additional arterial switch procedure 
can be performed. This preparation is achieved 
by a pulmonary artery banding procedure to 
induce LV hypertrophy. Perioperative mortal-
ity is reported to vary between 0 and 10% 
(Duncan et al. 2003). Late results after double-
switch procedure are satisfactory and 10–20-
year survival after surgery was reported as 
up  to 85% with the majority of survivors in a 
good functional outcome (New York Heart 
Association functional class I or II) (Murtuza 
et al. 2011).

5	 �Imaging Goals

All patients with TGA are in need of regular 
follow-up examinations. Here, the knowledge 
of the type of surgical correction is crucial for 
postoperative imaging as each type of repair 
has its specific long-term complications 
and  imaging protocols need to be adapted 
accordingly.

5.1	 �D-TGA After Atrial Switch

After atrial switch (Senning or Mustard) one 
imaging goal is to evaluate the status of the sys-
temic right ventricle. This includes determination 
of RV size and function as well as the assessment 
of RV hypertrophy. It is known that a certain 
degree of RV hypertrophy is beneficial for main-
taining RV systolic function (Grothoff et  al. 
2012). An excessive degree of hypertrophy, how-
ever, can deteriorate RV function as the single 
coronary artery is unable to provide a sufficient 
oxygen supply.

A second aim is to visualize the complex 
baffle anatomy. Shrinking and stenoses particu-
larly of the superior limb of the systemic 
venous baffle can occur due to scarring and can 
cause upper venous congestion. Stenoses of the 

inferior limb are less common. Small baffle 
leaks are even more common than stenoses. 
Although hemodynamically insignificant in 
most cases they bear the risk of paradoxical 
embolus and stroke.

5.2	 �D-TGA After Arterial Switch

After arterial switch operation imaging has to 
focus on the reinserted coronary arteries as well 
as dilatation of the neo-aortic root with aortic 
regurgitation. Particularly the visualization of the 
proximal course of the coronaries using noninva-
sive cross-sectional imaging can avoid repeated 
diagnostic catheterization in this delicate patient 
group. Further attention has to be put on distor-
tion of the RV outflow tract and stenoses of the 
pulmonary arteries that are encompassing the 
ascending aorta.

5.3	 �D-TGA After Rastelli

Besides the assessment of biventricular function 
imaging after Rastelli procedure has to exclude 
residual ventricular septal defects as well as 
subaortic stenosis. Furthermore the function of 
the ventriculo-pulmonary conduit has to be 
evaluated.

5.4	 �CC-TGA

If isolated, the diagnosis is often overlooked. 
Typical imaging findings of cc-TGA are the 
characteristics of the RV in the left position. 
These include the moderator band, the pro-
nounced trabeculation of the myocardium, and 
the funnel-shaped muscular outflow tract (conus 
or infundibulum). Furthermore the parallel 
arrangement of the pulmonary trunk and the 
ascending aorta (side-by-side position) is com-
mon (Fig.  3). If surgically corrected the find-
ings in cc-TGA depend on the type of repair 
(double switch or atrial switch with Rastelli 
procedure).
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6	 �Noninvasive Imaging 
Techniques

6.1	 �Echocardiography

Echocardiography is the first-line imaging tool in 
CHD. In the hands of an experienced examiner it 
can provide a broad spectrum of morphological 
and functional information. Also in TGA it is 
used for the initial diagnosis and for surgical 
planning. In postoperative follow-up it should be 
complemented by cross-sectional imaging, pre-
dominantly by MRI.

In the preoperative assessment it is key to 
define the ventriculo-arterial connection. Here 
the subcostal imaging planes are particularly 
valuable. Sagittal imaging planes typically show 
the aorta positioned anterior to the pulmonary 
artery. In a short-axis orientation the aortic and 
the pulmonary valve can be visualized simulta-
neously, which confirms the ventriculo-arterial 
discordance (Fig. 4). Associated ventricular sep-
tal defects are best visualized by subcostal and 
parasternal short-axis planes. If the pressure in 
both ventricles is equal additional ventricular 
septal defects can be undetectable if only 
Doppler echocardiography is used. Therefore 
careful B-mode imaging is always required. For 

visualizing the aortic arch to exclude aortic 
coarctation (which is present in 5–10% of 
patients) a suprasternal approach is suitable. 
Preoperative visualization of the coronary arter-
ies is challenging as there are numerous ana-
tomic variations. Multiple imaging planes are 
required, of which the parasternal short-axis, the 
apical four-chamber, and the left oblique subcos-
tal views are the most useful ones.

In postoperative imaging ultrasound has to 
address the complications that are inherent to 
the type of correction as mentioned above. These 
can occur immediately after correction or years 
later. After arterial switch, again, visualization 
of the coronary arteries is of great importance 
and should be performed with both two-dimen-
sional B-mode and Doppler echocardiography. 
However, diagnostic imaging of the coronaries 
is not always possible due to acoustic window 
constraints. Assessment of myocardial contrac-
tility might be helpful but cannot differentiate 
whether a preserved contractility is caused by a 
normal coronary artery supply or by a collateral 
circulation (Taylor et  al. 2005). Clearly, other 
imaging modalities are necessary to overcome 
these limitations in late follow-up examinations. 
As diagnostic cardiac catheterization is invasive 
and therefore not the ideal modality for regular 
follow-up examinations in adolescents and 
young adults, noninvasive coronary MR- or 
CT-angiography should be considered.

AV

PV

Fig. 4  Parasternal short-axis echocardiography showing 
the aortic valve anterior and rightward from the pulmo-
nary valve. AV aortic valve, PV pulmonary valve

RA

LV

PT

RV

AA

Fig. 3  MR angiography demonstrates the side-by-side 
position of the ascending aorta and the pulmonary trunk—
here in cc-TGA with additional atrioventricular discor-
dance. RA right atrium, LV left ventricle, PT pulmonary 
trunk, AA ascending aorta, RV right ventricle
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Besides stenoses of the coronaries also steno-
ses of the branch pulmonary arteries following 
the Lecompte maneuver have to be excluded in 
follow-up. In ultrasound these can be best visual-
ized with a high parasternal short-axis view. In 
Doppler echocardiography gradients of 
>25 mmHg indicate a relevant stenosis and need 
further intervention.

After atrial switch (Senning or Mustard) sys-
temic and pulmonary venous baffles have to be 
examined for obstruction or leaks. Here trans-
esophageal echocardiography (TEE) is superior 
to transthoracic echocardiography (TTE). Mid-
esophageal (ME) views using sweeps and partic-
ularly ME four-chamber views with flexion and 
rotation of the probe allow visualization of both 
baffles. Doppler echocardiography may deter-
mine the severity of stenoses, which mostly occur 
at the superior limb of the systemic venous baffle. 
Also injection of ultrasound contrast agent into 
an upper body peripheral vein can assess the 
function of the upper systemic venous limb. In 
the absence of an obstruction the contrast rapidly 
moves from the superior vena cava towards the 
tricuspid valve and no contrast can be seen in the 
inferior limb of the baffle. In the presence of a 
relevant baffle obstruction the contrast is also 
directed through collaterals to the lower limb of 
the baffle.

Assessment of systemic RV function, size, 
and hypertrophy can be difficult in echocardiog-
raphy due to acoustic window constraints when 
the RV is in the right position. In TTE the most 
useful planes are the parasternal long-axis 
(PLAX) and parasternal short-axis (PSAX), sub-
costal long-axis, and parasternal RV inflow 
views. Accurate assessment of the systolic func-
tion of the RV is achieved by measuring one or 
many echocardiographic indices like the tricus-
pid annular plane systolic excursion (TAPSE), 
which is defined as the excursion of the tricuspid 
annulus from diastole to systole, and is measured 
typically at the lateral annulus using M-mode. 
For a better reproducibility of the RV status and 
imaging without limitations caused by the 
retrosternal position of the RV and patient consti-
tution, MRI should be used in regular follow-up 
examinations to determine size and function.

6.2	 �Radiography

With the advent of echocardiography and the 
cross-sectional imaging modalities the role of 
chest radiography in TGA has changed. It is no 
longer used for diagnosis purposes but to provide 
an overview over the general cardiopulmonary 
status. Typical findings in uncorrected TGA are 
an abnormally straight vascular pedicle caused 
by the loss of the normal arterial relationships. 
The ascending aorta is not visible on the right 
side and the aortic knob as well as the descending 
aorta is not visible on the left side (Fig.  5). In 
cc-TGA frequently dextrocardia can be found.

In the early postoperative period chest radiog-
raphy is used for diagnosing early postoperative 
complications and is the method of choice for the 
close-meshed follow-up of the cardiopulmonary 
status. In late follow-up radiography is further-
more helpful in the evaluation of stent integrity 
after stent implantation in the superior limb of the 
systemic venous baffle.

6.3	 �Computed Tomography

In the era of low-dose computed tomography 
(CT) the spectrum of indications for this modal-
ity has extended, even in CHD. With prospective 
ECG-triggering techniques detailed morphologic 
information at reasonable radiation doses can be 

Fig. 5  Radiograph in uncorrected d-TGA.  Note the 
absence of the ascending aorta on the right and the absence 
of the descending aorta on the left side
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obtained. Today the radiation dose in coronary 
computed tomography angiography (CCTA) is 
lower than that in standard percutaneous coro-
nary angiography and the complication rate is 
lower (Meinel et al. 2015). A recent study showed 
that the high temporal and spatial resolution of 
CCTA can be used to reliably visualize the coro-
naries after arterial switch procedure in adoles-
cents and young adults (Szymczyk et al. 2018). 
In knowledge of the great variance of the reim-
planted coronaries and their importance for the 
individual outcome the visualization of the proxi-
mal course is part of most routine follow-up 
protocols.

Also after atrial switch CT can be helpful in 
long-term follow-up, particularly after stent 
implantation, e.g., in the upper limb of the sys-
temic venous baffle. Here, MRI as the alternative 
cross-sectional modality has problems in visual-
izing the in-stent lumen due to susceptibility 
artefacts.

Independent of the type of surgery CT is the 
first-line modality in perioperative complications 
like hemothorax, pneumothorax, and venous 
thrombosis. These CT scans can be performed 
with low radiation exposures of approximately 
0.5 mSv effective dose.

In complex vessel anatomy CT is also used for 
preoperative planning. The relationships of the 
arteries and the surrounding structures can be 
depicted in a submillimeter spatial resolution. A 
3-dimensional volume rendering gives the sur-
geon an impression of the operative situs. 
Contrast agent is administered adapted to weight 
in a single bolus. The acquisition of a single 
phase with contrast in all major vessels is suffi-
cient in most cases.

6.4	 �Magnetic Resonance Imaging

Cardiac MRI is the imaging modality that can 
acquire the widest range of information in chil-
dren and adults with CHD.  It is also the ideal 
method for regular follow-up examinations as it 
is free of ionizing radiation and not limited by 
patient constitution or a sufficient acoustic win-
dow. CMR is only rarely used for preoperative 

imaging. Without sedation it requires a certain 
degree of patient compliance over a time of at 
least 30–40 min. In children this is usually pos-
sible from the age of 8–9 years.

6.4.1	 �Morphology
In CHD, CMR imaging should start with an 
overview over the postoperative situs in a trans-
verse orientation using black-blood or steady-
state free-precession (SSFP) images. This gives 
a first impression of the dimensions of the cham-
bers and great vessels as well as the degree of 
ventricular hypertrophy and reveals the type of 
repair and modifications. In a next step the direct 
acquisition of freely angulated planes in the 
three-dimensional space is possible. In d-TGA 
after atrial switch procedure, this is particularly 
helpful in visualizing the upper and lower limb 
of the systemic venous baffle. This is best 
achieved by a paracoronal view with an angula-
tion from the superior to the inferior vena cava 
(Fig. 6a, b). If angulated properly, both limbs of 
the baffle can be visualized at once and obstruc-
tions can be detected. Implanted stents in the 
upper limb can cause susceptibility artifacts and 
make the assessment of stent patency impossible 
(Fig. 6c).

After arterial switch procedure the transverse 
imaging planes nicely demonstrate the anterior 
position of the pulmonary trunk after Lecompte 
maneuver (Fig. 7) and potential stenoses of the 
branch pulmonary arteries.

A substantial improvement in spatial resolu-
tion was the introduction of the three-dimensional 
whole-heart sequence. This ECG-gated sequence 
was developed to enable CMR coronary imaging 
and provides isotropic submillimeter voxels in 
free breathing. The use of acceleration tech-
niques, of which parallel imaging is the most 
common one, results in acquisition times of about 
10 min for a complete 3D dataset of the cardio-
vascular structures of the mediastinum during 
systole and/or diastole. In d-TGA after arterial 
switch 3D whole-heart imaging can reliably visu-
alize the course of the proximal reinserted coro-
nary arteries up to a heart rate of 100 beats/min 
and can replace the invasive and radiation-intense 
cardiac catheterization (Greil et  al. 2017). 
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Furthermore, the 3D whole-heart sequence is 
usually performed without the administration of 
a contrast agent and may therefore replace the 
contrast-enhanced MR angiography (CE-MRA) 
as far as the central vessels, e.g., the pulmonary 
branches after Lecompte maneuver, are con-
cerned. This is particularly helpful in an era of 
uncertainty regarding the possible deleterious 
effects of gadolinium deposition in the central 
nervous system (see also below).

6.4.2	 �Function
Functional assessment is one of the most impor-
tant elements in follow-up examinations in patients 
with TGA. Impaired function in combination with 
other parameters may lead to an indication for 
reoperation or reintervention. Therefore the metic-
ulous determination of ventricular size and ejec-
tion fraction and the early detection of tendencies 
are part of any CMR follow-up examination. 
Assessment of RV dimensions and function is 
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Fig. 6  (a) Steady-state free-precession paracoronal view 
after atrial switch operation shows the upper and lower 
limb of the systemic venous baffle conducting blood from 
the superior and inferior vena cava to the left ventricle. (b) 

3D volume rendering of the same patient. (c) Stent in the 
upper limb of the systemic venous baffle after treatment of 
stenosis causing artefacts
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difficult by echocardiography due to its retroster-
nal position and its complex chamber shape, 
which does not allow for application of an accu-
rate geometric model. This is even truer for right 
ventricles after atrial switch procedure or in 
cc-TGA in which the systemic RV and its tricus-
pid valve are exposed to systemic arterial after-
load. Therefore, the most commonly used 
two-dimensional echocardiography provides 
rather qualitative than quantitative information on 
RV dimensions and volume indices.

CMR has become the gold standard in the 
assessment of biventricular volume and mass. 
Mostly steady-state free precession (SSFP) 
sequences with a high contrast between myocar-
dium and blood pool are used. Classical gradient 
echo sequences provide a lower contrast-to-noise 
ratio but can be helpful in reducing artifact, par-
ticularly banding artifacts in 3T imaging.

In the symmetrical LV CMR shows excellent 
reproducibility, and in the asymmetrical RV 
delineation of the contours is more challenging 
but reproducibility is still good (Kilner et  al. 
2010). For RV volume measurement various 
stack orientations can be used, each of them 
offering particular advantages and disadvantages. 
The short-axis orientation offers a good delinea-
tion between the diaphragm and the thin inferior 
wall of the RV but has problems with the delinea-
tion of the complexly shaped tricuspid valve. The 
four-chamber-view orientation can clearly depict 
the tricuspid valve, but lacks differentiation 

between inferior myocardium and diaphragm. A 
good compromise is the use of transversal slices, 
typically with a slice thickness of 6 mm without 
gap.

However, no matter what orientation is used, 
consistency in measurements is most important 
especially when RV parameters are assessed over 
many years in regular follow-up examinations 
and measurements are performed by various 
investigators. Consensus criteria and a training of 
postprocessing physicians and technicians are 
helpful in reaching consistency and a good 
interobserver variability at least within one insti-
tution. Commercially available automated or 
semiautomated contour detection programs for 
the geometrically complex RV still do not show 
satisfying results and time-consuming manual 
correction is mandatory.

When delineating the borders of the RV, the 
endocardial contour should be drawn along the 
compacted layer of the RV myocardium and 
exclude the trabeculations. Certainly this 
approach results in a systematic error namely an 
overestimation of the blood pool and an underes-
timation of the myocardial mass, particularly in 
hypertrophied systemic RVs in cc-TGA and 
d-TGA after atrial switch. However, it is imprac-
ticable and time consuming to delineate the 
numerous RV trabeculations and an attempt will 
result in lower intra- and interobserver reproduc-
ibility (Kilner et al. 2010). The myocardial mass 
is best assessed in end diastole as the hypertro-
phied trabeculations appear to merge in end sys-
tole and cannot be demarcated from the 
compacted layer.

In d-TGA after atrial switch procedure func-
tional SSFP imaging can also be used for the 
detection of baffle leaks. With an adequate in-
plane visualization the shunt jets can directly be 
visualized. Small leaks, however, may not be 
detectable and CMR is inferior to contrast-
enhanced echocardiography in the detection of 
leaks (Lu et al. 2012).

6.4.3	 �Flow Measurement
Phase-contrast (PC) flow measurement is part of 
any CMR protocol in CHD. It is the only modal-
ity which can acquire quantitative hemodynamic 

AA
RPA LPA

PT

SVC

Fig. 7  MR angiography after arterial switch procedure. 
The proximal RPA and LPA are predilection sites for post-
operative stenoses. AA ascending aorta, PT pulmonary 
trunk, RPA right pulmonary artery, LPA left pulmonary 
artery, SVC superior vena cava
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information noninvasively. In clinical routine 
mostly two-dimensional PC CMR is used to 
assess flow velocity and regurgitation. In TGA 
there are numerous applications for this method 
depending on the type of surgery: After arterial 
switch operation PC CMR is used to quantify ste-
noses of the branch pulmonary artery after 
Lecompte maneuver in a paraxial in-plane orien-
tation. Furthermore PC flow can quantify the 
regurgitation fraction in neo-aortic insufficien-
cies. After atrial switch procedure flow measure-
ment is helpful in quantifying stenoses of the 
upper limb of the systemic venous baffle and in 
quantifying shunts caused by baffle leaks by 
comparing the aortic and pulmonary forward 
flow. After Rastelli procedure PC CMR focuses 
on the assessment of stenoses or insufficiencies 
of the pulmonary conduit and obstructions of the 
left ventricular outflow tract.

A further development in PC flow measure-
ment is time-resolved three-directional velocity 
encoding (4D PC CMR). Data acquisition can be 
performed in free breathing within 10–12  min. 
4D flow provides full volumetric coverage of the 
great arteries and can improve hemodynamic 
evaluation in complex postsurgical anatomy. 
Postprocessing can be performed retrospectively 
and data quality is no longer dependent on cor-
rect pre-acquisition angulations as it is in 2D 
flow. Furthermore new flow parameters like 
helicity and vorticity of the flow can be visual-
ized. Although robust and available for some 
years, 4D flow is still mostly used in scientific 
settings and reference values from larger cohorts 
are not available yet. Nevertheless, it will be the 
future of flow measurement in CHD.

6.4.4	 �Tissue Characterization
Systemic dysfunction is a common sequel in the 
long-term follow up of TGA patients with sys-
temic RVs and there has been much debate for 
the reason of RV impairment. Tricuspid insuffi-
ciency, a complete atrioventricular block, and 
arrhythmias have been identified as risk factors. 
Also myocardial scarring assessed by late gado-
linium enhancement (LGE) imaging can have a 
deleterious effect on RV function. Over the past 
years LGE techniques have evolved and been 

established as reliable and robust tools to visual-
ize biventricular myocardial scars with high 
reproducibility. Phase-sensitive inversion-
recovery (PSIR) DE sequences provide a better 
and more consistent image quality compared to 
DE sequences with magnitude detection. In 
d-TGA patients with atrial switch procedure per-
formed in the late 1970s and the 1980s (before 
the arterial switch procedure became the method 
of choice) myocardial scars were found rarely in 
both the RV and the LV (Preim et al. 2013). Also 
in uncorrected cc-TGA scars are uncommon. In 
older patient cohorts after atrial switch scars were 
found more frequently, probably due to different 
surgical techniques, and also correlated with RV 
ejection fraction (Babu-Narayan et al. 2005). In 
this context it is important to notice that hyperen-
hancement adjacent to prosthetic patches, e.g., 
after closure of ventricular septal defects or 
Rastelli procedure, must not be considered as 
myocardial scar but rather as adhesion of contrast 
agent to the patch (Fig. 8).

LGE can only detect adjacent fibrosis with a 
volume of >0.5 mL but is unable to detect dif-
fuse fibrosis. T1 mapping techniques might 
overcome this constraint as they are able to 
detect fibrosis by measuring tissue-specific 
relaxation times. After atrial switch diffuse fibro-
sis is more pronounced in the myocardium of the 

systemic 
RV subpulmonary 

LV

conduit

*

Fig. 8  Phase-sensitive inversion recovery (PSIR) late 
gadolinium enhancement image in d-TGA after atrial 
switch procedure with a conduit to the pulmonary trunk 
demonstrating adhesion of contrast (arrows) at a large 
VSD patch (asterisk). LV left ventricle, RV right ventricle
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systemic RV of adults as compared with controls 
in equilibrium contrast mapping (Plymen et  al. 
2013). However, to quantify the extracellular 
volume, which is enlarged in diffuse fibrosis, the 
application of gadolinium is necessary. In our 
institution we try to avoid the repeated adminis-
tration of gadolinium in regular follow-up exam-
inations in children, adolescents, and young 
adults as it is unclear whether deposition in the 
central nervous system might have adverse long-
term effects.

An overview over the key points in imaging is 
given in Box 1.

�Conclusion
Echocardiography is the first-line imaging 
modality in TGA and can already detect the 
ventriculo-arterial discordance during screen-
ing examinations in pregnancy. Also preopera-
tive planning is mostly done by echo. After 
surgical correction imaging is an essential part 
of follow-up examinations for the detection of 
morphologic and hemodynamic changes. The 
postoperative imaging protocol strongly 
depends on the type of repair of which each 
has its specific long-term complications. 
Limitations in echocardiography in visualiz-
ing the RV and the coronary arteries can be 
overcome by CMR.  This modality provides 
the most detailed information in morphology, 
function, and tissue characterization and is 
routinely performed in all tertiary care cen-
ters. Pathologies associated with a systemic 
RV can be imaged in freely angulated slices or 
in 3D without limitations by patient constitu-
tion. Modern imaging sequences like T1 map-
ping and 4D PC CMR may provide additional 
information but have to be evaluated in regard 

Box 1 Key Points in Imaging TGA

•	 Radiography:
–– Overview cardiopulmonary status 

and course
•	 Echocardiography:

–– First-line imaging modality, prenatal 
diagnosis, preoperative planning, 
follow-up examinations

Preoperatively:
–– Detection of ventriculo-arterial 

discordance
–– Parallel position of great arteries
–– Detection of associated cardiac anoma-

lies (e.g., VSD, pulmonary artery steno-
sis, coarctation of the aorta)

Postoperatively:
–– Assessment of biventricular function
–– After arterial switch procedure: detec-

tion of pulmonary branch artery 
stenoses

–– After atrial switch procedure (Senning/
Mustard): evaluation of systemic RV 
(function and hypertrophy), detection of 
baffle stenoses and leaks, assessment of 
tricuspid insufficiency

–– After Rastelli procedure: exclusion of 
residual VSD and subaortic stenosis, 
assessment of pulmonary conduit 
function

•	 Computed tomography
–– Imaging of perioperative complica-

tions, preoperative planning
•	 Cardiac magnetic resonance

–– Routine in follow-up examinations
–– Gold standard in evaluation of biven-

tricular function and mass
–– Imaging of scar and fibrosis
–– Quantification of stenoses, insuffi-

ciencies, and shunts
–– After arterial switch: detection of 

coronary artery and pulmonary 
branch artery stenoses

–– After atrial switch: evaluation of sys-
temic RV, detection of baffle stenoses 
and leaks, evaluation of tricuspid 
insufficiency

–– After Rastelli: exclusion of residual 
VSD and subaortic stenosis, assess-
ment of pulmonary conduit function

M. Grothoff and M. Gutberlet



145

to their clinical significance. Computed 
tomography can be valuable in detailed imag-
ing of the morphology and is the first-line 
modality in perioperative complications.
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Congenital abnormalities of the thoracic sys-
temic and pulmonary arteries can occur in isola-
tion or in the setting of a complex cardiovascular 
malformation. Severe or complex vascular 
defects are usually diagnosed and corrected in 
childhood. Infrequently, anomalies of the sys-
temic and pulmonary arteries present during 
adulthood. After correction of a cardiovascular 
malformation most children survive into adult-
hood. In adults, the most common indication for 
imaging is to evaluate post-treatment sequelae. 
Understanding the underlying pathology and 
possible complications that may occur during 
follow-up is essential for planning imaging stud-
ies. Furthermore, knowledge on the different 
imaging modalities, including their strengths and 
limitations for assessing anomalies of the sys-
temic and pulmonary arteries, is important.

This chapter discusses the role of the different 
imaging modalities for the assessment of congen-
ital abnormalities of the thoracic systemic and 
pulmonary arteries both at diagnosis and during 
follow-up after treatment. As follow-up already 
starts directly after surgical correction this chapter 
includes images of both children and adults.

1	 �Overview of Imaging 
Techniques for the Systemic 
and Pulmonary Arteries

Chest radiography is usually the first imaging 
modality used in adults with suspected large ves-
sel abnormalities. Chest radiographs may provide 
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clues to abnormalities of the thoracic vascular 
system. Signs that should raise suspicion of a 
vascular abnormality include abnormal location 
of the aortic knob, tracheal narrowing, rib notching, 
or an abnormal mediastinal silhouette (Ferguson 
et al. 2007).

Echocardiography is usually the next non-
invasive imaging tool. In patients with favourable 
acoustic windows, echocardiography allows 
evaluation of the thoracic arterial vasculature in 
great detail and can detect abnormalities of the 
pulmonary and systemic arteries. Greyscale 
imaging in the parasternal short-axis view allows 
detailed depiction of the main pulmonary trunk 
and left and right pulmonary arteries. The aorta 
and its branching arch vessels are best visualised 
from the high parasternal and suprasternal views, 
allowing anatomical delineation to detect dilata-
tion, narrowing or interruption of the aorta as 
well as an abnormal course of the aorta or its 
major branches. The descending and abdominal 
aorta can be appreciated from the subcostal 
views. Colour-Doppler flow shows the direction 
of blood flow and detects areas of turbulent flow, 
while pulsed-wave and continuous-wave Doppler 
assessment provides information on the location 
and severity of stenosis within the thoracic arter-
ies. However, with increasing age and body mass 
index, echocardiographic evaluation of the tho-
racic vasculature is hampered by suboptimal 
acoustic windows. Furthermore, echocardiogra-
phy cannot provide information on the surround-
ing structures, such as the trachea and 
oesophagus.

Oesophagography, using barium as a contrast 
medium, can be used to evaluate complaints of 
dysphagia, which is not infrequently the present-
ing symptom in adults with a vascular ring. 
Vascular rings cause a typical indentation on the 
oesophagus which give rise to the suspicion of 
the diagnosis (Berdon 2000). In clinical practice, 
however, this modality has been largely replaced 
by cross-sectional imaging modalities such as 
computed tomography (CT) and magnetic reso-
nance imaging (MRI).

CT and MRI are the preferred non-invasive 
imaging modalities in adults for assessment of 
abnormalities of the systemic and pulmonary 

arterial system as well as for follow-up and assess-
ing complications due to prior interventions.

The typical MRI examination starts with scout 
images in the three orthogonal planes, on which 
one can appreciate the large systemic and pulmo-
nary arterial anatomy, and these scout views are 
used for planning dedicated MRI sequences. 
Targeted spin echo (‘black blood’) as well as gra-
dient echo (‘white blood’) MRI sequences are 
used for anatomical evaluation. For evaluation of 
the aorta and branching vessels, the imaging 
planes are planned in at least two perpendicular 
directions when a two-dimensional (2D) tech-
nique is used, including the oblique sagittal plane 
along the long axis of the aorta. For imaging the 
right ventricular outflow tract (RVOT), the pul-
monary valve and the proximal main pulmonary 
arteries planning along the long axis of the RVOT 
are recommended, whereas the right and left pul-
monary arteries can be evaluated in an axial or 
oblique axial stack (Fratz et al. 2013). Isotropic 
three-dimensional (3D) imaging using contrast-
enhanced or non-contrast-enhanced sequences 
can also be used to assess the thoracic 
vasculature.

Besides detailed anatomical evaluation, MRI 
also provides functional information on the 
hemodynamic consequences of vascular abnor-
malities. For example, phase-contrast flow veloc-
ity mapping is used to assess the shunt volume in 
extracardiac shunts, to quantify differential lung 
perfusion in the presence of branch pulmonary 
artery stenosis, and help gauge the hemodynamic 
severity of (re)coarctation of the aorta.

CT is especially useful to determine the rela-
tionship between the vessels and the airways for 
planning an intervention. Furthermore, CT is the 
preferred imaging modality in patients with con-
traindications to MRI or for stent evaluation. 
Correct contrast-bolus timing is essential and 
should be adjusted to the vasculature under inves-
tigation: CT pulmonary angiography, CT aortic 
angiography or both. Although radiation dose has 
been reduced considerably with new scan and 
reconstruction techniques (Xu et al. 2014; Kroft 
et al. 2010), the radiation burden of repeated CT 
scans is of concern and should be taken into 
account, especially in children and young adults 
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with congenital heart disease, making CT less 
attractive for serial follow-up (Baumgartner et al. 
2010). Nuclear imaging techniques may be used 
to assess heterogeneity of pulmonary perfusion 
in patients with branch pulmonary artery stenosis 
and contraindications for MRI.

Cardiac catheterisation for diagnostic evalua-
tion of systemic and pulmonary arteries is cur-
rently largely replaced by MRI and CT. However, 
fluoroscopic angiograms are still obtained prior 
to and during percutaneous interventions. 
Occlusion devices, balloons and stents are placed 
under fluoroscopy guidance. Furthermore, right-
heart catheterisation is used in cases of suspected 
pulmonary hypertension in the rare adult patient 
with a long-standing unrepaired left-to-right 
shunt, such as septal defects, an aortopulmonary 
window or a patent arterial duct.

2	 �Development 
of the Systemic 
and Pulmonary Arterial 
System

The development from the embryological initial 
symmetrical cardiovascular system to a unilateral 
left-sided aortic arch and arterial duct is an 
intriguing and complex process that is not com-
pletely understood. The aortic and pulmonary 
vascular system develops from the aortic sac and 
the pharyngeal arch arteries (PAA) through 
extensive remodelling driven by flow-mediated 
mechanisms, with angiogenesis and apoptosis in 
a spatio-temporal pattern (Gittenberger-de Groot 
et al. 2006). In early embryonic stages, the aortic 
sac is divided by the aortopulmonary septum into 
ascending aorta and main pulmonary artery 
(Bartelings and Gittenberger-de Groot 1989). 
During cardiovascular morphogenesis five paired 
PAAs develop, numbered I–VI, with the fifth 
PAA never reaching full maturation. Eventually, 
the first and second PAAs contribute to the vascu-
lature of the head, and the third forms the carotid 
artery system. During normal cardiovascular 
development the left fourth PAA forms the main 
part of the left-sided aortic arch and the left sixth 
PAA eventually connects the pulmonary artery 

system to the aorta through the arterial duct 
(Gittenberger-de Groot et al. 2006). Disruption of 
these complex events leads to a variety of abnor-
malities of the systemic and pulmonary arteries, 
occurring de novo or in the setting of known 
syndromes.

3	 �Individual Lesions

3.1	 �Coarctation of the Aorta

Coarctation of the aorta (CoA) accounts for 
4.2% of all congenital heart diseases (Hoffman 
and Kaplan 2002) and most commonly occurs in 
a juxtaductal position distal to the origin of the 
left subclavian artery (Fig.  1) (Backer and 
Mavroudis 2000a). A clear association with 
bicuspid aortic valve (Fig.  2) exists with a 
reported prevalence as high as 85% in patients 
with coarctation (Roos-Hesselink et  al. 2003). 
CoA is associated with Turner, Williams(−Beuren) 
and congenital rubella syndromes. CoA can be 
associated with intracardiac malformations includ-
ing ventricular septal defects and left ventricular 
outflow tract obstruction. CoA may also develop 
secondary in Takayasu aortitis (Baumgartner et al. 
2010).

Interrupted aortic arch (IAA) is a rare congen-
ital cardiac defect. Given the near-universal mor-
tality with closure of the arterial duct, 
presentations during adulthood are exceedingly 
rare (Knapper et al. 2014). After correction com-
plications are similar to those after CoA correc-
tion and include aortic restenosis and aneurysm 
formation (Yang et al. 2008). Diagnosis and fol-
low-up imaging are similar to CoA (Dillman 
et al. 2008; Yang et al. 2008).

3.1.1	 �Presentation and Diagnosis
Critical CoA presents at young age with signs of 
cardiac failure. In adults, CoA often presents 
inconspicuously with a murmur, hypertension, 
weak femoral pulses, headaches or, occasionally, 
claudication. Of note, in patients with extensive 
collateral circulation induced by a CoA, femoral 
pulses or lower extremity blood pressure may 
appear almost normal (Torok et al. 2015).
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a b

Fig. 1  Coarctation of the aorta. 9-year-old male with 
bicuspid aortic valve and coarctation of the aortic. 
Gadolinium-enhanced MR angiography. Parasagittal orien-
tation showing the coarctation with collateral arteries. (a) 

Maximum intensity projection image demonstrating prom-
inent intercostal- and internal mammary arteries (arrows). 
(b) Volume-rendering reconstruction of the aorta and col-
lateral arteries showing the site of coarctation (arrow)

a

b

c d

Fig. 2  Bicuspid aortic valve. 28-year-old male patient 
with bicuspid aortic valve and mild dilatation of the 
ascending aorta. Axial views of through-plane velocity-
encoded phase-contrast MRI acquisition of the flow veloc-
ity through the valve ((a) magnitude image, (b) phase 
image). In (c) a double-oblique lateral view of the aortic 
outflow tract with the bicuspid aortic valve is presented 

with aortic regurgitation (arrow). (d) shows streamline 
visualisation with colour coding of systolic outflow, with 
abnormal circulating blood flow (arrowhead) and helical 
flow in the aortic arch. LV left ventricle, LA left atrium, Ao 
aorta. Figure from unravelling cardiovascular disease 
using four-dimensional flow cardiovascular magnetic reso-
nance. (Adapted from Kamphuis et al. 2017)
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Chest radiography may provide clues to the 
presence of CoA. In 50–66% of adults with CoA, 
a figure of three sign can be appreciated on the 
posterior-anterior chest radiograph, caused by 
dilatation of the aorta proximal to the stenosis, 
indentation at the site of stenosis and dilatation 
distal to the stenosis (Ferguson et al. 2007). Rib 
notching (deep grooves at the caudal part of the 
ribs, especially of the 4th–8th ribs) can some-
times be observed in adult patients with CoA, and 
is caused by collateral circulation via dilated 
intercostal vessels to bypass the site of stenosis. 
In patients with favourable windows, echocar-
diography has proved to be accurate in detecting 
aortic arch obstruction including CoA 
(Nihoyannopoulos et  al. 1987; Tworetzky et  al. 
1999). In the suprasternal view, the aorta can be 
evaluated in its long-axis projection with special 
attention to the predilection site of CoA and 
diameters of all segments of the aortic arch. 
Doppler techniques are used to assess the veloci-
ties in the aorta, estimate the pressure gradient 
over the CoA site and evaluate the presence of the 
typical CoA flow pattern of antegrade diastolic 
forward flow. In adults with suspected CoA, CT 
and MRI are frequently used as the aortic arch, 
the site of coarctation and the collateral circula-
tion can be appreciated in greater clarity and 
more detail (Karaosmanoglu et al. 2015). A stan-

dard MRI examination for the evaluation of a (re)
CoA may include cine imaging in the long-axis 
plane of the aortic arch, contrast-enhanced MRA 
of the aorta (Fig. 1) and phase-contrast MRI at 
several sites within the aorta, including the aortic 
valve level, aorta just proximal to the CoA and 
distal to the CoA at the level of the diaphragm 
(Fratz et  al. 2013). Based on the flow volume 
measurements just above the CoA site and at the 
level of the diaphragm the amount of collateral 
flow can be estimated (Fig.  3) (Steffens et  al. 
1994). Similar to echocardiography, phase-
contrast MRI distal to the stenosis can reveal 
increased blood velocity and abnormal flow pat-
terns. The combination of indexed minimal aortic 
cross-sectional area (derived from contrast-
enhanced MRA) and heart rate-corrected decel-
eration time in the descending aorta at the level of 
the right pulmonary artery (derived from phase-
contrast MRI) has been used to predict a trans-
catheter peak-to-peak pressure gradient of 
≥20 mmHg with a sensitivity of 90% and a speci-
ficity of 76% in native as well as recurrent CoA 
(Muzzarelli et al. 2011).

Recently, 4D flow MRI has been introduced to 
assess flow patterns in patients with CoA (Fig. 4) 
and allows estimations of regional pressure differ-
ences within the aorta (Rengier et  al. 2015). 
Although the clinical significance of this technique 
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Fig. 3  Collateral flow quantification in coarctation of the 
aorta. Same patient as in Fig 1. MRI flow imaging with 
phase-contrast technique immediately distal to the coarc-
tation (upper line in (a) and upper row (b and c)) and at 
diaphragm level (lower line in (a) and lower row (d and e)). 

Flow in the descending aorta is 2.5  L/min immediately 
distal to the coarctation (c), and 3.0 L/min at diaphragm 
level (e), indicating haemodynamically significant coarc-
tation for the aorta. Ao aorta
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needs to be established, it has shown potential as 
a prognostic tool to assess the risk of aneurysms 
formation (Hope et al. 2010a, b, 2011).

CT evaluation of a (native) CoA can be per-
formed with high diagnostic accuracy, but should 

be reserved for patients in whom echocardiogra-
phy is insufficient and who cannot undergo an 
MRI examination (Nance et al. 2016).

3.1.2	 �Treatment
Critical CoA typically is corrected early in life 
with low mortality and morbidity (Ungerleider 
et al. 2013). In adults with CoA, intervention is 
recommended in patients with a peak-to-peak 
coarctation gradient greater than or equal to 
20  mmHg or peak-to-peak coarctation gradient 
less than 20 mmHg in the presence of anatomic 
imaging evidence of significant coarctation and 
evidence of significant collateral flow (Warnes 
et al. 2008). Balloon angioplasty for treatment of 
native CoA shows less favourable outcomes 
compared to surgery and stent treatment of CoA 
(Forbes et al. 2011), but can be used as a treat-
ment of recoarctation after previous surgical 
repair of CoA (Torok et al. 2015). Stent treatment 
of CoA has significant less acute complications 
compared to surgery or balloon angioplasty. 
Intermediate outcomes show that stent treatment 
is safe in children and adults with CoA with per-
sistent relief of the obstruction (Meadows et al. 
2015).

3.1.3	 �Follow-Up Imaging
Patients after treatment of CoA require life-
long follow-up with imaging of the aorta by 
CT or MRI at intervals of 5  years or less, 
according to current guidelines (Baumgartner 
et al. 2010; Warnes et al. 2008). Common com-
plications after CoA treatment are recoarcta-
tion, aneurysm formation, hypertension and 
stent fracture. Special notice should be given to 
pregnant women with (treated) CoA, because 
hypertension-related adverse outcomes are 
common. Especially, smaller aortic dimen-
sions, as assessed with MRI, are related to an 
increased risk of stroke, newly diagnosed 
hypertension and arrhythmias (Jimenez-Juan 
et al. 2014).

Restenosis after previous CoA treatment is 
common, especially in patients who underwent 
CoA repair within the first year of age (Brown 
et al. 2010; Chen et al. 2013). Although echocar-

a

b

Fig. 4  4D flow MRI of coarctation of the aorta. 29-year-
old male with a coarctation of the aorta. In (a) a bright 
blood image of the aortic arch and proximal descending 
aorta with coarctation of the aorta (arrow). (b) shows the 
streamline visualisation with colour coding. Distal to the 
coarctation site, abnormal circular flow is present (arrow-
head). Ao aorta. Figure from unravelling cardiovascular 
disease using four-dimensional flow cardiovascular mag-
netic resonance. (Adapted from Kamphuis et al. 2017)
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diography is the first-line modality for the follow-
up, many adults require cross-sectional imaging 
for adequate visualisation (Karaosmanoglu et al. 
2015). According to the guidelines, MRI is the 
preferred imaging method (Fig. 5) (Baumgartner 
et  al. 2010), and combined with clinical assess-
ment proved to be cost effective in adults to iden-
tify complications, including recoarctation, after 
CoA repair (Therrien et al. 2000).

Serial follow-up with CT and MRI is manda-
tory in CoA patients after treatment, given the 
considerable incidence of aneurysm formation 
(Fig.  6), particularly in those whom patch 
aortoplasty was performed (Cramer et al. 2013). 
Many of these patients are asymptomatic 
(Hoffman et al. 2014; Tsai et al. 2011) and echo-
cardiography is hampered by a poor sensitivity 
for aneurysm detection of only 24%.

Stent fracture or in-stent stenosis is a late 
complication after CoA treatment (Nance et  al. 
2016). Echocardiography can raise the suspicion 
of in-stent stenosis or fracture when increased 
velocity is encountered in the aorta distal to the 
stent. On MRI examination, metal stents lead to 
artefacts expanding beyond the immediate area 
around the stent. Spin-echo techniques and, to a 
lesser extent, gradient-echo techniques minimise 
the image degradation as compared to steady-
state free precession pulse sequences, but in-stent 
stenosis remains impossible to be ruled out with 
MRI (Shepherd et  al. 2015; Valsangiacomo 
Buechel et al. 2015). Therefore, CT is the modal-
ity of choice to assess stent patency and integrity 
(Fig. 7) (Nance et al. 2016).

3.2	 �Aortopulmonary Window

Aortopulmonary window, also known as aorto-
pulmonary septal defect, is the rarest of the septal 
defects and accounts for 0.1% of all congenital 
cardiac anomalies (Jacobs et  al. 2000). An AP 
window is usually diagnosed in infancy with 
signs of a large left-to-right shunt, such as respi-
ratory distress, congestive heart failure or because 
of a murmur (Naimo et  al. 2014). However, 
numerous case reports describe the primary diag-
nosis of an AP window in adulthood, often with 
concomitant pulmonary hypertension.

3.2.1	 �Diagnosis
Echocardiography is the principal method to 
evaluate an AP window (Mahle et  al. 2010), 
although the diagnosis may be difficult even in 
experienced hands (Kiran et al. 2008). CT and 
MRI can aid in the diagnosis, particularly in 
adult patients with insufficient acoustic win-
dows (Bobylev et  al. 2014; Chattranukulchai 
et  al. 2013; Rider et  al. 2013; Wong et  al. 
2012). In addition, MRI allows quantification 
of the magnitude and net direction of the shunt. 
Cardiac catheterisation is recommended in 
adults with AP window to assess the pulmo-
nary vasculature and pressure (McElhinney 
et al. 1998).

Fig. 5  Follow-up imaging after coarctation repair with 
MRI. 11-year-old female patient after coarctectomy and 
end-to-end anastomosis. The non-contrast 3D steady-
state free precession dataset and thick multiplanar 
reconstruction reveals no signs of re-coarctation (*). 
Ao aorta
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3.2.2	 �Treatment and Follow-Up 
Imaging

Some types of AP windows are suitable for cath-
eter intervention (Barnes et  al. 2011), but most 
warrant surgical correction, especially in the 
presence of associated anomalies. Early and late 
outcomes of correction of simple AP window are 
excellent, approaching 0% mortality (Naimo 
et  al. 2014). Main issues during follow-up are 

related to the associated anomalies. Especially in 
AP windows with interrupted aortic arch, recur-
rent aortic arch obstruction can develop. For fol-
low-up of these patients echocardiography is the 
first-line imaging modality. When aortic arch 
obstruction is suspected or in patients with poor 
echocardiographic windows, CT and MRI are 
recommended with excellent visualisation of the 
aorta (Kimura-Hayama et al. 2010).

a b

Fig. 6  Aneurysm after coarctation repair. CT angiogra-
phy of a 35-year-old male after end-to-end anastomosis 
for coarctation of the aorta (a). A small aneurysm (arrow 

in panel b) is present at the site of coarctation repair 
(asterisk in a). Ao aorta. Courtesy Dr. AM Spijkerboer, 
Amsterdam, The Netherlands
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3.3	 �Vascular Rings

Vascular rings refer to a group of thoracic vascu-
lar anomalies that encircle and may compress the 
oesophagus and trachea (Backer and Mavroudis 
2000b). Vascular rings comprise 1.4% of all con-
genital heart diseases (Bjornard et al. 2013). The 
embryological development of vascular rings 
was proposed by Edwards (EDWARDS 1948) 
and is thought to be related to an abnormal 
sequence of regression of the individual compo-
nents of the ventral and dorsal aorta and PAAs.

Double-aortic arch and right aortic arch with left 
ductal ligament are the classic complete vascular 
rings (Backer and Mavroudis 2000b). Other abnor-
malities that can cause compression of adjacent 
structures are innominate artery compression of the 
trachea and pulmonary sling (Backer and Mavroudis 
2000b). The innominate artery compression syn-
drome is caused by a more distal and posterior take-
off of the innominate artery, typically from a normal 
left-sided aortic arch. In pulmonary sling syndrome, 

the left pulmonary artery branches from the right 
pulmonary artery and courses between the trachea 
and the oesophagus on its way to the left lung 
(Fig. 8) (Backer and Mavroudis 2000b). Distal ori-
gin of the right subclavian artery from a left-sided 
aorta (lusoria artery) can cause dysphagia, referred 
to as dysphagia lusoria, because of the retro-oesoph-
ageal course of the right subclavian artery (Fig. 9) 
(Levitt and Richter 2007).

Abnormalities of the trachea are frequently 
seen in relation to vascular rings; especially pul-
monary slings are associated with complete tra-
cheal rings. Furthermore, associated congenital 
cardiac defects are reported and are risk factors 
for mortality in patients referred for correction of 
a vascular ring (Suh et al. 2012).

3.3.1	 �Presentation and Diagnosis
The presentation of vascular rings depends on the 
severity of tracheo-oesophageal compression. 
Respiratory symptoms include stridor, wheezing, 
cough and recurrent respiratory infections. In 

a b

Fig. 7  Stented coarctation of the aorta. 26-year-old male 
after stent implantation for coarctation of aorta. The 
patency of the stent (arrow) is depicted in panel (a). Panel 

(b) distal to the stent the aorta is unobstructed (asterisk). 
Ao aorta. Courtesy Dr. AM Spijkerboer, Amsterdam, The 
Netherlands
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adults, symptoms of oesophageal compression 
are more common. Regurgitation of indigested 
food, bloating and chest pain, especially with 
chunky foods, should trigger an evaluation for 
vascular rings and related disorders (Levitt and 
Richter 2007).

Chest radiographs may raise suspicion of a 
vascular ring as abnormalities are present in more 
than 95% of patients (Browne 2009). Double or 
right aortic arches are typically appreciated on 
the posterior-anterior projection. Tracheal nar-
rowing in close relation to the aortic knob sug-
gests airway compression. A pulmonary sling 
can cause tracheal hypoplasia as well as bron-
chial tree branching abnormalities (Browne 

2009). Transthoracic echocardiography is fre-
quently successful in the evaluation of vascular 
rings or related cardiac abnormalities. In the 
suprasternal views the aortic arch sidedness and 
all branching vessels need to be demonstrated. In 
the past, diagnosis of vascular ring was predomi-
nantly made with barium oesophagography. 
Posterior indentation suggested compression by 
an aberrant subclavian artery, with a left aberrant 
subclavian artery causing an indentation pointing 
towards the left shoulder. Anterior impression of 
the oesophagus can be caused by a pulmonary 
sling, while bilateral indentation on the antero-
posterior view suggests double-aortic arch 
(Browne 2009). Currently barium oesophagography 

a b c

Fig. 8  Pulmonary artery sling. CT angiography in a 
2-year-old boy with pulmonary artery sling. (a) The left 
pulmonary artery (LPA) originates distally from the right 
pulmonary artery (RPA). (b) The LPA (arrow) encircles 
the trachea (asterisks) and courses in front of the oesopha-

gus. (c) The tracheobronchial tree is malformed with mild 
proximal right main bronchus stenosis (arrow), as well as 
narrowing and compression of the left main bronchus 
(arrowhead)

a b c

Fig. 9  Aberrant right subclavian artery. CT angiography 
in a 76-year-old female patient with aortic aneurysm after 
ascending aorta replacement. Aberrant right subclavian 
artery (RSA), also called lusoria artery as incidental find-
ing (arrow a and b). The RSA artery arises as the last 

artery from the aortic arch, with a retro-oesophageal 
course to the right axilla (c). Lusoria artery is usually 
asymptomatic but may cause dysphagia. RSA right subcla-
vian artery, RCC right carotid communis artery, LCC left 
carotid communis artery
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has been largely replaced by tomographic tech-
niques such as CT and MRI. Both MRI and CT 
have sensitivities approaching 100% to detect 
vascular rings. Some centres prefer MRI (Kir 
et al. 2012; Smith et al. 2015), while others advo-
cate CT due to its superior spatial resolution and 
evaluation of the airways (Fig.  10) (Browne 
2009; Etesami et al. 2014; Leonardi et al. 2015). 
The MRI protocol may encompass black-blood 
imaging in the axial or oblique coronal view to 
assess vascular anatomy, the tracheobronchial 
tree and the oesophagus. Contrast-enhanced 3D 
MRA or 3D SSFP sequences yield the anatomy 
of the vascular system (Dillman et  al. 2011; 
Smith et  al. 2015). If contrast-enhanced MR 
angiography or CT angiography is used, the con-
trast bolus must be adjusted for the suspected 
lesion, i.e. either the aortic arch or the branch pul-
monary arteries in suspected pulmonary sling 
(Dillman et al. 2011).

In patients with a double-aortic arch it is 
important to identify the smaller arch as this dic-
tates the surgical approach, with the smaller arch 
being ligated. The four-vessel sign refers to the 
symmetrical branching of the arch vessels from 
the aortic arch and is suggestive of a double-
aortic arch (Fig. 11). If one of the arches is atretic 
or if a ductal ligament remains, diagnosis of vas-
cular ring may be difficult. However, secondary 

signs may help diagnosing the vascular ring 
(Gould et al. 2015). Presence of a diverticulum in 
relation to the aortic arch or a right aortic arch 
with a left descending aorta should raise the sus-
picion of an atretic segment with double-aortic 
arch morphology (Fig.  12). The presence of a 
diverticulum of Kommerell, from which the sub-
clavian artery arises, is also an indication for the 
presence of vascular ring with a ductal ligament 
connecting the diverticulum to the pulmonary 
artery, most commonly in the setting of a right 
aortic arch (Gould et  al. 2015). Furthermore, a 
circumflex retro-oesophageal course of the aortic 
arch or the presence of a ductal dimple at the 
proximal descending aorta contralateral to the 
arch is an indicative of a vascular ring (Gould 
et al. 2015).

3.3.2	 �Treatment and Follow-Up 
Imaging

In symptomatic patients surgery is indicated 
(Backer et al. 2005; Slater and Rothenberg 2016). 
Long-term survival after vascular ring correction 
is excellent and comparable to the general popu-
lation (Ruzmetov et  al. 2009). However, recur-
rent compression symptoms either on the 
oesophagus or the trachea may occur. The 
diagnostic workup is similar to initial diagnosis 
of vascular ring.

a b

Fig. 10  Tracheal narrowing due to double-aortic arch. 
CT angiography in a 14-year-old male patient with 
double-aortic arch and recurrent pulmonary infections, 
coronal reconstructions. (a) Soft-tissue setting showing 

vascular ring with large right arch and small left arch. (b) 
Lung setting showing mild tracheal narrowing at the level 
of the vascular ring
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a b

c d

Fig. 11  Double-aortic arch with atretic segment. 14-year-
old male patient with recurrent pulmonary infection. CT 
angiography showing complete vascular ring: Double-
aortic arch with large right arch and small left arch with an 
atretic segment (fibrous strand) in connection to the 
descending aorta. The ring causes tracheal narrowing. 
Left upper panel above arch level with the typical four 

vessel sign (a), right upper panel at arch level and narrow-
ing of trachea (b), left lower panel below arch level (c), 
right lower panel at descending aorta level that had median 
course (d). AA ascending aorta, DA descending aorta, LBA 
left brachiocephalic artery, LCC left carotid communis 
artery, LSA left subclavian artery, RCC right carotid com-
munis artery, RSA right subclavian artery
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4	 �Congenital Pulmonary 
Artery Abnormalities

4.1	 �Pulmonary Artery Stenosis

Congenital stenosis of the main pulmonary arter-
ies may occur as isolated lesion or may be related 
to complex congenital heart defects, such as in 
tetralogy of Fallot (Fig. 13), or several other syn-
dromes such as Williams(−Beuren), Noonan and 
Alagille (Pierpont et al. 2007). Pulmonary steno-

sis may also occur as important complication fol-
lowing congenital heart disease surgery, e.g. after 
arterial switch operation for transposition of the 
great arteries (Morgan et al. 2017).

At the most severe end of the spectrum of pul-
monary artery obstruction is interruption of a pul-
monary artery, where the lung is supplied with 
blood through collateral arteries or a persistent 
duct that connects to the hilar arterial vessels. This 
is a rare condition that may be found incidentally 
in adults, suspected on chest radiograph or found 

a b

c d

Fig. 12  Double-aortic arch with atretic segment. 
7-month-old female patient, admitted to the intensive care 
unit with an upper airway tract infection and a history of 
multiple severe cyanotic incidents. CT angiography show-
ing complete vascular ring: Double-aortic arch with large 
right arch and small left arch causing tracheal narrowing 
(a). An atretic segment (*, fibrous strand, confirmed at 
surgery) is connecting the left arch to the descending aorta 
(b). Panels (c) and (d): volume-rendered depictions of the 
double-aortic arch with symmetric branching of the arch 
vessels causing the typical four vessel sign. Ao aorta, DAa 

descending aorta, L left aortic arch, LCA left carotid 
artery; LSA left subclavian artery; R and RAo right aortic 
arch, RCA right carotid artery, RSA right subclavian 
artery; SCV superior caval vein, Tr trachea. *marks the 
location of the atretic segment closing the vascular ring. 
14-year old male patient with recurrent pulmonary infec-
tion. Volume rendered movie of CT angiography showing 
a double aortic arch with large right arch and small left 
arch with an atretic segment (fibrous strand) in connection 
to the descending aorta. See chapter for further details.
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by cross-sectional imaging (Castaner et al. 2006). 
Patients with pulmonary valve atresia often are 
burdened with severe arborisation abnormalities 
and multiple peripheral pulmonary stenoses. 
Peripheral pulmonary artery stenosis, i.e. stenosis 
in the lobar or segmental/subsegmental pulmonary 
arteries, has been recognised in adults as a cause of 
pulmonary hypertension (Tonelli et al. 2015).

4.1.1	 �Presentation and Diagnosis
Primary presentation of an isolated pulmonary 
artery stenosis during adulthood is rare. 
Echocardiography allows evaluation of the main as 
well as the proximal left and right pulmonary arter-
ies from the parasternal short axis. Luminal nar-
rowing or interruption can be seen on greyscale 
imaging; turbulence on colour-Doppler imaging 
marks the location of stenosis, especially if the 
acoustic windows are limited. Using pulsed or con-
tinuous-wave Doppler and applying the modified 
Bernoulli equation an estimation of the gradient 
across the stenosis can be obtained. Both MRI and 
CT can evaluate the morphology of the pulmonary 
vasculature in great detail. MRI 3D SSFP tech-

niques or 2D cine SSFP acquisitions in the (oblique) 
axial plane, or MR angiography (Fig. 13), can be 
used to image the pulmonary arteries. Phase-
contrast velocity mapping can be used to quantify 
the flow velocities across a stenosis. It should be 
noted that the resultant velocities are lower than 
those obtained by pulsed-wave or continuous-wave 
Doppler ultrasound, unless the imaging slice is at 
the exact location of the fastest flow jet. This tech-
nique is also useful for the quantification of relative 
pulmonary blood flow, which is typically shifted 
towards the lung with the unobstructed arterial sup-
ply. In patients with severe pulmonary artery nar-
rowing or with an arterial stent, flows in the 
pulmonary veins may more accurately represent 
the ipsilateral lung perfusion. Nuclear imaging can 
also be used to assess differential lung perfusion in 
case of branch pulmonary artery stenosis, although 
the technique is increasingly replaced by phase-
contrast MRI (Sridharan et al. 2006). Some centres 
prefer detailed pulmonary fluoroscopic angiogra-
phy for the planning of treatment, especially in the 
case of syndromal peripheral pulmonary stenosis 
(Monge et al. 2013).

a b

Fig. 13  Hypoplastic pulmonary arteries with stenoses. 
26-year-old female patient with tetralogy of Fallot. 
Gadolinium-enhanced MR angiography, showing severely 
hypoplastic main and branch pulmonary arteries (a). 

Panel (b) demonstrates residual, non-unifocalised aorto-
pulmonary collateral arteries (arrows). MPA main pulmo-
nary artery, LPA left pulmonary artery, RPA right 
pulmonary artery
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4.1.2	 �Treatment and Follow-Up 
Imaging

Isolated pulmonary artery stenosis and even lon-
ger segment hypoplasia can be treated percuta-
neously, by either balloon angioplasty or stent 
placement, or surgically. Morbidity and mortal-
ity are low (Monge et  al. 2013; van Gameren 
et al. 2006). Restenosis may occur and warrants 
close monitoring with echocardiography or 
cross-sectional imaging modalities. When stents 
are used for the relief of pulmonary stenosis, 
evaluation by echocardiography or MRI can be 
difficult, while CT can provide optimal informa-
tion on stent integrity and in-stent stenosis 
(Fig. 14).

4.2	 �Pulmonary Arteriovenous 
Malformations

In adults, pulmonary arteriovenous malforma-
tions (PAVMs) are increasingly recognised with 
an estimated prevalence of 1 per 2630 in the gen-
eral population (Nakayama et al. 2012). The most 
common cause of PAVMs is hereditary hemor-
rhagic telangiectasia. Also, AVMs may occur in 
complex congenital heart disease (Marianeschi 
et al. 1998). Furthermore, patients with cyanotic 
heart disease are at substantial increased risk of 
developing PAVMs, especially in lungs of a sub-
set of patients with so-called single-ventricle cir-
culations, that do not receive blood that has 

a b

c d

Fig. 14  Stented left pulmonary artery. CT angiography 
in an 11-year-old male patient with tetralogy of Fallot 
with pulmonary atresia and major aortopulmonary collat-
eral arteries, after unifocalisation of the collaterals, inser-
tion of pulmonary valve homograft and stent in the 
proximal left pulmonary artery. (a) The axial reconstruc-

tion shows a calcified homograft, a dilated right pulmo-
nary artery (RPA) and stented LPA. (c) Long-axis view 
and (d) short-axis view of the LPA, showing intimal 
hyperplasia, creating in-stent obstruction (arrows). Also, 
presence of thrombus material (dotted arrows in b, and c)
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passed through the liver (Fig. 15), when the liver 
veins are not incorporated within the Fontan 
circulation.

Most PAVMs present in the lower lobes. A 
simple PAVM is fed by a single pulmonary 
artery, whereas in complex PAVMs more arter-
ies are involved. The efferent vessels drain 
directly into the pulmonary veins (Cartin-Ceba 
et al. 2013).

4.2.1	 �Presentation and Diagnosis
PAVMs often become symptomatic in the first 
three decades of life, depending on their number 
and size (Cartin-Ceba et  al. 2013). Symptoms 
and signs include dyspnoea, cyanosis, chest pain, 
haemorrhage (either hemoptesis or haemothorax) 
and stroke (Shovlin 2014). Of note, pregnancy is 
recognised as a period of increased risk for com-
plications caused by PAVMs, such as haemor-
rhage, pulmonary emboli and myocardial 
infarction (Shovlin 2014). Chest radiography can 
reveal round or oval nodules especially in the 
lower lobes. Of course, nodules on the chest 
radiograph can have numerous causes and addi-
tional imaging is necessary for diagnosing 
PAVM. Echocardiography can be used to detect 
the right-to-left shunt via PAVMs with the use of 
contrast-enhanced echocardiography, either with 
agitated saline (gas microbubbles) or albumin. 
Arrival of any gas microbubbles on the left side 
of the heart, especially after only three to four 
cardiac cycles, indicates intrapulmonary shunt-
ing (Cartin-Ceba et al. 2013). However, this phe-

nomenon can also be seen in normal lungs and in 
up to 8% of the general population at rest (Shovlin 
2014). Radionuclide imaging, although not com-
monly used in patients with suspected PAVMs, 
can also be used to detect and approximate the 
right-to-left shunting (Cartin-Ceba et  al. 2013; 
Shovlin 2014).

Currently, CT is considered the non-invasive 
reference standard for diagnosing PAVM, and to 
assess the localisation, number, size, extent and 
suitability for intervention (Gill et al. 2015). Both 
afferent and efferent vessels can be visualised. 
Imaging is timed when the contrast bolus is esti-
mated to reach the pulmonary arteries. MRI has 
been used for the diagnosis of PAVMs, albeit 
with lower spatial resolution compared to 
CT.  When using MR, contrast-enhanced MR 
angiography is the preferred technique, particu-
larly using time-resolved approaches or ECG 
gated (Maki et  al. 2001; Ohno et  al. 2002; 
Schneider et al. 2008). Cardiac catheterisation is 
currently less frequently employed for diagnos-
ing PAVMs, but is used for their percutaneous 
treatment.

4.2.2	 �Treatment and Follow-Up 
Imaging

Percutaneous embolisation is the treatment of 
choice in PAVMs with low morbidity and mor-
tality. Occlusion is generally recommended, 
even in asymptomatic patients, to prevent com-
plications. After embolisation, recanalisation 
and collateralisation can occur and current 

a b c

Fig. 15  Pulmonary arteriovenous malformation. 35-year-
old patient with a Fontan-type circulation. Pulmonary 
arteriovenous malformation in the right lung (circle and 

arrows in a) in the anterobasal segment of the right lower 
lobe (b) and (c). AVM arteriovenous malformation, a 
artery, v vein
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guidelines recommend CT scans at 6–12 months 
post-intervention and subsequently at intervals 
of 1–5 years (Shovlin 2014).

�Conclusions

Imaging of the thoracic systemic and pulmo-
nary arteries in adults most commonly 
involves evaluation of post-treatment sequelae. 
Understanding the underlying pathology and 
possible complications that may occur during 
follow-up is essential for selecting the appro-
priate imaging modality and subsequent exe-
cution of the examination. Echocardiography 
is the first-line imaging modality to assess the 
vascular morphology, but for detailed assess-
ment of the thoracic systemic and pulmonary 
arteries CT and MRI are often necessary. The 
main advantages of CT over MRI are the short 
acquisition times and the option to evaluate 
intravascular stent patency. MRI, on the other 
hand, does not depend on ionising radiation 
and offers functional information.
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Abstract

The range of pathologies involving the 
systemic or pulmonary veins is wide. Many of 
these abnormalities are either clinically 
insignificant or have been surgically 
“corrected” during childhood. This chapter 
focuses on two types of clinical scenarios rel-
evant to the care of adults with congenital 
heart disease: (1) Venous lesions that may 
present during or remain untreated until 
adulthood, and (2) those that are sequelae of 
previous interventions.

1	 �Overview of Imaging 
Techniques for Systemic 
and Pulmonary Venous 
Anatomy

In many adults with known congenital heart dis-
ease the anatomy of the systemic and pulmonary 
veins has been established through previous 
imaging and/or direct inspection at the time of 
prior operations.
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More than a century after the rays that Wilhelm 
Conrad Röntgen discovered were first used to 
image the thorax, chest X-ray remains an impor-
tant imaging modality in congenital heart dis-
ease. To the trained eye, chest radiographs reveal 
many clues to systemic and pulmonary venous 
anomalies: For example, an abnormal caval vein 
may produce a characteristic shadow while pul-
monary edema can suggest pulmonary venous 
obstruction. Furthermore, a chest X-ray can 
reveal important associated cardiac and extracar-
diac pathologies such as situs anomalies.

Echocardiography is often diagnostic for 
venous anomalies. It is important to interrogate 
the entire venous anatomy. On the systemic side, 
this includes the bridging (so-called innominate) 
vein and coronary sinus. Bilateral superior caval 
veins must be searched for routinely. On the pul-
monary side, each pulmonary vein and its con-
nection to the left atrium must be demonstrated. 
Anomalous pulmonary venous connections and 
obstructions within the left atrium must be care-
fully ruled out. Color Doppler maps the direction 
of blood flow and identifies areas of stenosis 
which are further evaluated by pulsed-wave 
Doppler.

If echocardiographic images are insufficient, 
or if information on blood flow is desired, cardiac 
magnetic resonance (CMR) is often the next 
applicable imaging modality. All cardiovascular 
acquisitions, except for conventional contrast-
enhanced MR angiograms and some real-time 
applications, are electro- or vectorcardiogram-
gated. Most centers have abandoned turbo-spin 
echo (“black blood”) techniques in favor of gra-
dient echo (“white blood”) sequences. The latter 
are fast, offer excellent blood tissue contrast and 
can be performed in multiple phases per cardiac 
cycle, which are later arranged as cine clips. With 
a view to shorten scan time and increase signal-
to-noise ratio steady-state-free-precession 
(SSFP) is the preferred pulse sequence for white 
blood imaging. However, spoiled gradient-echo 
sequences are occasionally preferred for their 
robustness towards field inhomogeneities and to 
visualize flow turbulence. Frequently, even static 
gradient echo sequences in the three orthogonal 
planes, obtained as “scouts” or “localizers” 

delineate the venous anatomy sufficiently. 
Information on ventricular volumes, which may 
be necessary to evaluate lesions that preload an 
atrial or ventricular chamber, is derived from 
multiphase (“cine”) multislice sequences in the 
axial or short axis orientation. Three-dimensional 
(3D) contrast-enhanced magnetic resonance 
angiography provides a more detailed delineation 
of the luminal vascular anatomy. As mentioned, 
the conventional angiogram is a non-gated, either 
static or time-resolved, acquisition during breath-
holding. The use of blood-pool contrast agent 
allows for a slower acquisition, using cardiac gat-
ing and diaphragm navigation to reduce blurring 
from pulsatility and respiration. The latter 
approach is also feasible with a non-enhanced 
3D-SSFP-technique which can be employed 
when contrast is to be avoided. Phase-contrast 
flow velocity mapping is part of most protocols 
for patients with congenital heart disease, includ-
ing those with venous pathologies. It clarifies the 
direction of blood flow, quantifies flow volume 
and maximum flow velocities, and depicts altera-
tions of the expected flow velocity pattern. The 
use of 3D flow velocity mapping (“4D flow”) in 
venous anomalies is hampered by the low signal-
to-noise ratio and experimental at present. 
Computed tomography (CT) is used frequently in 
adults with congenital heart disease, particularly 
when CMR is contraindicated, poor CMR image 
quality is expected, or when pulmonary or 
mediastinal pathology is to be visualized. 
Electrocardiographic gating is employed when 
intracardiac or small vascular structures are the 
focus of the examination. Typically, CT is per-
formed contrast-enhanced. For the systemic 
veins in particular, a CT angiogram must be care-
fully planned: First-pass imaging after injection 
into an upper-extremity vein often causes beam-
hardening artifacts in the superior caval vein 
while delayed imaging may lead to subdiagnostic 
signal intensity in the veins (Choi et  al. 2004). 
Careful selection of the injection site as well as 
adjustments to the concentration and timing of 
the contrast bolus help in minimizing artifacts. 
Cardiac catheterization is rarely necessary for the 
diagnosis of isolated venous anomalies, but the 
systemic and pulmonary veins are shown on 
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nearly all fluoroscopic angiographies. Changes in 
sampled blood oxygen saturations or pressure as 
the catheter passes through the heart are clues to 
shunts, including anomalous pulmonary or sys-
temic venous connections. Of the nuclear imag-
ing applications only lung perfusion scans for the 
quantification of pulmonary blood flow are 
employed with any frequency in congenital or 
postoperative venous pathologies. With the 
advent of phase contrast CMR lung perfusion 
scans have become an infrequently used tool at 
most centers.

2	 �Systemic Venous 
Abnormalities

When abnormalities of the systemic venous sys-
tem occur in isolation they often cause minimal 
symptoms and are diagnosed coincidentally in 
later child- or even adulthood. Many patients do 
not require an intervention. Many complex types 
of congenital heart disease, on the other hand, are 
associated with systemic venous abnormalities. 
In these situations systemic vein anomalies can 
be a major determinant of surgical options and 
outcomes, as is the case in patients with hetero-
taxy syndrome and single ventricle circulations 
(Van Praagh and Van Praagh 1990). The develop-
ment of the systemic veins is complex. As a 
result, the spectrum of possible deviations from 
the normal morphogenesis is wide and can not be 
covered in detail here. This chapter focuses on 
isolated systemic venous pathologies. Those that 
are part of complex congenital heart disease such 
as Fontan circulations are discussed in other 
chapters of this book.

2.1	 �Normal and Pathological 
Development of the Systemic 
Venous System

An understanding of the development aids in the 
understanding of pathologies of the systemic 
veins and, in many cases in the choice, acquisi-
tion, and interpretation of diagnostic studies. The 
precursors of the systemic veins are the 

cardinal veins, the umbilical veins, and the 
omphalomesenteric or vitelline veins. These 
develop as paired structures which drain into the 
horn of the sinus venosus on either side of the 
primitive heart. The cardinal veins eventually 
develop into the superior caval veins while the 
vitelline veins are the precursors of the hepatic 
veins and of the suprahepatic inferior caval vein 
(Smallhorn and Anderson 2010). Septation of the 
sinus venosus leads to a separation into right and 
left atrium and, in normal development, isolates 
the left atrium from the drainage of the cardinal, 
umbilical, and vitelline veins. The coronary sinus 
forms from the left horn of the sinus venosus and 
the left common cardinal vein. It drains the coro-
nary venous blood and, if present, that from a 
persistent left superior caval vein, to the right 
atrium.

2.2	 �Persistent Left Superior Caval 
Vein and Anomalies 
of the Coronary Sinus

Of the initially paired superior caval veins the left 
one normally involutes around week seven of 
gestation. Persistence of the left superior caval 
vein occurs in 0.3% of the general population 
(Sanders 1946), but is much more frequent in 
individuals with congenital heart disease, partic-
ularly Tetralogy of Fallot, atrioventricular septal 
defect, and left-sided obstructive lesions (de 
Leval et al. 1975; Cochrane et al. 1994).

2.2.1	 �Anatomy
A persistent left superior caval vein always drains 
into the coronary sinus because both structures 
share a similar embryological origin: The left 
common cardinal vein. In approximately 10% of 
patients with a persistent left superior caval vein 
the coronary sinus is partially or completely 
unroofed, resulting in a right-to-left shunt 
(Meadows and Sharp 1965). Conversely, a com-
pletely or partially unroofed coronary sinus 
almost never occurs without a left superior caval 
vein. In rare instances the left may be the only 
superior caval vein present (Bartram et al. 1997). 
In patients with anomalies of the thoracic situs 
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the “morphologically right” superior caval vein 
may be on the patient’s left.

2.2.2	 �Presentation
In isolated bilateral superior caval veins the pre-
sentation depends on whether or not the coro-
nary sinus is intact, delivering the desaturated 
blood from the left superior caval vein to the 
right atrium. In severe cases an aneurysmally 
enlarged coronary sinus can cause obstruction to 
mitral inflow, leading to a clinical picture similar 
to cor triatriatum or pulmonary vein stenosis 
(below) (Agnoleti et al. 1999; Tham et al. 2007). 
A coronary sinus aneurysm is associated with 
Wolff–Parkinson–White syndrome (Guiraudon 
et al. 1988).

If the coronary sinus is deficient a bidirec-
tional shunt results: Desaturated blood from the 
persistent left superior caval vein and the coro-
nary veins enters the left atrium while pulmonary 
venous blood reaches the right atrium via the 
coronary sinus ostium. The degrees of heart fail-
ure (from the left-to-right shunt) and cyanosis 
(from the right-to-left shunt) depend on the pres-
ence and size of a left superior caval vein, on the 
presence or absence of bridging innominate (or 
left brachiocephalic) vein, and on the size of the 
coronary sinus defect. Rarely, the right-to-left 
shunt is sufficient to manifest in cyanosis.

2.2.3	 �Diagnosis
The majority of individuals with bilateral supe-
rior caval veins (and most other anomalies of the 
superior caval veins and coronary sinus) are 
asymptomatic. A persistent left superior caval 
vein must be differentiated from other veins in 
the left mediastinum, including anomalously 
connecting left pulmonary veins and a levoatrial 
cardinal vein. In contrast to a left superior caval 
vein, flow in these two situations is directed 
cephalad. A levoatrial cardinal vein is typically 
associated with left-sided obstructive lesions 
with restrictive atrial septae, providing an egress 
for pulmonary venous blood (Bernstein et  al. 
1995; Geva 2013). Its course is typically poste-
rior to the left pulmonary artery while a left supe-
rior caval vein travels anterior to it (Lucas Jr. 
et  al. 1962). Cephalad flow in the left superior 

caval vein itself occurs if the coronary sinus 
ostium into the right atrium is partially or com-
pletely occluded. In this situation, the only egress 
of coronary venous blood is via the superior caval 
vein and into the (bridging) innominate vein.

The presence of a left superior caval vein can 
be suspected on chest radiographs via a shadow 
along the left mediastinum. Echocardiography is 
typically sufficient to secure the diagnosis (Huhta 
et al. 1982). A left superior caval vein and a 
bridging innominate or left brachiocephalic vein 
are best seen from a high left parasternal or a 
suprasternal sagittal probe position. A dilated 
coronary sinus seen from a slightly lower right 
parasternal probe position or, in the rare adult 
with sufficient transhepatic windows, from sub-
costal, signifies a persistent left superior caval 
vein until proven otherwise. The integrity of the 
coronary sinus can be challenging to visualize 
conclusively by echocardiography. Imaging dur-
ing injection of a bolus of agitated saline (so-
called “bubble study”) into a left arm vein is 
helpful in demonstrating a left superior caval 
vein: The bubbles will appear in the coronary 
sinus before the right atrium. If the coronary 
sinus is partially or completely unroofed the left 
atrium fills with bubbles before the right atrium. 
If these measures do not result in a definitive 
delineation of the caval and bridging venous as 
well as coronary sinus anatomy CMR establishes 
it with certainty. Contrast-enhanced angiography 
is usually not needed. Computed tomographic 
angiography accomplishes the same anatomical 
delineation as CMR. Catheterization may be 
obtained for reasons other than the systemic 
veins or with a view to occlude an abnormal vein.

2.2.4	 �Treatment
No treatment is necessary for isolated persistent 
left superior vena cava with an intact coronary 
sinus. If the coronary sinus is completely or par-
tially unroofed with a small to moderate size left 
superior caval vein and good size bridging 
innominate vein the left caval vein can be ligated 
or occluded in the catheter laboratory with mini-
mal penalty from drainage of coronary venous 
blood into the left atrium. A larger left superior 
caval vein without adequate connecting vein 
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needs to be baffled into the right atrium, a 
procedure that also directs coronary venous blood 
into the right atrium. Aneurysmal enlargement of 
the superior caval vein does not require surgery 
unless there is compression of neighboring 
structures, as the risk of rupture is exceedingly 
low (Geva 2013).

2.3	 �Connection of the Right 
Superior Caval Vein to the Left 
Atrium

In addition to an unroofed coronary sinus another, 
much more rare, route of systemic venous drain-
age into the left atrium is formed by an anoma-
lously connected right superior caval vein (Van 
Praagh et al. 2003; Shapiro et al. 1981).

2.3.1	 �Anatomy
The right superior caval vein is partially or 
entirely committed to the left atrium, overriding 
an interatrial communication to varying degrees. 
This situation has been described as the systemic 
venous analogy of a sinus venosus atrial septal 
defect and anomalous pulmonary venous connec-
tion (Geva 2013).

2.3.2	 �Presentation
The cardinal sign, central cyanosis, depends on 
how much of the desaturated blood is directed 
towards the left atrium. Many patients are asymp-
tomatic until late child- or well into adulthood. In 
addition to cyanosis patients are at risk for para-
doxical emboli, resulting in cerebrovascular acci-
dents and intracranial abscess formation.

2.3.3	 �Diagnosis
A high index of suspicion is key to making the 
diagnosis. While echocardiography can be suffi-
cient to establish the anomalous venous connec-
tion the pathology is not infrequently missed 
(Chin 1994). This risk is greater in patients with 
absent subcostal windows as this is the best view 
to identify the roof of the atria. Parasternal and 
high parasternal views from both sides of the 
sternum are also helpful in this regard. Scanning 
during injection of agitated saline (“bubble 

study”) may be useful in understanding the sys-
temic venous drainage. Cross-sectional imaging 
with CMR or CT delineate the cavo-atrial con-
nection with greater fidelity. The assessment 
includes a description of the degree of “overrid-
ing” of the interatrial communication by the 
superior caval and the presence of ostial venous 
stenosis. In addition, CMR phase-contrast flow 
measurements in the ascending aorta and the pul-
monary artery permit a quantification of the 
right-to-left shunt in bi- or left atrial caval con-
nection. Cardiac catheterization is usually not 
necessary and nuclear medicine techniques are 
not helpful.

2.3.4	 �Treatment
Management is surgical and consists of redirect-
ing the right superior caval venous blood to the 
right atrium, either by dividing and anastomosing 
the vein to the right atrial appendage or by baf-
fling it through the atrial communication, which 
may need to be enlarged, into the right atrium.

Complications consist of stenosis of the anas-
tomosed vein or the baffle as well as baffle leaks.

2.4	 �Stenosis of the Systemic Veins

While primary stenosis of a major systemic vein 
is exceedingly rare and most often caused by 
expansive tumors of the mediastinum, like lym-
phoma, adults with congenital heart disease are 
predisposed to this complication of previous 
interventions: The most frequent mechanism is 
occlusion with a venous thrombus (Fig. 1). Clot 
formation is promoted by vessel wall injury 
through (a) instrumentation, (b) hypercoagula-
ble states which occur during and after every 
surgery, (c) as side effects of cardiovascular 
pharmacotherapy, or (d) as a result of venous 
stasis.

2.4.1	 �Anatomy
The venous lumen is narrowed. Early in the dis-
ease process an intraluminal clot may be visible 
by imaging, which later becomes partially dis-
solved, organized, or integrated into the vessel 
wall.
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2.4.2	 �Presentation
The venous drainage of the upper body is most 
often affected. The presence and extend of symp-
toms of superior vein stenosis depend on location 
and severity of the obstruction as well as the 
degree of collateralization. When severe narrow-
ing develops rapidly before collaterals can form 
and there is only one superior caval vein, signs 
and symptoms are readily apparent: The most 
frequent presenting symptoms are dyspnea and 
headaches (Sharoni et al. 2001; Rice et al. 2006). 
Nasal congestion and nose bleeds are also com-
mon. Other symptoms include cough, arm swell-
ing, hoarseness, and pleural effusions (Blalock 
et al. 1936).

2.4.3	 �Diagnosis
Echocardiography and Doppler ultrasound of the 
neck and mediastinum may show a narrowed 
lumen and flow acceleration by color and pulsed-
wave Doppler. Computed tomography and CMR 

are the noninvasive methods of choice to visual-
ize venous thrombi. The use of so-called blood 
pool contrast agents and electrocardiographic-
gated inversion-recovery CMR sequences offers 
excellent visualization of thrombi. Invasive 
venography confirms the diagnosis but is 
typically reserved for cases in which a percutane-
ous treatment is planned in the same setting.

2.4.4	 �Treatment
Patients who are diagnosed acutely with a 
recently formed thrombus are treated with throm-
bolysis and anticoagulation. Surgical thrombec-
tomy or percutaneous recanalization are 
sometimes undertaken. Percutaneous stent place-
ment is the treatment of choice in patients with 
superior vena cava syndrome. Venous bypass 
grafts are rarely used. Lifelong follow-up is 
required to screen for recurrent obstruction.

2.5	 �Retroaortic Innominate Vein

Retroaortic innominate veins are found in ~0.5% 
of patients with congenital heart disease, most fre-
quently tetralogy of Fallot (Kulkarni et al. 2008).

2.5.1	 �Anatomy
Normally, the bridging or innominate vein 
courses from left to right high in the mediastinum 
and anterior to the proximal aortic arch. In indi-
viduals with a retroaortic innominate vein the 
bridging innominate vein crosses the midline 
posterior to the ascending aorta and aortic arch 
and inserts into the right superior caval vein cau-
dal, rather than cranial, to the azygos vein (Fig. 2) 
(Gerlis and Ho 1989; Choi et al. 1990; Smallhorn 
et al. 1985).

2.5.2	 �Presentation
Individuals are asymptomatic. The lesion is dis-
cussed here for its surgical implications during 
the repair of associated heart disease.

2.5.3	 �Diagnosis
A retroaortic innominate vein is typically diag-
nosed coincidentally by echocardiography or 
cross-sectional imaging. By ultrasound, a 

Fig. 1  CMR, bilateral superior vena cava occlusion. The 
patient was born with intracardiac total anomalous pulmo-
nary venous connection and persistent left superior vena 
cava (LSVC) to the roof of the left atrium. Following the 
repair which included baffling of the LSVC to the right 
atrium, the patient developed occlusion of the left lower 
and severe stenosis of the left upper pulmonary vein. She 
also had complete thrombotic obstruction of her right and 
left superior vena cava (asterisks), with both veins drain-
ing via networks of venovenous collaterals. RA right 
atrium
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horizontal sweep from a high right parasternal 
probe position defines the relationship of the 
aortic arch to the innominate vein. The proximal 
portion of the innominate vein must not be 
mistaken for a persistent left superior caval vein.

2.5.4	 �Treatment
No treatment is indicated. However, the pres-
ence of a retroinnominate vein may necessitate 
alterations in surgical approach to associated 
lesions, for example during creation of a bidi-
rectional cavopulmonary connection (Geva 
2013). The superior caval vein cannula must be 
placed more caudally during cardiopulmonary 
bypass to avoid obstruction of the innominate 
vein (Chen et al. 2005). The anomalous innomi-
nate vein may cause technical difficulties during 
pacemaker insertion or central venous line 
placement through the left arm approach 
(Kulkarni et al. 2008).

2.6	 �Interrupted Inferior Caval 
Vein

Although interruption of the inferior caval vein 
can occur in isolation it should be viewed as a 

sign of anomalies of the visceral and thoracic 
situs until proven otherwise.

2.6.1	 �Anatomy
The inferior vena cava is interrupted along its 
abdominal course and an intrahepatic segment is 
absent. Venous blood from the extremities returns 
to the heart via a prominent azygos or hemiazy-
gos vein (Fig. 3). In the abdomen, interruption of 
the inferior caval vein is associated with poly-
splenia, biliary atresia, and intestinal malrotation. 
In the thorax, it commonly indicates left 
isomerism of the atrial appendages, bronchi, and 
lungs. The left and right hepatic veins may drain 
via a common confluence to the same atrium or 
to different atria.

2.6.2	 �Presentation
Patients with isolated interruption of the inferior 
caval vein are asymptomatic because the azygos 
continuation ensures normal venous drainage 
despite an abnormal connection. The clinical 
importance of this anomaly is its frequent asso-
ciation with abdominal heterotaxy and left isom-

Fig. 2  CMR, retroaortic innominate vein. The coronal 
steady state free precession “localizer” image shows a left 
innominate vein (asterisk) beneath the aortic arch. A trans-
verse arch, RPA right pulmonary artery

Fig. 3  CMR, absent infrahepatic inferior vena cava, large 
azygos vein. Volume rendered reformat of a magnetic 
resonance angiogram, seen from levo-posterior. This 
patient with “azygos continuation” (arrowheads) of the 
systemic venous return below the liver had a normal situs 
and tetralogy of Fallot with a right aortic arch. DAO 
descending aorta
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erism of the atrial appendages. In this setting, 
congenital heart disease is common, most often 
in the form of left-sided obstructive lesions.

2.6.3	 �Diagnosis
In adults with significant congenital heart disease 
in the face of left isomerism of the atrial append-
ages the presence of an interrupted inferior caval 
vein with azygos continuation is known from pre-
vious diagnostic tests or surgery. Occasionally, it 
is diagnosed in adulthood. Chest plain films that 
show left isomerism of the main bronchi should 
prompt an echocardiogram to assess for interrup-
tion of the inferior caval vein and associated heart 
disease. Echocardiography shows a missing 
intrahepatic inferior vena cava segment and the 
dilated (hemi-)azygos vein as a prominent chan-
nel behind the liver in the paravertebral gutter 
(Huhta et  al. 1984). In patients with sufficient 
acoustic windows the (hemi-)azygos vein can be 
shown in its entirety and connection with the 
superior caval vein. Cardiac magnetic resonance 
imaging and CT are definitive in the diagnosis. 
Cardiac catheterization is not needed except for 
in the diagnosis and treatment of associated heart 
disease. Imaging, preferably by abdominal ultra-
sound or CMR, delineates the abdominal situs, 
including the position of the stomach and liver; 
presence size, number, and position of the 
spleen(s), anatomy of the biliary system, and 
rotation of the intestine.

2.6.4	 �Treatment
When associated with complex congenital car-
diac malformations which require a Fontan-type 
palliation the presence of an interrupted inferior 
caval vein changes the surgical strategy. At the 
time of the bidirectional cavopulmonary connec-
tion the blood from most of the lower body is 
diverted into the lungs via the azygos vein and its 
connection with the superior caval vein 
(Kawashima operation). At the time of the Fontan 
completion the hepatic venous flow is collected 
in a lateral tunnel or extracardiac conduit towards 
the pulmonary circulation.

Follow-up and life expectancy depend on the 
associated heart defects and their surgical 
palliation.

2.7	 �Anomalous Drainage 
of the Inferior Caval Vein

2.7.1	 �Anatomy
Whether a direct connection of the inferior caval 
vein to the morphological left atrium is embryo-
logically possible is under debate (Smallhorn 
and Anderson 2010; Geva 2013). However, 
drainage of blood from the inferior caval vein 
into the left atrium via an atrial septal defect, 
particularly in a setting of a prominent persistent 
Eustachian valve, is a well-recognized occur-
rence (Lucas Jr. and Krabill 1995). Rarely, the 
inferior caval vein connects to the coronary 
sinus. Partial anomalous hepatic venous connec-
tion to the coronary sinus has also been described 
(Nabarro 1903). These anomalies are unlikely to 
occur in isolation and their discovery should 
prompt a search for other congenital heart 
disease.

2.7.2	 �Presentation
The anomalous drainage of desaturated blood to 
the left atrium results in cyanosis. The right-to-
left shunt also carries the risk of paradoxical 
emboli.

2.7.3	 �Diagnosis
The diagnosis can usually established by trans-
thoracic echocardiography. In patients with sub-
diagnostic acoustic windows cross-sectional 
imaging establishes the venous connections.

2.7.4	 �Treatment
Venous blood flow is surgically redirected to the 
right atrium.

2.8	 �Portosystemic Shunts

2.8.1	 �Anatomy
Congenital portosystemic shunts are divided into 
extra- and intrahepatic. In extrahepatic shunts the 
portal vein is either absent or part of the portal 
venous blood is diverted into the inferior caval 
vein. Intrahepatic portosystemic shunts are con-
nections between branches of the portal vein and 
the hepatic veins.
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2.8.2	 �Presentation
Ammonia and other toxins which are normally 
cleared by the liver result in hepatic encephalopa-
thy, manifesting in tremors, seizures, and psychi-
atric symptoms. Other complications include 
failure to thrive, hepatopulmonary syndrome, and 
pulmonary hypertension. Patients may suffer 
from urate kidney stones because of increased 
amounts of uric acid in circulation which are 
excreted by the kidneys.

2.8.3	 �Diagnosis
Ultrasound with color Doppler imaging is the 
first-line imaging tool for the evaluation of porto-
systemic shunts (Franchi-Abella et  al. 2010). 
Magnetic resonance imaging and CT angiogra-
phy readily visualize the anatomy (Kakitsubata 
et  al. 1996). Doppler ultrasound and magnetic 
resonance phase-contrast flow velocity mapping 
can be used to quantify the portovenous shunt 
ratio by dividing the total blood flow volume in 
the shunt by that in the portal vein (Kudo et al. 
1993). Ratios <24–30% do not appear to result in 
hepatic encephalopathy while ratios >60% are an 
indication for intervention (Maeda et  al. 1993). 
Nuclear medicine studies have also been used to 
quantify the magnitude of the shunt (Uchino 
et al. 1996).

2.8.4	 �Treatment
Asymptomatic patients do not require treatment. 
Percutaneous shunt occlusion or surgical closure 
of the shunt have been described. However, the 
portal venous system must be shown to be defini-
tively intact before shunt occlusion to prevent 
mesenteric venous congestion and bowel 
ischemia.

2.9	 �Chiari Network

2.9.1	 �Anatomy
Chiari networks are the most frequent type of per-
sistent embryonic valves within the right atrium. 
They consist of strands of tissue extending across 
the cavity of the right atrium from the terminal 
crest to the Thebesian or Eustachian valves 
(Smallhorn and Anderson 2010; Chiari 1897).

2.9.2	 �Presentation
Most patients are asymptomatic. Large Chiari 
networks can protrude through the tricuspid 
valves and cause obstruction to inflow. 
Endocarditis and thrombus formation within the 
network with embolization have also been 
described.

2.9.3	 �Diagnosis
Chiari networks are readily detected by 
echocardiography.

2.9.4	 �Treatment
Active management is usually not necessary. If 
there are complications resection may be 
considered.

3	 �Pulmonary Venous 
Abnormalities

3.1	 �Normal and Pathological 
Development of the 
Pulmonary Venous System

Around the fourth week in human development 
the blood from the primitive lung buds drains into 
the splanchnic plexus and from there into the 
paired common cardinal and umbilicovitelline 
veins (Lucas Jr. et al. 1963). A single primitive 
pulmonary vein develops shortly afterwards and 
fuses with the left atrium. For a short period of 
time, the pulmonary venous plexus is connected 
to both this early pulmonary vein and to the car-
dinal and umbilicovitelline veins. Soon after-
wards, the connections to the latter two involute. 
These transient multiple connections of the pul-
monary venous contributors serve to conceptual-
ize all cases of anomalous pulmonary venous 
connection while an incomplete incorporation of 
the primitive pulmonary vein is the substrate for 
cor triatriatum: Anomalous connection to the sys-
temic venous system are thought of as a result of 
the atresia of a pulmonary vein while pulmonary-
to-systemic venous connections still exist. Cor 
triatriatum is the consequence of stenosis or 
incomplete fusion during the incorporation of the 
primitive single pulmonary vein into the left 
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atrium, after the pulmonary-to-systemic venous 
connections have been lost.

3.2	 �Partial Anomalous Pulmonary 
Venous Connection

Most people have two right- and two left-sided 
pulmonary veins, although a right middle pulmo-
nary vein is not uncommon. In partial anomalous 
pulmonary venous connection (PAPVC) some, 
but not all, of the pulmonary veins connect to the 
systemic venous system instead of the left atrium. 
Usually, but not always, abnormal connection 
leads to abnormal drainage, and vice versa.

3.2.1	 �Anatomy
Anomalous pulmonary venous connection most 
often involves the right upper and middle pulmo-
nary veins to the superior caval vein or right atrium 
(Fig. 4) as well as the left upper pulmonary vein to 
the left innominate vein (Fig.  5). Partial anoma-
lous pulmonary venous connection of the right 

upper plus/minus right middle pulmonary vein(s) 
is often associated with a superior sinus venosus 
defect, a complex malformation involving the pul-
monary veins, the superior caval vein/right atrium 
junction, and the superior wall between the right 
and left atria. An inferior sinus venosus defect con-
stitutes an interatrial communication and anoma-
lous drainage of the right lower pulmonary vein.

3.2.2	 �Presentation
In many ways, the clinical picture of PAPVC is 
similar to that of an atrial septal defect. Both 
cause a left-to-right shunt which, if large enough, 
can lead to right heart dilatation, arrhythmias, 
and pulmonary arterial hypertension. Factors 
that influence the degree of left-to-right shunting 
include the number of anomalously connected 
pulmonary veins, the presence and size of any 
atrial septal defect (ASD), and the compliance 
of the right ventricle (Brown and Geva 2013; 
Seller et al. 2018).

Fig. 4  CMR, partial anomalous pulmonary venous con-
nection. This patient with multiple anomalously connected 
veins draining the right upper and part of the right middle 
lobe (arrow) also had a sinus venosus type interatrial com-
munication. Together, the two left-to-right shunts amounted 
to a pulmonary to systemic blood flow ratio of 3.2, causing 
severe right atrial and right ventricular enlargement. The 
main pulmonary artery is also dilated. RA right atrium, RV 
right ventricle, SVC superior vena cava

Fig. 5  CMR, repaired total anomalous pulmonary venous 
connection with residual left vertical vein. The volume 
rendered reformat of a magnetic resonance angiogram 
demonstrates a persistent left vertical vein in a patient 
who was born with total anomalous pulmonary venous 
connection. The connection of the left upper pulmonary 
vein to the left innominate vein was not corrected because 
the patient developed pulmonary hypertension during 
intra-operative test occlusion of the vertical vein. LA left 
atrium, LLPV left lower pulmonary vein, RLPV right 
lower pulmonary vein, VV vertical vein
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3.2.3	 �Diagnosis
Patients with a significant shunt show increased 
pulmonary vascular markings and dilatation of 
the right ventricle and the pulmonary artery seg-
ment on chest X-ray. The X-ray may also provide 
clues to the type of PAPVC: In Scimitar syn-
drome, for example, the right lung is hypoplastic 
and the mediastinum shifted to the right, with 
elevation of the right hemidiaphragm (Yoo and 
Epelman 2010). There is retrosternal soft tissue 
density. The anomalously connected right-sided 
pulmonary veins are often recognized as a 
crescent-shaped shadow within the right medias-
tinum. With long-standing, unrepaired PAPVC 
pulmonary vascular disease can occur and mani-
fest in “pruning” of the peripheral pulmonary 
arterial branches (Saalouke et  al. 1977; Babb 
et al. 1981). Echocardiography is often, but not 
always, sufficient in the delineation of the pulmo-
nary venous anatomy. The junction of the right 
upper pulmonary vein to the left atrium, in par-
ticular, can be difficult to ascertain. It is impor-
tant that all pulmonary veins are detailed in their 
connection to either the left atrium or, anoma-
lously, to a systemic venous structure, including 
the right atrium. Left and right parasternal, supra-
sternal, and apical acoustic windows are most 
useful to show the pulmonary veins. In slim indi-
viduals with favorable windows the subcostal 
approach may present another option. A com-
plete echocardiography study also detects any 
associated lesions, most importantly an interatrial 
communication. The severity of left-to-right 
shunting can be gauged from the degree of right 
atrial and right ventricular enlargement. Flatting 
of the interventricular septum at end-diastole is 
an indicator of right ventricular volume overload. 
While transesophageal echocardiography can 
typically clarify the venous anatomy in patients 
with insufficient transthoracic windows this 
information can be obtained noninvasively and 
more comprehensively by CMR or CT. As men-
tioned in the imaging overview at the beginning 
of this chapter the CMR “localizer” or “scout” 
images are often sufficient to detail the pulmo-
nary venous connections. However, contrast-
enhanced angiography is beneficial, especially 
when more than one anomalously connected vein 

is suspected. When all of the right pulmonary 
veins are found to connect to the right atrium, 
inferior caval vein, or a hepatic veins the possibil-
ity of a Scimitar syndrome must be strongly con-
sidered (Fig. 6). Patients with Scimitar syndrome 
have other abnormalities, including, as 
mentioned, hypoplasia of the right lung and the 
right pulmonary artery, lung segmentation and 
bronchial branching abnormalities, and often a 
prominent aortopulmonary collateral artery from 
the abdominal aorta to the base of the right lung. 
Adults with this condition are usually symptom-
atic and a substantial proportion have pulmonary 
arterial hypertension. In addition to the anatomy, 
the degree of right ventricular dilatation and the 
magnitude of the left-to-right shunt is an impor-
tant factor in surgical decision-making. Today’s 
gold standard for ventricular volumetry and shunt 
quantification is CMR.  Phase-contrast CMR 
allows for flow assessments in each individual 
pulmonary vein as well as across the atrial sep-
tum (Beerbaum et  al. 2001; Goo et  al. 2009; 
Grosse-Wortmann et  al. 2007). Separating the 
contributions of shunt across the atrial communi-
cation and via the anomalously draining pulmo-
nary vein is of clinical relevance in patients with 

Fig. 6  CT, Scimitar syndrome. The computed tomogra-
phy contrast-enhanced angiogram shows complete anom-
alous connection of the entire right lung via a scimitar 
vein to the suprahepatic inferior vena cava. HV hepatic 
vein, RA right atrium, S scimitar vein
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PAPVC of the left upper pulmonary vein with 
secundum type atrial septal defect: If the shunt 
via the vein is minor percutaneous device closure 
of the atrial septal defect may be the preferred 
approach as opposed to a “full repair” on cardio-
pulmonary bypass. Given the performance of 
echocardiography and cross-sectional imaging 
cardiac catheterization is not routinely necessary 
in PAPVC, unless pulmonary arterial hyperten-
sion is suspected. The ratio of pulmonary (Qp) to 
systemic blood flow (Qs) is calculated via oxim-
etry and the Fick principle. The levophase of a 
fluoroscopy after right ventricular or pulmonary 
arterial injection of contrast delineates the pul-
monary venous drainage and connection. The 
anomalously connected vein may be entered ret-
rogradely and injected selectively with dye.

3.2.4	 �Treatment
The natural history of PAPVC is not favorable in 
all cases. Anecdotal case reports of patients 
developing pulmonary vascular disease in the 
affected lung lobe in the presence of only one 
anomalously draining pulmonary vein document 
the risk of pulmonary hypertension in these 
patients (Saalouke et al. 1977; Babb et al. 1981). 
The indication for repair of PAPVC with or 
without atrial septal defect depends on symp-
toms, shunt magnitude, and degree of right ven-
tricular dilatation. A pulmonary (Qp) to systemic 
flow (Qs) ratio ≥2.0 is widely used as a criterion 
for the operative repair of simple left-to-right 
shunt lesions, including atrial level shunts and 
PAPVC.  Using CMR, we recently found that 
asymptomatic patients with isolated anomalous 
connection of the left upper pulmonary vein with-
out an atrial septal defect are unlikely to have a 
significant left-to-right shunt and typically do not 
require surgery (Seller et al. 2018). On the other 
hand, the combination of right-sided PAPVC 
with (sinus venosus) atrial communication is rou-
tinely associated with a significant left-to-right 
shunt. The most important postoperative sequelae 
are pulmonary vein stenosis (see below) and 
atrial arrhythmias. The scimitar vein is typically 
baffled to the right atrium, either via route of an 
atrial septal defect, that can be associated with the 
Scimitar Syndrome or surgically created. Surgical 

indications and postoperative complications in 
patients with Scimitar syndrome are identical to 
other types of PAPVC, although Scimitar syn-
drome carries a worse prognosis, owing to the 
accompanying lung hypoplasia as well as bron-
chial branching and lung segmentation abnormal-
ities, but also due to the higher prevalence of 
native pulmonary venous obstruction.

3.3	 �Total Anomalous Pulmonary 
Venous Connection

Anomalous connection of all pulmonary veins 
hardly ever presents in an adult and is only dis-
cussed superficially in this book (Cheng et  al. 
2015). However, the sequelae of surgical repair 
of total anomalous pulmonary venous connection 
(TAPVC), residual anomalous connection of one 
or more pulmonary veins or pulmonary vein ste-
nosis, are not uncommon among adults.

3.3.1	 �Anatomy
The connection of the pulmonary veins to the 
systemic venous system may be at the supracar-
diac, (intra-)cardiac, or infracardiac level (Craig 
et  al. 1957). Combinations of these three types 
are possible within the same patient.

3.3.2	 �Presentation
As mentioned, TAPVC typically manifests, and 
is repaired, in early childhood. The very few that 
survive to adulthood with this diagnosis have 
excellent atrial mixing and minimal obstruction 
of the pulmonary venous pathway. Given the pro-
pensity of obstruction in infracardiac TAPVC 
adult cases are invariably of the supracardiac, 
intracardiac, or mixed type. There is an obliga-
tory left-to-right shunt and systemic cardiac out-
put can only be maintained if there is also a 
right-to-left shunt, usually across the atrial sep-
tum. Consequently, patients present in heart fail-
ure with varying degrees of cyanosis.

3.3.3	 �Diagnosis
The chest X-ray shows cardiomegaly, increased 
pulmonary vascularity, and pulmonary edema. 
It is sometimes possible to detect dilated 
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pulmonary-to-systemic venous connections, 
such as in supracardiac TAPVC and the well-
known “snowman sign” (Yoo and Epelman 
2010). Echocardiography is often sufficient to 
define the pulmonary venous anatomy compre-
hensively in neonates. There are few lesions that 
produce an exclusive right-to-left shunt across 
the atrial septum. Total anomalous pulmonary 
venous connection is, one of them. The left ven-
tricle in TAPVC is underfilled. With more 
advanced age at presentation cross-sectional 
imaging, i.e., CT or CMR, take on an increas-
ingly important role in delineating the anatomy. 
It is imperative to define the anatomy of each pul-
monary vein, the common pathway, if present, as 
well as any accompanying heart lesions. An 
important association exists between TAPVC 
and right isomerism of the atrial appendages so 
that the latter must be actively ruled out. Any 
obstruction within the pulmonary venous drain-
age or the obligatory right-to-left shunt at the 
atrial level must be assessed. Cardiac catheteriza-
tion with assessment of pulmonary vascular 
resistance is advised prior to surgical correction 
in an adult patient.

3.3.4	 �Treatment
In the absence of prohibitive pulmonary vascular 
disease the pulmonary veins are anastomosed to 
the left atrium.

3.4	 �Cor Triatriatum

Cor triatriatum is the result of failure of incorpo-
ration of the primitive common pulmonary vein 
into the left atrium (Brown and Geva 2013).

3.4.1	 �Anatomy
The left atrium is divided into an upper and a 
lower chamber. The pulmonary veins enter the 
“upper chamber.” Significant heterogeneity in 
presentation and management is introduced by 
the presence or absence of communications 
between either chamber and the right atrium and 
between the upper and lower left atrial compart-
ments (Niwayama 1960). Cor triatriatum is com-
monly associated with PAPVC.

3.4.2	 �Presentation
The physiology and clinical presentation of Cor 
triatriatum varies widely according to atrial level 
shunts and associated PAPVC (47). If no com-
munication between the upper chamber and the 
right atrium exists and the connection to the 
lower chamber is stenotic the clinical picture is 
that of mitral stenosis. If both left atrial chambers 
communicate with the right atrium and the con-
nection between upper and lower chambers is 
either stenotic or atretic the physiology is that of 
TAPVC. (Brown 2009).

3.4.3	 �Diagnosis
It is important to delineate the membranous bar-
rier between the upper and lower left atrial com-
partments. In contrast to supravalvar mitral 
stenosis the intraatrial membrane is situated above 
the left atrial appendage. All interatrial communi-
cations must be visualized in terms of size, esti-
mated gradients, and flow directions. Given the 
common association with PAPVC all pulmonary 
veins must be interrogated. In many cases, trans-
thoracic echocardiography visualizes the perti-
nent features with sufficient detail and certainty. 
The right ventricle is often dilated and hypertro-
phied. Depending on the physiology the chest 
X-ray shows evidence of pulmonary venous 
obstruction, with pulmonary edema and enlarge-
ment of the central pulmonary arteries. The assets 
of CMR and CT are the same as for TAPVC. The 
intraatrial membrane can be challenging to see by 
cross-sectional imaging, especially on an ungated 
CT angiogram. Invasive manometry during car-
diac catheterization reveals pulmonary arterial 
hypertension unless the upper left atrial chamber 
has an unobstructed outlet, either into the right 
atrium or into the lower chamber. Selective injec-
tions into the pulmonary arteries opacify the pul-
monary veins and the upper left atrial chamber. If 
there is a defect in the core membrane, the lower 
chamber and the left ventricle fill after a small 
delay and the membrane itself can be appreciated 
as a thin filling defect between the two chambers.

3.4.4	 �Treatment
The definite management is typically surgical 
and consists of resection of the intraatrial 
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membrane. Any associated PAPVC is corrected 
at that time, unless deemed to be hemodynami-
cally insignificant. Percutaneous relief of obstruc-
tion with or without closure of unnecessary 
communications with the right ventricle is an 
alternative approach in select cases (Kerkar et al. 
1996; Li et al. 2015). The prognosis in “uncom-
plicated” and repaired Cor triatriatum is good. 
Any associated PAPVC predisposes to postoper-
ative pulmonary vein stenosis.

3.5	 �Pulmonary Vein Stenosis

Pulmonary vein stenosis manifests as a primary 
lesion or after pulmonary vein surgery. Primary 
pulmonary vein stenosis occurs as an isolated 
defect or associated with other types of congeni-
tal heart disease.

3.5.1	 �Anatomy
The morphology of pulmonary vein stenosis is 
either a discrete narrowing (Fig. 7) at the ostium 
into the left atrium or a diffuse, long-segment 
hypoplasia of the entire vein and often also its 
peripheral branches. Combinations of these two 
features are common as ostial stenosis often 
entails hypoperfusion which leads to shrinking of 
the contributing channels.

3.5.2	 �Presentation
Patients present with signs of pulmonary arterial 
hypertension, including tachypnea, reduced exer-
cise tolerance and, sometimes, cyanosis. 
Recurrent pneumonia is a frequent complication; 
pulmonary hemorrhage occurs in advanced 
disease.

3.5.3	 �Diagnosis
In advanced disease the chest X-ray shows 
increased interstitial markings and dilation of the 
pulmonary lymphatic vessels with ground-glass 
changes (Yoo and Geoffray 2010). Long-standing 
pulmonary vein stenosis may lead to decreased 
ipsilateral pulmonary artery size and lung hypo-
plasia. The heart size is typically normal. 
Echocardiography is routinely used in the post-
operative surveillance for obstruction following 

pulmonary vein repair. An unobstructed pulmo-
nary vein has laminar flow by color Doppler and 
low velocity, phasic flow pattern with one or two 
systolic peaks, a diastolic peak and a brief nadir 
at the end of diastole (Grosse-Wortmann et  al. 
2007). A stenosed pulmonary vein lacks some or 
all of these features. An elevated mean gradient 
estimate by pulsed-wave Doppler confirms the 
stenosis. Relatively low velocity flow, however, 
does not rule out significant obstruction, espe-
cially if the classic phasic fluctuations across the 
cardiac cycle are attenuated, as flow redistribu-
tion away from the obstruction can mask a higher 
gradient. It has been shown repeatedly that echo-
cardiography lacks sensitivity as well specificity 
in the detection of pulmonary vein stenosis, in 
comparison to CMR (Valsangiacomo et  al. 
2003a, b; Greenway et al. 2011). Magnetic reso-
nance offers anatomical and functional delinea-
tion: In significant obstruction, the ipsilateral 
branch pulmonary artery is usually hypoplastic 
as a reflection of the decreased blood flow to the 

Fig. 7  CT, pulmonary vein stenosis. The coronal multi-
planar reformat of the computed tomography angiogram 
demonstrates severe focal stenoses (asterisk) of all three 
contributors to the right lower pulmonary vein in a 3-year 
old. The right pulmonary artery is enlarged, secondary to 
pulmonary hypertension. The other three pulmonary veins 
were also obstructed. The stenoses recurred following sur-
gical and catheter interventions and the patient eventually 
received a heart and lung transplant. LA left atrium, RPA 
right pulmonary artery
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lung with the affected vein (Roman et al. 2005). 
Diffusely small peripheral pulmonary venous 
contributors are a sign of severe obstruction and 
shunting of blood away from the stenosed vessel. 
This appearance may also reflect diffuse disease 
with so-called arterialization of long segments of 
the pulmonary veins. It is sometimes possible by 
CMR or CT to visualize venous collateral chan-
nels that deviate blood away from the obstructed 
egress (Grosse-Wortmann et  al. 2007). Phase-
contrast velocity CMR demonstrates the hemo-
dynamic effects of the stenosis. This information 
aids in gauging the severity of obstruction and is 
particularly helpful in distinguishing compres-
sion of a vein (typically the left lower) between 
the descending aorta and the heart without 
obstruction to flow from significant stenosis. 
Flow mapping should be performed in the pul-
monary arteries and in the pulmonary veins. 
Significant pulmonary vein obstruction often 
leads to redistribution of blood flow, away from 
the area drained by the obstructed lung. This 
redistribution can be seen at the arterial level as 
an imbalance of right vs. left pulmonary artery 
flow volume. It can also be observed at the venous 
level with a greater proportion of the ipsilateral 
pulmonary blood flow passing through the non-
obstructed vein. The possibilities of multi-site 
and bilateral obstruction must be taken into con-
sideration when interpreting flow data. The pul-
monary arterial flow curve may show signs of 
pulmonary arterial hypertension, with an earlier 
systolic peak, diminished peak velocity, addi-
tional late systolic and diastolic peaks and a deep 
nadir in early diastole. The flow profile of the 
affected pulmonary vein is typically dampened 
with decreased amplitude. The average velocity 
of flow in the pulmonary vein is typically low 
when measured “upstream” of the stenosis and 
accelerated “downstream” from it (Grosse-
Wortmann et  al. 2007; Valsangiacomo et  al. 
2003b). Similar to phase-contrast CMR a lung 
perfusion scan with 99  m-technetium-labeled 
macroaggregated albumin shows reduced relative 
perfusion of the affected lung (Drubach et  al. 
2015). Cardiac catheterization is useful in the 
quantification of the severity of pulmonary arte-
rial hypertension and in the anatomical 

delineation of the stenotic segment. When 
evaluating a fluoroscopic angiogram in the pos-
tero-anterior projection it should be remembered, 
however, that the cranio-caudal diameter in this 
view is often preserved despite significant nar-
rowing in the antero-posterior dimension.

3.5.4	 �Treatment
In principle, two different surgical techniques are 
used to connect the pulmonary veins to the left 
atrium: With the “conventional repair,” the pul-
monary veins are directly sutured to the left 
atrium. In contrast, with the atriopericardial anas-
tomosis, often referred to as “sutureless repair,” a 
wide communication between the left atrium and 
the incised pulmonary veins is created using a 
pericardial patch. Both approaches are burdened 
with risks of restenosis (Greenway et al. 2011). 
Postoperative pulmonary venous obstruction 
manifests most commonly during the first year 
after surgery and can develop rapidly. Imaging 
surveillance consists out of a combination of 
echocardiography and cross-sectional imaging. 
Given the limitations of echocardiography in the 
diagnosis of pulmonary vein stenosis CT or CMR 
is recommended at least once or twice during the 
first postoperative year and in greater intervals 
thereafter. Percutaneous approaches to pulmo-
nary vein obstruction with angioplasty and stent-
ing have yielded disappointing results. Attempts 
at pharmacological interventions that target the 
fibrotic vascular remodeling give rise to opti-
mism, but are experimental at the time of writing 
(Zhu et al. 2014).
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1	 �Introduction

Coronary anomalies are uncommon yet occur 
not infrequently in the practice of any regular 
cardiac imager. They can be among both the 
most challenging and satisfying of lesions to 
investigate, and frequently noninvasive imag-
ing represents the standard of reference for full 
description and understanding of the abnormal-
ity in question. This article uses a broad defini-
tion of coronary anomalies to include all 
non-atherosclerotic forms of coronary abnor-
mality—not simply congenital anomalies, but 
also inflammatory anomalies (e.g., due to 
Kawasaki or Behcet disease) and postsurgical 
anomalies (e.g., after Ross, Bentall, or arterial 
switch procedure).

2	 �Prevalence of Congenital 
Coronary Anomalies

The prevalence of congenital coronary anomalies 
appears to have been rising in recent years, and 
yet this is almost certainly ascertainment bias due 
to the increased use of cardiac CT in particular 
which may identify anomalies without great clin-
ical significance (as well as a much smaller num-
ber of prognostically important lesions). Most 
case series have reported a prevalence of around 
1% when large cohorts of patients undergoing 
either coronary angiography or cardiac CT are 
examined (Table 1).
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3	 �Classification of Coronary 
Anomalies?

Coronary anomalies may initially be subdivided 
into those present at birth and those which 
develop at some point after birth because of 
inflammation or vasculitis (Kawasaki disease, 
Behcet disease, etc.) or secondary to an opera-
tion which involves detachment and reimplanta-
tion of the coronary arteries. This chapter is 
principally concerned with the former, although 
the latter two categories will be touched upon 
briefly.

After this basis subdivision, congenital coro-
nary anomalies are best broken down further by 
the simple classification of:
	(a)	 Abnormalities of origin
	(b)	 Abnormalities of course
	(c)	 Abnormalities of termination

Examples of each are provided in Table 2. These 
categories are not always totally discrete—abnor-
malities of origin and proximal course, for exam-
ple, may accompany one another. Most of the 
abnormalities in categories a and b are benign, 
although a few are not. The most significant abnor-
malities in this regard are the origin of the left or 

Table 1  Prevalence of congenital coronary anomalies in different series

First author Country
Modality of 
diagnosis

Population 
size

Prevalence 
(%) Commonest anomaly

Namgung 
(2014)

South 
Korea

Cardiac CT 8864 1.16 AORCA

Yuksel (2013) Turkey Coronary 
angiography

16,573 1.3 Separate origin LAD, Cx

Xu (2012) China Cardiac CT 12,145 1.02 AORCA

Sohrabi (2012) Iran Coronary 
angiography

6065 1.3 Separate origin LAD, Cx

Sivri (2012) Turkey Coronary 
angiography

12,844 0.74 AOLCx

Fujimoto 
(2011)

Japan Cardiac CT 5869 1.52 AORCA

Erol (2011) Turkey Cardiac CT 2096 1.96 AORCA and separate origin 
LAD, Cx

Garg (2000) India Coronary 
angiography

4100 0.95 AORCA

Graidis (2015) Greece Cardiac CT 2572 2.33a Separate origin LAD, Cx

Yamanaka 
(1990)

USA Coronary 
angiography

126,595 1.3a Separate origin LAD, Cx

Yildiz (2010) Turkey Coronary 
angiography

12,457 0.9 Separate origin LAD, Cx

Tongut (2016) Turkey Cardiac CT 2401 9.37b Separate origin LAD, Cx

Shabestari 
(2012)

Iran Cardiac CT 2697 3.1 Separate origin LAD, Cx

Eid (2009) Lebanon Coronary 
angiography

4650 0.73 AOLCx

LAD left anterior descending, Cx circumflex, AORCA anomalous origin of the right coronary artery (from the opposite 
sinus), AOLCx anomalous origin of the left circumflex
aDid not exclude abnormalities of high takeoff which are excluded a priori in most other series
bDid not exclude myocardial bridges which are relatively common in the general population—exclusion of these 100 
patients reduced their overall prevalence to 5.7%. A further 85 patients were said to have coronary aneurysm or ectasia 
(no definition provided in methods) which could well have been atherosclerotic (mean age 56 years) or due to prior 
Kawasaki disease. Exclusion of these patients reduces the prevalence of “true” congenital coronary anomalies to 2.1% 
which is closer to most other published series
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right coronary artery from the opposite sinus of 
Valsalva. Anomalous origin of the right coronary 
artery is being seen increasingly frequently due to 
rapid uptake of cardiac CT and often generates 
management dilemmas, particularly when a patient 
presents with symptoms that might represent 
angina but where no objective evidence of isch-
emia can be found.

Abnormalities of termination generally 
involve fistulation into another vascular structure 
or a cardiac chamber. They range from the trivial 
to the significant.

4	 �Are All Coronary Anomalies 
Equally Dangerous?

Table 2 suggests that the answer to this question is 
no. A more difficult question, however, is which 
anomalies may be life-threatening and how do we 
identify them. Our knowledge of the natural his-
tory of coronary anomaly lesions is incomplete 
and inadequate. Most of our data is derived from 

selected pathologic series of civilian deaths or 
deaths of military recruits during training. In these 
samples the larger denominator—the numbers of 
people with identical anomalies but who do not 
die—is unknown.

4.1	 �Anomalies of Origin

Awareness of the potential for cardiac mortality was 
raised almost 50 years ago following review of the 
exhibits at the Armed Forces Institute of Pathology 
(Cheitlin et  al. 1974). This series was among the 
first to suggest that origin of the left main or left 
anterior descending (LAD) coronary artery from 
the right sinus appeared to be disproportionately 
associated with sudden cardiac death in the setting 
of exercise. Although not clearly described, the 
implied mechanism was that of ostial narrowing of 
the vessel as it emerged obliquely through the aortic 
wall (Fig. 1). They further suggested that as aortic 
pressure increases with exercise, there could be a 
“flap-valve” effect whereby the ostial abnormality 

Table 2  Examples of the most common coronary anomalies and their relative clinical significance (in the author’s 
opinion)

Congenital Anomaly Clinical importance

Abnormalities of 
origin

Anomalous aortic origin from the opposite coronary 
sinus

High (especially if proximal 
intramural course)

Ectopic origin above aortic sinus Low

Abnormalities of 
course

Transseptal/infundibular left coronary Low

Retro-aortic circumflex Low

Pre-pulmonic LAD Low

Myocardial bridging Low

Abnormalities of 
termination

Circumflex to coronary sinus/right atrial fistula Intermediate

Anomalous left coronary artery draining to the 
pulmonary artery (ALCAPA)

High

Anomalous right coronary artery draining to the 
pulmonary artery (ARCAPA)

Intermediate/low

Inflammatory or 
Vasculitic

Kawasaki disease High (if aneurysms)

Behcet disease High (if aneurysms)

Takayasu arteritis High (if stenoses)

Postoperative Post-arterial switch Intermediate/low

Post-Ross procedure Low

Post-Bentall procedure Low

Coronary Artery Anomalies
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transiently worsens. Interestingly they saw no cases 
where an anomalous right coronary artery (RCA) 
arising from the left sinus of Valsalva led to sudden 
death; however, it is worth noting that this anom-
aly—which they display in Fig. 2 of their original 
publication—does not demonstrate the slit-like 
intramural course which we know to be present 
from cardiac CT data in this era. Therefore we must 
question whether their data on this lesion can really 
be applied to the patient population we see 
increasingly.

A similar review was performed by the 
Pathology branch of the National Heart Lung and 
Blood Institute (Kragel and Roberts 1988). In 
this series five out of seven cases where the left 
main (LM) coronary artery arose from the oppo-
site sinus resulted in sudden death. Outcome for 
patients where the RCA arose from the opposite 
sinus was more variable with only 8 out of 25 
dying as a result of their coronary lesion. In this 
paper great attention was paid to morphology of 
the coronary ostia. Out of the 25 cases of RCA 
from the opposite sinus, 14 were shown to have 
slit-like morphology of whom only 6 were 
believed to have died because of the anomaly 
itself (clear alternative causes of death in the 

remaining 8 patients). Interestingly, however, 
two of the patients with RCA from the opposite 
sinus but without a slit-like origin were also clas-
sified as having died suddenly and presumably 
related to their anomaly as no other cause was 
determined. Overall then, eight patients were 
presumed to have died from their RCA abnor-
mality; however, the body of the paper goes on to 
mention that three of these eight had evidence of 
at least one 75% stenosis in an epicardial coro-
nary vessel and one out of the eight had evidence 
of hypertrophic cardiomyopathy. So in effect 
four of the eight sudden deaths may have had an 
alternative explanation. A further possible con-
founder is whether or not an anomalous RCA 
provides the posterior descending artery (i.e., 
shows right coronary dominance) since this 
determines the extent of myocardium at risk.

A third necropsy series considered ten patients 
with RCA from the opposite sinus, three of whom 
died presumably due to acute ischemia caused by 
the lesion (each case related to exercise) and 
seven in whom the abnormality was an incidental 
finding after death from another cause (Roberts 
et  al. 1982). Interestingly each one of the ten 
cases had a slit-like RCA ostium, but what 

a b

Fig. 1  Intramural right coronary artery (RCA) arising 
from the left coronary sinus. (a) Gated axial CT image at 
the level of the aortic root (Ao). The RCA arises from the 
left coronary cusp, and in its most proximal portion, it 
takes an intramural course through the aortic wall (arrow). 

(b) The effect of intramural passage in creating a slit-like 
orifice is better appreciated on this curved multiplayer 
reformat where the ostial portion of the vessel (arrow) 
appears tightly stenosed compared to its more distal 
caliber
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seemed to be more significant was the presence 
of macroscopic left ventricular scarring which 
was present in all three of the sudden death cases 
but only one out of seven of the noncardiac death 
cases (and this is in a patient with severe athero-
sclerotic disease). The same four patients also 
were the only ones to have evidence of myocar-
dial interstitial fibrosis at histopathology.

At the current time the general consensus is 
that when the left main or LAD coronary artery 

arises from the opposite sinus, the patient 
should be offered surgical repair. Given the 
rare occurrence of this pathology, no survival 
or outcome data are available. Anomalous ori-
gin of the RCA does not necessarily require 
repair, particularly when an incidental finding. 
Patients, however, who have anginal symptoms 
or evidence of ischemia on testing (Fig.  2) 
should be considered for repair on a case-by-
case basis.

a b

c d

Fig. 2  Anomalous RCA from the left coronary sinus 
with evidence of ischemia. (a) Axial slice from gated CT 
at the level of the aortic root demonstrates that the RCA 
arises from the left coronary cusp and has a slit-like origin 
in its proximal portion (arrow). (b) Sagittal oblique recon-
struction from gated CT to show the relationship between 
the aortic root (Ao) and main pulmonary artery (PA). The 
slit-like ostium can be appreciated in cross section (arrow) 

as the vessel runs through the aortic wall. (c) Basal slice 
from dipyridamole stress perfusion CMR.  A low-signal 
perfusion defect is present in the inferior septum (arrow). 
(d) Basal slice from dipyridamole stress perfusion CMR 6 
months after unroofing surgery which alleviated the 
patient’s symptoms. No evidence of a perfusion abnor-
mality is seen on stress imaging

Coronary Artery Anomalies
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4.2	 �Anomalies of Termination

This kind of anomaly includes coronary fistulae 
and anomalous left coronary artery from the pul-
monary artery (ALCAPA) which in a way may 
also considered to be a special kind of fistula. The 
frequency of congenital coronary fistulae is 
roughly 0.2% (Gillebert et  al. 1986). If fistulae 
are large in size, they may lead to progressive 
volume loading of a ventricular chamber with the 
risk for gradual deterioration in myocardial func-
tion (Lee and Chen 2009). Large fistulae may 
also be associated with a risk of myocardial isch-
emia (see ALCAPA, below). Another risk which 
has been associated with fistulae is that of bacte-
rial endocarditis (Said 2016). Finally—although 
underappreciated—there is a mortality risk asso-
ciated with long duration fistulae, particularly if 
untreated (Nakahira et al. 2007; Rajs et al. 2001; 
Dichtl et  al. 2005; Lau 1995; Bartoloni et  al. 
2012; Lozano et al. 2008). It has been suggested 
that the risk of rupture associated with fistulae 
may be higher in women than men (Said et  al. 
2008) (Fig. 3).

Anomalous left coronary artery from the pul-
monary artery (ALCAPA) is a particularly impor-
tant type of fistulous lesion since it can be 
associated with sudden cardiac death in both chil-
dren and adults. This is assumed to be secondary 
to ischemia and arrhythmia occurring as a result 
of myocardial steal, as coronary flow is exposed 

to low-pressure runoff into the pulmonary artery 
which invariably has a lower diastolic pressure 
than the aorta. Although the majority of such 
lesions are detected in early childhood, there are 
regular reports of first detection of ALCAPA in 
adulthood (Basha et  al. 2016; Hofmeyr et  al. 
2009; Sajjadieh Khajouei et  al. 2016; 
Toumpourleka et al. 2015; Liu and Miller 2012; 
Lopes et al. 2011) and in rare cases, even in the 
elderly (Sadanandan et  al. 2012; Fierens et  al. 
2000). As with other kinds of fistula, there may be 
aneurysmal dilatation of either left or right coro-
nary artery (Bajona et al. 2007), and this can occur 
even after surgical repair (Bravo-Valenzuela and 
Silva 2015). On occasion the initial presentation 
in adult life may be with heart failure or cardiac 
arrest (Safaa et al. 2013; Quah et al. 2014; Krexi 
and Sheppard 2013; Kristensen et  al. 2008; 
Pachon et al. 2015; Ripley et al. 2014; Raghuram 
et al. 2004; Kang et al. 2007; Frapier et al. 1999). 
For a comprehensive review of ALCAPA imaging 
in adults, see Pena et al. (2009).

5	 �Structured Imaging 
of Coronary Anomalies

Patients are generally sent for imaging with vary-
ing degrees of prior knowledge about their lesion. 
In some cases the provided information may be 
misleading or frankly incorrect. It is important 

a b

Fig. 3  Left circumflex artery to coronary sinus fistula. (a) 
Gated axial CT image demonstrating a very dilated coro-
nary sinus (asterisk) draining into the right atrium. (b) 

Volume-rendered CT image of the same patient showing 
more clearly the fistulous communication between the cir-
cumflex artery and the coronary sinus
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therefore to consider a structured and compre-
hensive imaging approach for imaging coronary 
anomalies. The key issues to be addressed by 
imaging are coronary anatomy, myocardial isch-
emia, myocardial scar, and the presence or 
absence of coronary thrombus.

5.1	 �Anatomic Imaging

Any assessment of a coronary anomaly necessi-
tates a clear understanding of the entire course of 
the vessel in question—from origin to termination. 
Although some patients may be sent to the nonin-
vasive lab after coronary angiography, invasive 
angiography is rarely the best method to appreci-
ate the three-dimensional relationship between the 
coronary artery and surrounding structures. 
Cardiac MR has been touted as a reliable method 
for assessing coronary anomalies and certainly can 
provide a level of information about the vessel’s 
course. However the most frequently used tech-
nique for coronary imaging by CMR is a free-
breathing navigated steady-state free precession 
(SSFP) approach which is very dependent upon 
both heart rate and respiratory pattern for data 
acquisition. A complete axial 3D volume may 
therefore take 10–15  min to acquire. Since the 
quality of the volume stack of images can not be 
assessed until the last slice is acquired, it unfortu-
nately happens on occasion that the overall image 
quality is inadequate and up to 10-15 minutes of 
imaging time will have been wasted acquiring. 
Nonetheless if a CMR study is planned, we usu-
ally attempt coronary imaging and often find it 
helpful. In situations where the right coronary 
artery is suspected to arise from the left coronary 
sinus, or where there is concern for a slit-like ori-
gin, then our experience has been that coronary 
imaging by CMR is often insufficient for diagnos-
tic certainty, and we proceed to cardiac CT in 
those circumstances.

Cardiac CT is an excellent modality for ana-
tomic coronary imaging, facilitating visualization 
of coronary origin, course, termination (Su et al. 
2010), as well as luminal remodeling, stenosis, 
and aneurysm. Modern scanners invariably permit 
prospectively triggered acquisition which limits 

radiation exposure to a small portion of the cardiac 
cycle. Overall doses for coronary CT are usually in 
the range of 1–3 mSv which compares very favor-
ably with invasive angiography and SPECT imag-
ing. In thin patients it is possible to perform 
sub-millisievert studies through judicious reduc-
tion in tube kilovoltage (kV). As a result cardiac 
CT is now a reasonable option in children (Shen 
et al. 2016) although historical concerns regarding 
dose have limited its usage (which is ironic consid-
ering how widespread the use of SPECT imaging 
is in many pediatric institutions).

The isotropic spatial resolution of a modern 
CT scanner is in the region of 0.5 mm3, which is 
2–3 times better than that achieved by standard 
CMR angiography and is the reason why the 
potential proximal intramural portion of a coro-
nary anomaly is better assessed by CT than 
CMR.  The other benefit of CT is its ability to 
detect atherosclerotic coronary disease which—
in patients who present at an older age—may be 
the real reason for symptoms rather than the cor-
onary anomaly, accused but an innocent bystander 
(Keir et al. 2017; Crean et al. 2008).

5.2	 �Ischemia Imaging

The single biggest concern for most anomalies is 
whether or not they have the potential to result in 
myocardial ischemia and, subsequently, arrhyth-
mic sudden cardiac death. There is no consensus 
in the literature or among experts as to how coro-
nary anomalies should be investigated—as a 
result most groups work toward their own inter-
nal consensus (Keir et  al. 2015; Gräni et  al. 
2017). In many centers, myocardial perfusion 
stress/rest SPECT imaging is utilized to stratify 
risk. However the larger cohort studies all con-
tain individuals who dropped dead at some time 
point after a previously normal perfusion study 
which is hardly reassuring (Basso et  al. 2000). 
More pertinent perhaps is the frequency of false 
positive results, both before and after surgical 
repair (Brothers et al. 2007).

Stress echo with exercise or dobutamine for 
wall motion assessment may be a reasonable 
choice for the assessment of ischemia given its 
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widespread availability. Myocardial contrast per-
fusion echo on the other hand is much less prac-
ticed, and its use is only very rarely described in 
the setting of coronary anomalies (Rana et  al. 
2009). As with all other forms of noninvasive 
imaging, evidence supporting the diagnostic and 
prognostic power of stress echo is lacking in this 
population (Thompson 2015).

Stress perfusion CMR has been shown to 
have a substantially higher diagnostic and 
prognostic accuracy than SPECT imaging for 
obstructive atheromatous coronary artery dis-
ease (Greenwood et al. 2012, 2016). Conflicting 
nuclear data suggest that triage by either tech-
nique is reasonable with similar medium-term 
outcomes (Sharples et  al. 2007; Thom et  al. 
2014). There are few corresponding data for 
congenital heart disease patients, although one 
study which directly compared isotope perfu-
sion to CMR perfusion in an adult arterial 
switch population demonstrated a high false 
positive rate for the nuclear technique (Tobler 
et  al. 2014). Coronary stenosis after coronary 
reimplantation is relatively rare but is seen on 
occasion (Fig.  4). We have now studied over 
100 patients with stress perfusion CMR in the 
Toronto Coronary Anomaly Clinic, and our 
experience is described elsewhere (Deva et al. 
2014; Crean et al. 2016). Briefly, among those 
where a formal reference standard was avail-
able for comparison, stress perfusion cardio-
vascular magnetic resonance demonstrated a 

sensitivity of 82% and specificity of 100%. Of 
the 34 studies, two were false negatives, in 
which the etiology of ischemia was extrinsic 
arterial compression rather than intrinsic coro-
nary luminal narrowing.

We and others have found that the ALCAPA 
lesions invariably show evidence of myocardial 
perfusion abnormality (Nony et al. 1992) but that 
anomalies of coronary origin—particularly the 
right coronary from the left cusp with proximal 
intramural course—are much more variable. Our 
approach has been to seek to confirm either a 
positive or negative vasodilator stress CMR study 
with a second modality, usually stress echocar-
diography. This latter is chosen because of per-
sistent concerns in some quarters that physiologic 
stress which raises the blood pressure and dilates 
the aortic root may promote ischemia to a greater 
extent than simple drug-induced coronary 
vasodilatation.

Any anomaly which is demonstrated to gen-
erate ischemia is usually subjected to surgical 
repair. The more difficult scenario arises when 
stress CMR and stress echo are both negative but 
the patient continues to complain of symptoms. 
In this situation we take an aggressive approach 
with coronary catheterization combined with 
intravascular ultrasound (IVUS) and measure-
ment of fractional flow reserve (FFR). A 50% 
reduction in vessel cross-sectional origin at the 
ostium or an FFR  <  0.8 generally results in a 
decision to proceed with surgical repair. If both 

a b c

Fig. 4  Ischemia as a long-term complication of the arte-
rial switch procedure. (a) Still frame from dipyridamole 
stress perfusion CMR study demonstrating subendocar-
dial ischemia (arrowheads) in the left coronary territory. 

(b) Rest perfusion image shows normal perfusion. (c) 
Invasive angiogram depicting a significant left main stem 
coronary artery stenosis (arrow)

A.M. Crean



193

IVUS and vasodilator FFR are normal, it may be 
reasonable to repeat FFR measurements with 
full dobutamine stress to mimic exercise 
(Angelini and Flamm 2007; Angelini 2014; 
Angelini et al. 2015; Lee et al. 2016).

Consideration should always be given to an 
early postoperative CMR study in order to 
establish a new baseline appearance should 
symptoms recur in the future. This is particu-
larly important for ALCAPA patients in whom 
perfusion may not entirely normalize post repair 
(Seguchi et al. 1990) or where occlusion at the 
reimplantation site is suspected (Secinaro et al. 
2011) (Fig. 5).

5.3	 �Scar Imaging

Patients with coronary anomalies are at risk of 
coronary thrombosis or, occasionally, coronary 
thromboembolism—both potentially resulting 
in myocardial infarction. There is little doubt 
that CMR is the gold standard for detection of 
myocardial scar, and late gadolinium enhance-
ment (LGE) should be included in every CMR 
protocol when assessing coronary anomalies 
(Fig.  6). In patients with prior cardiac surgery 

(e.g., Ross, Bentall, or arterial switch proce-
dure), it should be borne in mind that scar is not 
always due to the anomaly itself and that prior 
cardiopulmonary bypass may result in small 
areas of scarring. Patients who have had VSD 
patch closure may demonstrate an LGE signal 
in the region of repair due to overlying fibrotic 
tissue, and this needs to be distinguished from 
true myocardial damage. Genuine scar is a risk 
factor for adverse remodeling and arrhythmo-
genesis as it is in the noncongenital population 
and ideally should be quantitated in the imaging 
report. There is also increasing research interest 
in subclinical fibrosis in congenital cardiology 
using techniques such as T1 and ECV mapping 
(de Meester de Ravenstein et al. 2015; Burchill 
et al. 2017).

A small number of patients are unable to 
undergo LGE imaging due to claustrophobia or 
other CMR contraindications. In these cases 
SPECT imaging may substitute although it is 
insensitive for small amounts of scar (Wagner 
et al. 2003). However, if cardiac CT is planned, 
then a second study some minutes after con-
trast injection may be considered to demon-
strate infarction by the technique of late iodine 
enhancement (Kramer et  al. 1984) which is 

a b c

d e f
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Fig. 5  Tight stenosis of reconstructed left main coronary 
artery following ALCAPA repair. (a–c) Basal, mid, and 
apical short axis slices from dipyridamole stress CMR 
study. There is an extensive low-signal defect throughout 
the left coronary territory. (d–f) The defect appears full 
reversible in matching locations at rest. (g) Invasive 

angiogram several days later. There is an extremely tight 
focal stenosis at the site of implantation of the left main 
coronary (arrow). Note also incomplete LAD filling due 
to competitive retrograde flow (black arrow) which still 
exists from the right coronary collateral network. The 
patient subsequently underwent left main stem stenting
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analogous to LGE imaging albeit with lower 
contrast and signal to noise (Jacquier et al. 2008). 
This has been validated in animals (Baks et al. 
2006; Buecker et  al. 2005; Burk et  al. 2015; 
Lardo et  al. 2006; Crean et  al. 2013) and in 
humans by CMR (Deux et al. 2013; Habis et al. 
2009), electroanatomic mapping (Esposito et al. 
2016), and positron emission tomography 
(Dwivedi et  al. 2013). The technique is less 

robust than LGE imaging, and neither the opti-
mal dose of contrast nor the delay prior to image 
acquisition is well validated. Anecdotal reports 
indicate that intracoronary injection of contrast 
may help visualization of thin rims of scar (Baks 
et al. 2006; Buecker et al. 2005; Burk et al. 2015; 
Lardo et  al. 2006; Crean et  al. 2013), but this 
seems insufficiently pragmatic to become a 
mainstream approach.

a b

c d

Fig. 6  Kawasaki disease complicated by myocardial 
infarction. (a) Invasive angiogram with injection into the 
left coronary system. There is a large tubular LAD aneu-
rysm (asterisk) and two smaller sequential circumflex 
artery aneurysms (smaller asterisks). (b) Two chamber 
late gadolinium enhancement CMR image demonstrating 
an extensive subendocardial infarct (arrows) in the LAD 
territory. This occurred in adolescence in association with 
acute aneurysm thrombosis after the patient self-

discontinued anticoagulation therapy. (c) Invasive angio-
gram in the same patient shows a large proximal RCA 
aneurysm (large asterisk) together with a much smaller 
one more distally (smaller asterisk). (d) Short axis refor-
mat from whole-heart navigated free-breathing CMR 
coronary angiogram. The aneurysms in the RCA are 
clearly appreciated, but note that delineation of the inter-
vening vessel segments (arrows) is inferior compared to 
invasive angiography (prior frame)
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5.4	 �Thrombus Imaging

The risks of thrombus formation relate to pertur-
bations of Virchow’s triad as much for a coronary 
anomaly as anywhere else in the cardiovascular 
system. Thus all three aspects—altered vessel, 
altered flow, altered coagulability—need to be 
considered (Lowe 2003). Vascular and flow 
aspects can be determined by CMR/CT, and 
knowledge of the patient’s coagulation status 
(medications, pregnancy, smoking, obesity, can-
cer, etc.) is valuable when interpreting these 
studies.

Thrombus is only rarely a consideration in 
large fistulae where flow is brisk. However the 
circumflex artery to coronary sinus fistula has 
been associated with myocardial infarction 
(Dichtl et al. 2005; Al-Turki et al. 2015). In our 
clinic we have seen one such case arising in a 
young woman after several weeks of immobiliza-
tion post orthopedic surgery, presumably reflect-
ing reduced flow due to a much lower basal 
cardiac output than usual.

The most concerning coronary anomaly where 
thrombus should be actively excluded is in the 
setting of Kawasaki disease with giant coronary 
aneurysms (Patil et  al. 2008; El-Segaier and 
Galal 2013; Ghosh and Agarwala 2011; Mendiola 
Ramírez et al. 2011; Okura et al. 2013). Aneurysm 
formation leads to abnormal shear stress and 
abnormal flow patterns within the ectatic vessel 
components (Kuramochi et al. 2000). Here there 
is a real risk of thrombus formation which may 
lead to distal embolization or acute closure of the 
vessel (Rizk et  al. 2015; Argo et  al. 2016; Teo 
and Paul 2005). Acute Kawasaki disease in chil-
dren is a diffuse inflammatory state, and care 
should be taken to exclude thrombi elsewhere 
within the heart also (Song et  al. 2015). 
Recognition of thrombus is important as aggres-
sive therapy with warfarinization or even throm-
bolysis needs to be considered (Harada et  al. 
2013).

Thrombus may be recognized in children by 
2D echocardiography as an echogenic mass 
within the coronary lumen. However in adults 
cross-sectional imaging is usually required. Both 

cardiac CT and CMR are believed to be accurate 
for this purpose, but regardless of which modality 
is chosen, it is usually necessary to adopt a late 
enhancement strategy to maximize the low atten-
uation/signal of the thrombus against the luminal 
background (Fig. 7). In practical terms this means 
either using LGE imaging after a standard 10 min 
delay or alternatively acquiring gated CT images 
roughly 60–90 s after either a bolus or infusion of 
iodine (Figs. 8 and 9). CT images acquired in the 
standard coronary arterial phase (used for routine 
atherosclerotic CT coronary angiography) may 
be unreliable as swirling flow within the larger 
aneurysms often leads to a mixture of opacified 
and unopacified blood within the aneurysm in the 
early arterial phase—with the unopacified por-
tion mimicking thrombus.

5.5	 �Flow Imaging

Flow assessment is generally not a major part of 
coronary anomaly imaging although on occasion 
it may be used to help ascertain the point of ter-
mination of a fistula when the anatomy is unclear. 
Flow imaging in order to assess shunt size is 
important primarily in the setting of coronary fis-
tula. Phase-contrast CMR is used to measure 
both aortic and pulmonary flow for calculation of 
shunt ratio—large shunts will often be associated 
with chamber enlargement, and this in itself is 
often an adequate reason for surgical repair. 
Shunt ratio may also be formally estimated by 
cardiac catheterization, and there is reasonably 
good correlation between this modality and CMR 
estimation of shunt (Hundley et al. 1995).

In the specific setting of ALCAPA/ARCAPA, 
the dilated collateral network between the right 
and left coronary systems gives rise to a number 
of echocardiographic features (Courand et  al. 
2013; Silverman 2015; Yang et al. 2007) includ-
ing systolic coronary flow predominance which 
has not been reported in any other coronary 
anomaly (Ghaderi et al. 2014). Three-dimensional 
echo may be useful intraoperatively for demon-
strating the site of connection of the left coronary 
artery to the surgeon in real time (Jin et al. 2011).
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a b

c d
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Fig. 7  Noonan syndrome with diffuse severe coronary 
ectasia, thrombus, and embolic infarction. (a) Axial image 
from whole-heart coronary CMR angiogram. There is 
severe ectasia of the left main coronary artery (asterisks) 
up to around 15 mm (normal <5 mm). (b) CMR whole-
heart angiogram demonstrating a rim of thrombus (white 
asterisks) in a severely dilated right coronary artery (black 
asterisk). (c) Coronal late gadolinium enhancement image 
demonstrates low-signal mural thrombus (asterisks) in the 

RCA which measures up to 20 mm in diameter (normal 
2–4  mm). (d) Four-chamber LGE image demonstrates 
subendocardial infarction (arrows) in the mid to distal 
septum. In addition the bizarrely dilated circumflex artery 
is seen as a “string of beads” along the left lateral aspect 
of the ventricle (black asterisks). (e) Short axis LGE view 
demonstrates additional scar (arrows) in the mid-anterior 
wall
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a b c

Fig. 8  Cardiac CT in a Kawasaki patient with a giant cir-
cumflex artery aneurysm. (a) Coronary arterial phase—
there is no enhancement of the circumflex artery aneurysm 
(asterisk) although note that contrast has already enhanced 
the right coronary artery (arrow). (b) Late arterial phase—
uneven attenuation is present throughout the aneurysm 

which could be due to the presence of thrombus. (c) 
Extended venous phase—these images were acquired at 
6 min from injection, and this was the first time point at 
which uniform enhancement was seen throughout the 
aneurysm. There is no evidence of thrombus (but see 
Fig. 9)

Fig. 9  Cardiac CT demonstrating thrombus in a 
Kawasaki aneurysm. Same patient as Fig. 8 but at a differ-
ent place in the circumflex artery. The images have been 
acquired in a late venous phase at 6  min after contrast, 
although it is unusual to have to wait this long. The aneu-
rysm (larger asterisk) is uniformly enhanced except for a 
posterior low attenuation crescentic rim (smaller aster-
isks) which represents chronic mural thrombus

6	 �Summary

Coronary imaging is often required for non-
atherosclerotic congenital anomalies as well as for 
inflammatory/vasculitic conditions and in the set-
ting of postoperative coronary repair. No single 
form of imaging is universally applicable, and 
complicated cases are likely to require a multimo-

dality approach. Every attempt should be made to 
demonstrate ischemia in order to justify surgery. 
On rare occasions, however, there may still be cir-
cumstances where surgery can be justified even in 
the absence of a positive study. Close collabora-
tion between imagers, cardiologists, and cardiac 
surgeons is vitally important in these cases.
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