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A CMR team experienced in and dedicated to congenital heart disease is integral to any 
Congenital Heart Disease Program

As an Adult Congenital Heart Disease (ACHD) cardiologist who dedicated his career to 
ACHD, I read with great interest Magnetic Resonance Imaging in Congenital Heart Disease, 
and I feel honored and privileged to write a foreword to this landmark book. I congratulate the 
editors and the expert contributors to their second edition of their outstanding and comprehen-
sive book.

Cardiovascular Magnetic Resonance Imaging (CMR) provides highly valuable contribu-
tions to the diagnostic assessment, decision making, and management of congenital heart dis-
ease (CHD) patients. It is essential to accurately describe cardiac anatomy and to investigate 
(normal and abnormal) blood flow. CMR has become the reference imaging modality because 
of its highly reliable, reproducible data for the serial assessment which is crucial and more 
important than a single snapshot. CMR is the noninvasive imaging modality of choice to quan-
tify ventricular volumes and ejection fraction, shunt calculations, and blood flow measure-
ments in patient with complex CHD and multiple resources of pulmonary and/or systemic 
blood supply. It overcomes the concerning limitations of the Fick method to calculate the 
complex pulmonary blood supply in such patients and to estimate pulmonary vascular resis-
tance. CMR has also become an integral diagnostic puzzle for risk stratification of sudden 
death.

It is not appropriate to perform CMR in CHD patients as a “boutique business” in the cur-
rent century anymore: CMR in CHD must be performed as a core business, with a team of 
imagers with expertise in CHD, who is embedded in a multidisciplinary team of a CHD 
program.

This book sets these high-quality standards for how CMR is to be performed in CHD. The 
first chapter describes the general principles of cardiac CMR, including physics and CMR 
hardware, and makes this complex information understandable for non-radiologists; it also 
includes novel advanced techniques such as 4D flow analysis. This chapter extensively dis-
cusses the standard pediatric/congenital heart disease examination and protocols. It also high-
lights important tips and tricks to remain motionless in the CMR scanner and to perform a 
CMR under sedation or general anesthesia, a very challenging, but very important issue in the 
growing number of patients with syndromes and neurodevelopmental and neurocognitive defi-
cits and disorders.

The second chapter is dedicated to CMR Safety, including absolute and relative contradic-
tions for patients with devices, CMR during pregnancy, stress medication for CMR, and many 
other issues related to this very safe diagnostic modality, but some potential risks. A special 
chapter then discusses the benefit of Gadolinium-based contrast agents to assess perfusion, 
characterize the tissue, and identify scar. Adverse reactions rarely occur despite the excellent 
safety profile.

Chapter 4, Introduction to Congenital Heart Disease Anatomy, prepares the readers for the 
following chapters with detailed presentation of specific congenital heart defects (e.g., septal 
defects, tetralogy of Fallot, transposition of the great arteries, Ebstein anomaly). This key 
Chap. 4 describes the segmental approach in CHD that is fundamental and based on the foun-
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dation of morphology: we always refer to morphology in CHD, we never refer to the position 
of a chamber (e.g., the right atrium and right ventricle can be positioned on the left, and they 
are still called right atrium and right ventricle, respectively).

The editors and authors then present important CMR-related information about inherited 
cardiomyopathies, coronary artery anomalies, pericardial disease, cardiac tumors, and stress 
CMR in CHD. Fetal Cardiovascular Magnetic Resonance (Chap. 21) is another highlight of 
the book and addresses “investigation of fetal circulatory physiology in health and disease.” 
CMR is playing emerging and instrumental roles in the catheter laboratory (Interventional 
Cardiovascular Magnetic Resonance—Chap. 22) and in the electrophysiology suite (Magnetic 
Resonance in ACHD Electrophysiology—Chap. 23) to guide catheter-based interventions, to 
plan venous and arterial access, “to create 3D volume reconstruction and image integration 
with 3D electrophysiology mapping systems to facilitate retrograde approach and to avoid 
puncture of baffles in patients with atrial switch procedures or a Fontan circulation.” And last 
but not least, the chapter about 3D printing in CHD, including 3D CMR reconstruction for 
virtual tours through the heart, highlights the role of these novel, evolving, innovative tech-
niques for teaching of trainees, interventionalists, and congenital heart surgeons for planning 
of catheter-based interventions and surgical repairs of complex congenital heart defects.

In summary, the very informative book chapters are very well structured and organized. The 
text is supported by very informative tables, high-quality figures, and movies. The excellent 
schematic diagrams are very well designed and very illustrative for the readers. This book 
takes the readers on an exciting CMR journey of the broad spectrum of cardiovascular diseases 
with a special focus on CHD.

Navigating through the book and the different chapters, I am reinforced in my strong opin-
ion that CHD patients need to be imaged by radiologists with special expertise in CHD and/or 
CHD cardiologists with special training in CMR: cardiovascular imaging in CHD should not 
be offered as a “boutique business” anymore; it needs to be a core business in centers with 
expertise in complex CHD! The ideal organizational world of a CMR suite would combine the 
talents of the radiologists with CHD expertise and the talents of CHD cardiologists with CMR 
training to consolidate their experiences and expertise in dedicated teams!

The readers highly appreciate the wonderful work of the editors and contributors who 
invested a tremendous amount of time to put together such an informative, very well-illustrated 
book.

Dr. Erwin Oechslin, FESC
FRCPC Cardiology / DRCPSC Adult Congenital Heart Disease

Professor of Medicine, University of Toronto  
Peter Munk Cardiac Centre, Toronto ACHD Program

Toronto, ON, USA
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Foreword (First Edition)

As a cardiologist with a career interest in congenital heart disease in adults, I was delighted to 
have the opportunity to read Magnetic Resonance Imaging of Congenital Heart Disease and 
write a foreword for it. Over the past two decades, CMR has come to occupy an ever more 
important place in the assessment and management of patients with congenital heart defects 
(CHD) and other cardiovascular disorders. Thus, this new text will be of broad interest to both 
imagers and clinicians who deal with cardiovascular disease. Cardiovascular MRI offers an 
ever-expanding amount of information about the heart and circulation. It can provide outstand-
ing images of cardiovascular morphology and function. It is increasingly being used to detect 
pathologic fibrosis and has an expanding role in the assessment of myocardial viability. 
Amazing though CMR is, its limitations and weaknesses also need to be clearly understood. 
As CMR has evolved, it has challenged other imaging modalities to improve and evolve, all of 
which improve the understanding that we clinicians have of our patients and consequently the 
care we can offer them. In many ways, cardiovascular CMR has offered important new insights 
that clinicians and imagers a generation ago would have considered impossible.

The editors and their expert contributors have taken a large step toward making detailed 
information about CMR accessible to those working in the field and to those who use the infor-
mation derived from CMR in their clinical practices. The field is ever changing and ever 
improving. This text offers an excellent foundation for the reader who is not familiar with the 
field and up to date descriptions of where we stand with imaging a broad range of cardiovas-
cular diseases. The text is well referenced without being overwhelming, and the illustrations 
are generally outstanding, including many movie images.

The opening chapter reviews the general principles of CMR, including information about 
the physics of the technique, and the hardware used. It reviews such useful subjects as remain-
ing motionless in the scanner and the use of sedation and anesthesia. It provides important 
information relating to how to structure a study of various congenital cardiovascular condi-
tions. The second chapter deals with the important issue of MRI safety, culminating (as in 
many chapters) with a series of “practical pearls.” Chapter 3 provides an introduction to the 
anatomy of CHD. The next seven chapters cover the subject of CMR in CHD in all its various 
forms. A particular emphasis is given to the role of CMR of septal defects, tetralogy of Fallot, 
Ebstein anomaly, transposition of the great arteries, and single ventricle/Fontan circulations. 
Chapter 12 focuses on aortic abnormalities including aortic coarctation, PDA, aortic aneu-
rysms, and vascular rings. Chapter 13 deals with inherited cardiomyopathies, including hyper-
trophic cardiomyopathy, dilated cardiomyopathy, left ventricular non-compaction, and 
arrhythmogenic right ventricular dysplasia. Chapter 14 addresses coronary artery anomalies 
and discusses the appropriate roles of CMR and CT angiography in assessing such patients. 
The next two chapters deal with pericardial diseases and cardiac tumors. Chapter 17 discusses 
CMR in children, and Chap. 18 describes the current status of interventional CMR, an area 
with exciting potential. The final chapter explores the emerging roles for CMR in ACHD elec-
trophysiology. These last two chapters represent an exciting marriage of differing imaging and 
therapeutic modalities that move the field forward.
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Overall, the text offers the reader an exciting and comprehensive voyage through the place 
of CMR in a broad range of cardiovascular diseases with a special focus on congenital heart 
disease. It succeeds in describing the technical details of MRI techniques in sufficient detail to 
also help the clinician understand the most important elements of CMR in assessing and man-
aging their patients. We readers are indebted to the editors and their contributors for having put 
together such an excellent and much needed text on this topic.

Gary Webb

Foreword (First Edition)
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We are pleased to present the second edition of Magnetic Resonance Imaging of Congenital 
Heart Disease. We felt that the expanding role of MRI in congenital heart disease required a 
comprehensive reference text which led to the original book in 2013, and we were humbled 
and pleased with the reception it received. Since the first publication, there have been new 
advances in the field necessitating a revised and expanded new edition. Our publication sched-
ule was significantly delayed due to the COVID pandemic; however, we took great care in 
assembling an expert panel of international authors to make this book as accurate and useful as 
possible.

For the second edition, all previous chapters have been extensively reviewed and updated. 
In addition, we have added five new chapters on Gadolinium-Based Contrast Agents (Chap. 3), 
Pulmonary Hypertension (Chap. 8), Stress MRI in Congenital Heart Disease (Chap. 19), Fetal 
CMR Imaging (Chap. 21), and 3D Printing in Congenital Heart Disease (Chap. 24). We believe 
that this edition provides a contemporary and comprehensive review of the topic of MRI in 
congenital heart disease that will be useful to a wide variety of readers from trainees to expert 
professionals.

Foreword to the original edition was written by Professor Gary Webb, a preeminent leader 
in the field of congenital heart disease who sadly died in 2021. We fondly remember him and 
his numerous contributions and accomplishments in this field that are an inspiration to us all. 
We are thankful to Professor Erwin Oechslin for writing the Foreword to the second edition. 
Professor Oechslin trained under Professor Webb in adult congenital heart disease at Toronto 
General Hospital/University of Toronto and later succeeded him as the Director of Toronto 
Adult Congenital Heart Disease Program.

We are indebted to all of our chapter authors who believed in this project and ensured its 
completion despite their schedules impacted by the pandemic. We are also grateful to the 
Springer team led by Grant Weston for their patience and support throughout this project.

Lastly, we are thankful to our readers, and hope that they enjoy reading this book as much 
as we enjoyed editing and authoring it.

Maywood, IL, USA Mushabbar A. Syed
London, UK Raad H. Mohiaddin

Preface

This work contains media enhancements, which are displayed with a “play” icon. Material in the print book can 
be viewed on a mobile device by downloading the Springer Nature “More Media” app available in the major 
app stores. The media enhancements in the online version of the work can be accessed directly by authorized 
users.



xiii

 1   General Principles of Cardiac Magnetic Resonance Imaging  . . . . . . . . . . . . . . . .   1
Mark Alan Fogel

 2   MRI Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39
Roger Luechinger

 3   Gadolinium-Based Contrast Agents  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  51
Menhel Kinno and Joanne Sutter

 4   Introduction to Congenital Heart Disease Anatomy . . . . . . . . . . . . . . . . . . . . . . . .  59
Pierangelo Renella and J. Paul Finn

 5   Venoatrial Abnormalities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  79
Henryk Kafka and Raad H. Mohiaddin

 6   Septal Defects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
Inga Voges and Sylvia Krupickova

 7   Right Ventricular Anomalies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
Frédérique Bailliard

 8   Pulmonary Hypertension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
Daniel Knight and Vivek Muthurangu

 9   Tetralogy of Fallot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
Michael A. Quail, Vivek Muthurangu, and Andrew M. Taylor

 10   Ebstein’s Anomaly and Other Tricuspid Valve Anomalies . . . . . . . . . . . . . . . . . . . 167
Steve W. Leung and Mushabbar A. Syed

 11   Abnormalities of Left Ventricular Inflow and Outflow . . . . . . . . . . . . . . . . . . . . . . 179
Tal Geva and Puja Banka

 12   Single Ventricle and Fontan Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
Sylvia Krupickova, Inga Voges, and Raad H. Mohiaddin

 13   Transposition of Great Arteries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
Joel R. Wilson and Mushabbar A. Syed

 14   Aortic Anomalies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
Sylvia S. M. Chen and Raad H. Mohiaddin

 15   Inherited Cardiomyopathies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
Theodore Murphy, Rory O’Hanlon, and Raad H. Mohiaddin

 16   Coronary Artery Anomalies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
Andrew Crean

 17   Pericardial Diseases  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303
Edward T. Martin

Contents



xiv

 18   Cardiac Tumors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315
Mushabbar A. Syed and Raad H. Mohiaddin

 19   Stress MRI in Congenital Heart Disease. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331
W. A. Helbing

 20   Paediatric CMR  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347
Emanuela R. Valsangiacomo Buechel

 21   Fetal Cardiovascular Magnetic Resonance  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 361
Adrienn Szabo, Liqun Sun, and Mike Seed

 22   Interventional Cardiovascular Magnetic Resonance . . . . . . . . . . . . . . . . . . . . . . . . 383
Vivek Muthurangu, Oliver Richard Tann, and Andrew M. Taylor

 23   Emerging Roles for Cardiovascular Magnetic Resonance in 
Adult Congenital Heart Disease Electrophysiology . . . . . . . . . . . . . . . . . . . . . . . . . 397
Sophie A. Jenkins, Jennifer Keegan, Sabine Ernst, and Sonya V. Babu-Narayan

 24   3D Printing in Congenital Heart Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 415
Michael D. Seckeler, Claudia E. Guerrero, and Andrew W. Hoyer

  Correction to: 3D Printing in Congenital Heart Disease. . . . . . . . . . . . . . . . . . . . . . . . . .C1
Michael D. Seckeler, Claudia E. Guerrero, and Andrew W. Hoyer

  Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 429

Contents



1

1General Principles of Cardiac Magnetic 
Resonance Imaging

Mark Alan Fogel

1.1  Introduction

A basic understanding of the underlying principles of cardio-
vascular magnetic resonance imaging (CMR) and methods 
used to form images is important if one is to successfully 
image in clinical practice or research and interpret the data 
correctly. This section will provide a brief overview of the 
fundamentals and some techniques in CMR imaging. For 
more information, the reader is referred to the references in 
this chapter or the larger textbooks on fundamentals of mag-
netic resonance imaging as well as other chapters in this 
book [1].

1.2  Physics and CMR Hardware

The crux of CMR is nuclear magnetic resonance where a 
signal is emitted by a sample of tissue after radiofrequency 
energy is applied to it. Note that this signal is emitted by tis-
sue molecules in contrast to X-ray imaging where the tissue 
or contrast agents attenuate externally applied radiation. At 
the atomic level, it has been well known that spins and charge 
distributions of protons and neutrons generate magnetic 
fields. Only certain nuclei can selectively absorb and subse-
quently release energy since it requires an odd number of 
protons or neutrons to exhibit a magnetic moment associated 
with its net spin. The hydrogen atom is the one utilized in 
CMR imaging since it consists of a single proton with no 
neutrons (which gives it a net spin of ½), its large magnetic 

moment and its abundance in the body (water and fat). 
Although each magnetic moment of individual hydrogen 
protons themselves is small, because of the abundance of 
that atom in the body, the additive effect of the many mag-
netic moment vectors makes it detectable in CMR.

Generally, the net magnetization of a tissue in the body is 
zero as there is a random orientation of the individual pro-
tons or “spins”; stochastically, the odds greatly favor a zero 
magnetization. However, when the body is placed in a strong 
magnetic field (Fig. 1.1) such as 1.5 or 3 T MRI systems (for 
comparison, the Earth’s magnetic field is approximately 
0.05 mT at the surface), the spins align themselves with the 
applied field either parallel or anti-parallel to the field. In 
addition, the atoms undergo a phenomenon known as preces-
sion (such as the motion of a spinning top as it loses its 
speed) whose axis is based around the direction of the mag-
netic field (Fig. 1.1a); this precession, described as cycles per 
second, is described by the most famous equation in CMR 
and MRI—the Larmor equation, ω = γB0, where ω is the fre-
quency of precession of protons in an external magnetic 
field, γ is a constant called gyromagnetic ratio, and B0 is the 
external magnetic field (the magnetic field generated by the 
MRI system). There is a different gyromagnetic ratio for 
each atom; for hydrogen, it is 42.58 MHz/T which generates 
a frequency of approximately 64 MHz at 1.5 T (Larmor fre-
quency for a 1.5  T magnet is 1.5 (T)  ×  42.56 
(MHz/T)  =  63.8  MHz). When a radiofrequency pulse is 
applied which just happens to match the Larmor precessional 
frequency, some of the protons will flip to a high energy 
state. For protons at field strengths used for CMR, radiofre-
quencies in range of “very high frequency” or VHF can be 
used which is non-ionizing, contributing to the inherent 
safety of MRI when compared to X-rays.

To get from here to how a signal is generated from tissue, 
two more concepts must be introduced. As mentioned, the 
hydrogen spins are either in the low or high energy spin 
states with only slightly more spins in the low energy state. 
The number of excess spins is directly proportional to the 
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Fig. 1.1 (a) Protons spin and process like a top wobbling (left). If the 
proton is at the (0, 0, 0) coordinate of an x, y, z coordinate system 
(right), its axis is represented by the blue vector M and wobbles around 
the z axis which is in line with B0 at a frequency ω. (b) After energy is 
inputted into the system, the axis flips (in this particular instance, 90°) 
and then slowly returns to its original position. (c) In (1) the protons are 

flipped 90 with subsequent “dephasing” of the spins in (2) which can be 
increased by a gradient (i.e., faster protons and slower protons will 
separate). In (3), energy can be inputted into the system to flip the pro-
tons to an exact mirror image so that the faster spins are not behind the 
slower spins. Finally, the faster spinning protons catch up to the slower 
spins to create a large detectable signal (in (4))

total number of spins in the sample and the energy difference 
between states (Boltzmann equilibrium probability). The 
formula used to determine this difference is N−/N+ = e−E/kT 
where N− is the number of spins in high energy state, N+ is 
number of spins in the lower energy state, k is Boltzmann’s 
constant (1.3805  ×  10−23  J/K), T is the temperature (in 
Kelvin), and E is the energy difference between the spin 
states. The second concept is that the energy of a proton (E) 
is directly proportional to its Larmor frequency υ (in Hz), 
such that E  =  hυ, where h is Plank’s constant 
(h = 6.626 × 10−34 J s). By substituting into the Larmor equa-
tion, this yields the relationship between E and the magnetic 
field B0, E = hγB0. When energy is inputted into the system 

and it matches the energy difference between the lower and 
higher energy spin states, atoms from the lower energy states 
get flipped up to the higher energy states. As these atoms 
then return to the lower energy state, they release energy and 
this signal, the resonance phenomenon, can be detected 
(Fig. 1.1b). This is how the MRI signal is generated.

It follows that only those excess spins in the low energy 
state can be excited to the high energy state and generate the 
MRI signal. It is amazing that there are only approximately 
nine more spins in the low energy state compared to the high 
energy state for each two million spins at 1.5 T! However, 
one must also realize that since each mL of water contains 
nearly 1023 hydrogen atoms, the Boltzmann distribution 

M. A. Fogel
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 discussed above predicts over 1017 spins contributing to the 
MRI signal in each mL of water! It is interesting to note that 
the higher the magnetic field strength, the greater the number 
of excess spins in low versus high energy state; it follows 
that as the field strength increases, so does the magnitude of 
the MRI signal. Hence, there is a push by manufacturers to 
create larger and larger magnetic fields from the 1.5 T fields 
most commonly used today. Indeed, many 3 T systems have 
been deployed and 7 T systems have been discussed for clin-
ical use. It should also be noted, as well, that there is research 
in the opposite direction into lower field systems such as 
0.55 T. With modern technology such as advanced gradient 
systems, pulse sequences, computers, and software, high- 
quality CMR can be performed at that field strength close to 
the quality of higher field strength systems [2, 3].

When the radiofrequency energy is applied that matches 
the Larmor frequency, some of the protons in the low energy 
state jump up to the high energy level as noted above. This 
radiofrequency pulse (RF) has a magnetic field itself, B1, 
which is perpendicular to the direction of B0. It is of mT 
order of magnitude and tilts the longitudinal magnetization 
(Mz) a certain amount depending upon the duration of the RF 
pulse and the strength of B1 field. If an RF pulse is applied to 
tilt the net magnetization from the longitudinal plane (Z 
plane) totally to the transverse (XY) plane (called a 90° RF), 
the transverse component of the net magnetization is the one 
that will generate an induced voltage in a receiver antenna 
(the MR signal). The way this occurs is through what is 
termed “relaxation” where the protons return from their 
excited state to a low energy state (Fig. 1.1b). The duration 
of the induced voltage is a function of the time it takes to 
undergo relaxation and is described by relaxation time con-
stants termed T1 and T2 which describe the changes in longi-
tudinal magnetization (Mz) and transverse magnetization 
(Mxy) respectively.

1.2.1  T1 Relaxation

When the protons are flipped to transverse plane, the Mz 
component of magnetization decreases to near zero 
(Fig. 1.1b, c); the time for return of this magnetization Mz 
after the RF pulse is turned off is measured by the time con-
stant T1 which is defined as the time necessary to recover 
63% of the equilibrium magnetization M0 after the 90° RF 
pulse (Fig. 1.2): Mz(t) = M0(1 − exp(−t/T1)). Physically, the 
return of longitudinal magnetization is a function of how fast 
the spins release their energy to the tissue which is termed 
the “lattice” hence T1 being called spin-lattice relaxation. As 
one might guess, this process depends in part on the physical 
properties of the tissue where the frequency of precession of 
the spins needs to overlap the frequencies of the molecules in 
the lattice. In addition, the process is also dependent on the 

main magnetic field strength; at higher fields, the frequencies 
of spins precession increase with less overlap of frequencies 
in the lattice, resulting in a longer T1. Water, however, has a 
frequency range that is large.

1.2.2  T2 Relaxation

When the protons are flipped to transverse plane, the Mxy 
component of magnetization becomes maximized as all the 
protons precess with the same phase, called phase coherence 
(Fig. 1.1b, c). The spins of each proton in the general vicinity 
of each other interact with each other, however, and in time, 
this coherence is lost resulting in a decrease in the net mag-
netization (Fig.  1.1c) and induced voltage in the receiver 
antenna. This is appropriately called spin-spin relaxation or 
transverse relaxation and is measured by the T2 time con-
stant. The transverse magnetization (Mxy) will decay expo-
nentially from Mz by the following formula (Fig.  1.2): 
Mxy(t)  =  Mz(0)exp(−t/T2). The time constant is defined as 
decaying to 37% of its initial value. This relaxation is highly 
dependent on the makeup of the tissue; small molecules in a 
generally unstructured tissue have long T2 values because 
fast and rapidly moving spins average out the intrinsic mag-
netic field inhomogeneities while large molecules in densely 
packed tissue have shorter T2 values. Unfortunately, there are 
other factors responsible for decay of magnetization in the 
transverse plane; imperfections of the main magnetic field, 
susceptibility differences between nearby tissues can and do 
contribute to the loss of phase coherence (Fig. 1.1c). This is 
measured by the time constant T2*. In general, T1 is always 
greater than T2 which is always greater than T2*.

1.2.3  Image Formation

Now that the basic physical properties are defined, the dis-
cussion can turn to creating images. To create images, a 
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Fig. 1.2 T1 relaxation or recovery (left) is the return of magnetization 
Mz, to the equilibrium magnetization M0; the time constant is defined as 
recovering to 63%. T2 relaxation or decay (right) is the decay in the 
transverse plane
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 magnetic field gradient must be formed. Within the main 
magnetic field, B0, all protons precess at the same frequency 
(Fig. 1.1a). The Larmor equation tells us that this precession 
is a function of this field strength; by changing the magnetic 
field ever so slightly by position and time, the precession of 
the protons can be changed ever so slightly by position and 
time. Using this information, localization of the MR signal 
from the precise part of the body can be accomplished and 
images can be generated. This precision controlled alteration 
of the magnetic field is created by gradient coils, which gen-
erate linear variations in the main magnetic field strength in 
three orthogonal planes (Figs. 1.1c and 1.3a). By using these 
coils simultaneously, a linear magnetic field gradient can be 
generated in any direction. This gradient changes the preces-
sion frequency of the protons at precise locations in a linear 
fashion.

To select a certain plane (slice) in the body (Fig. 1.3b), an 
RF pulse is applied and it follows that if the RF pulse center 
frequency is shifted to match a specific location along the 
gradient, it will selectively excite the protons at that region. 
A slice of arbitrary thickness, orientation, and location 
along the direction of the “slice select gradient” can there-
fore be selectively excited to generate the signal used to 
form the MR image and the signal detected by the MRI 
receiver coil will come from the excited slice only 

(Fig. 1.3b). The amplitude of the signal is directly propor-
tional to its thickness, practically limiting the thickness at 
approximately 2 mm.

After selecting the slice, the image itself needs to be cre-
ated in two dimensions in the xy plane (practically speaking 
in 2 orthogonal planes of the bore of the magnet—right/left 
and up/down when looking into the bore). This creates the 
pixels (2-dimensional picture elements); in 3-dimensional 
imaging, this is called voxels (3-dimensional volume ele-
ments). As with choosing the slice, linear field gradients and 
the Larmor relationship between field strength and preces-
sional frequency are used to encode spatial location infor-
mation into the MRI signal. After a slice-selective RF pulse, 
a linear magnetic field gradient is switched on in one of the 
in-plane directions of the image, perpendicular to the “slice 
select gradient”; this gradient changes the precessional fre-
quency in a linear distribution along the gradient direction 
allowing the identification of every location along the gradi-
ent by the frequency of the signal (Fig. 1.3). This is called 
frequency encoding. The MR signal is detected and put 
through an analog-to-digital converter; remembering that 
we have encoded the slice and one direction in the plane of 
the image at this point, the signal is thus the amalgamation 
of all of these frequencies. Therefore, the signal varies with 
position, also called its “spatial frequency”; this is called 
“k-space.” If one looks at the distribution of the signal, it 
creates a sinusoidal distribution of phase across the direc-
tion of the gradient; this describes a single spatial frequency 
kx (important in phase encoding in the next step). A special 
mathematical technique called the “Fourier transformation” 
is used to separate out the individual frequency components 
in the detected signal, decoding the signal into individual 
signals coming from locations along the frequency encod-
ing gradient. The Fourier transformation can be used to 
translate the signal from “k-space” to the image and vice 
versa (Fig. 1.3).

Finally, the third spatial dimension (second in-plane 
dimension) must also be encoded (if frequency encoding is 
the “x,” the “y” in the “xy” plane must also be created); the 
technique used is called “phase encoding” (Fig. 1.4) and is 
also based on the Larmor equation. Phase encoding is accom-
plished with the application of a number of gradient pulses 
of differing amplitudes which encode a specific spatial fre-
quency, ky (Fig. 1.5). This phase encoded gradient pulse is 
changed to encode a different spatial frequency component 
prior to each frequency encoding gradient. In this manner, by 
successive phase encoding pulses, and “y” part of the image 
is built up and a matrix is formed; this matrix is referred to as 
k-space, and the numerous gradient pulses “fill” the k-space 
until the image is complete. The 2-dimensional Fourier 
transform is utilized to convert the spatial frequencies cre-
ated by the phase encoding steps into an image (Fig. 1.3). 
Phase encoding can also be used in the slice direction to 

Gradients in the
magnetic field
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x

Fig. 1.3 By altering the magnetic field in three orthogonal planes, gra-
dients can isolate a plane in space (a). This is accomplished by flipping 
the protons only in the plane desired (b)
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Fig. 1.4 The image is created by a combination of frequency encoding 
in one direction (in this case, in the x plane or the horizontal portion of 
the image) and phase encoding in the other dimension (in this case, in 
the y plane or the vertical portion of the image). For frequency encod-
ing, a gradient is applied to change the magnetic field in that direction 
(right triangle). Different frequencies correspond to different positions 
(different colors and waves on the diagram) which produce a detected 
radiofrequency (RF) signal which is a combination of all the frequen-
cies of the various positions (rightmost signal). When put through the 
Fourier transform, signals can be separated into their different positions 
(lower graph). The vertical portion of the image is created by changing 
phases of the radiofrequency pulses (phase encoding, see text). The car-
diac magnetic resonance image is of a “4-chamber” view of a patient 
with single ventricle after Fontan

RF

180°
α°

SLICE

PHASE

READOUT

ADC

SIGNAL

Fig. 1.5 A typical pulse sequence diagram includes (a) when the radio-
frequency (RF) pulse is applied (top line) and at times, how much of a 
flip angle (in this case, 180°), (b) when the slice selection gradient (Gz 
or slice) is turned on (second line), (c) when the phase encoding gradi-
ent (Gy) is turned on (third line), when the frequency encoding gradient 
(readout or Gx) is turned on (fourth line), and when the analog to digital 
converter is turned on (fifth line) and the signal is created (sixth line). 
This is an example of a magnetization prepared gradient echo pulse 
sequence

encode thinner slices than possible with the slice selection 
gradient technique, so-called 3D data acquisition.

1.2.4  MRI Hardware

Once all the components of generating an MR signal are 
known, it is important to review the equipment needed. 
There is of course the main magnet (B0 or Bz field), the RF 
transmitter coil (B1 field), the gradient coils (Gx, Gy, Gz 
fields), and receiver coils which “listen” for the signal. In 
addition, there are second-order shim coils which are often 
used to achieve a more homogeneous B0 field. There are a 
number of computer systems including those which are 
used to control the MRI magnetic field-generating units and 
those used to reconstruct the acquired data. There is also a 
system which provides an interface for the user and the 
other systems.

1.2.5  Pulse Sequences

This is the sequence of events which control all the various 
factors involved in the creation of an image. It is important to 
note that these times are on a microsecond scale and need to 
be controlled by computer for precise timing. Timing of all 
the gradients switching on and off, the phase encoding, the 
RF pulses, the analog to digital converting data sampling, 
and control of transmitter and receiver operation are all 
defined by the pulse sequence. As there are a limitless amount 
of pulse sequences, it is impossible to describe all of them; 
however, to understand them, a pulse sequence diagram is 
used which details the timing of each component; a represen-
tative pulse sequence diagram is shown in Fig. 1.5. To sim-
plify the concepts, it should be noted that there are five broad 
concepts with regard to pulse sequences which may be 
understood to aid in examining many of the pulse sequences 
in use. They are as follows:

 1. Magnetization preparation is a technique employed, 
usually at the beginning of the sequence, which changes 
the tissue characteristics prior to actually creating the 
image (Fig.  1.5). T2 preparation, for example, can be 
employed to suppress myocardial muscle and is used in 
visualizing coronary arteries (Fig.  1.6). The inversion 
recovery technique uses a 180° RF pulse to magnify dif-
ferences in different tissue characteristics of T1; the satu-
ration recovery technique uses a 90° RF pulse prior to 
image. The inversion recovery technique is used in 
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LMCA and bifurcationRCA
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Fig. 1.6 (a) T2 prepared 
steady-state free precession to 
visualize coronary arteries. 
The image on the left 
demonstrates a right coronary 
artery (RCA) giving rise to a 
left circumflex coronary 
artery (LCx). The image on 
the right demonstrates a 
coronary artery aneurysm 
from Kawasaki’s disease from 
the RCA. (b) ECG-gated 
contrast-enhanced inversion 
recovery gradient echo 
imaging of the right (upper 
left) and left (upper right) 
coronary arteries with a 3D 
reconstruction (lower image)
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Baffle LV

RVFig. 1.7 Delayed 
enhancement imaging from a 
“4-chamber” (left) and long 
axis view (right) of a patient 
with hypoplastic left heart 
syndrome after Fontan. White 
arrows in red outline 
demonstrate some of the areas 
of myocardial scarring

delayed-enhancement (Fig. 1.7), T1 mapping as well as 
dark blood imaging [4] (Fig. 1.8) while saturation recov-
ery is used in T1 mapping as well as first-pass perfusion 
imaging (Fig. 1.9).

 2. Echo Formation: This is the “echo” referred to above and 
various types of echo formation is used in CMR.  An 
older technique of echo formation which still has appli-
cability today is called spin-echo, which is used most 
often in dark blood imaging for morphology and tissue 
characterization (e.g., myocardial edema) (Fig.  1.8). 
Another technique of echo formation, gradient-echo 
imaging (Fig. 1.10), is used in a whole host of applica-
tions such as:

 (a) Cine imaging for cardiac function including myocar-
dial tagging (Figs. 1.11 and 1.12)

 (b) Assessing valve morphology (Fig. 1.13), valve regur-
gitation as well as valve or vessel stenosis

 (c) In delayed-enhancement (Figs.  1.7 and 1.10) and 
first-pass perfusion (Fig. 1.9) for myocardial scarring 
and myocardial perfusion respectively

 (d) Phase contrast velocity mapping to determine blood 
flow (Fig. 1.14)

Gradient echo imaging comes in couple of forms: (a) 
unbalanced gradient echo imaging and (b) balanced 
 gradient echo imaging also known as steady-state free 
precession imaging (SSFP) (Figs. 1.15, 1.16, and 1.17). 
SSFP is more commonly used than the unbalanced gradi-
ent echo form due to its high signal to noise, blood to 
myocardium contrast, and imaging efficiency [5]. Echo- 
planar imaging is used as a method for perfusion imaging 
due to its high efficiency.

 3. Filling k-Space: As noted above, k-space is filled with 
each phase encoding step. Most sequences employ what 
is known as Cartesian k-space sampling, where there is a 
linear filling of k-space with each phase encoding step. 
There are, however, other methodologies which have 
come into existence and are used. A “radial” filling of 
k-space has some advantages over Cartesian sampling 
when it comes to efficiently filling the matrix and has 
been used in cine imaging [11]. A “spiral” filling of 
k-space trajectory has been utilized for coronary artery 
imaging, because it has some advantages in speed and 
most importantly, insensitivity to motion; unfortunately, 
it is highly sensitive to field inhomogeneities and, there-
fore, has not gained in popularity. A “radial” filling of 
k-space can be used as well, collecting k-space in a series 
of spokes, with the “golden angle” technique being the 
most efficient and robust way to do so [12].

 4. Segmentation: This refers to the number of lines of 
k-space filled per cardiac cycle [13]. If one line of k-space 
is filled per cardiac cycle, that pulse sequence is said to be 
“segmented”; if all the lines are filled in one cardiac 
cycle, that pulse sequence is said to be “single-shot” or 
“non-segmented.” There are of course gradations of seg-
mentation between the two and the degree of segmenta-
tion is referred to by the number of lines of k-space filled 
per heartbeat (e.g., 3, 5, 7 segments or views, etc.). Any 
level of segmentation can be used with any of the meth-
ods of magnetization preparation, echo formation, or the 
ways of filling k-space. It generally follows that if the 
more lines of k-space filled in a heartbeat, the less time it 
will take to form the image while the reverse is true with 
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Fig. 1.8 (a) Multiparametric 
mapping. Upper right and left 
images are T1 maps before 
and after gadolinium 
administration respectively 
where each pixel’s intensity 
represents T1 relaxation time. 
Using the hematocrit, an 
extracellular volume map can 
be created (lower left) where 
each pixel’s signal intensity 
represents the extracellular 
volume percentage. The lower 
right panel is a T2 map where 
each pixel’s intensity 
represents T2 relaxation time. 
(b) Dark blood imaging in a 
patient with a left ventricular 
hemangioma (tumor). The 
upper left panel is a dark 
blood T1-weighted image of 
the tumor demonstrating 
slight hyperenhancement; 
note the fat in the chest wall. 
The upper right panel is the 
same dark blood T1-weighted 
image with a “fat saturation” 
pulse applied prior to imaging 
(prepulse). Note how the fat 
in the chest wall is not present 
in this image because the 
prepulse destroyed all the 
spins of the fat; however, the 
tumor is still present, 
indicating there are no fatty 
elements in the tumor (it is 
not a lipoma). The lower left 
panel demonstrates 
hyperenhancement on 
T1-weighted imaging after 
gadolinium administration. 
The lower right image is a 
T2-weighted image with fat 
saturation demonstrating 
hyperenhancement indicating 
increased water content
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Fig. 1.9 Perfusion imaging 
in the patient in Fig. 1.8 with 
a left ventricular hemangioma 
(tumor). Four frames during 
the first pass myocardial 
perfusion imaging 
demonstrate contrast in the 
right ventricular (RV) cavity 
(I), the left ventricular (LV) 
cavity (II) where the tumor 
can be seen, and phases III 
and IV where the contrast 
enters the LV myocardium. 
Note how the tumor becomes 
signal intense in III and IV; so 
much so that it is 
indistinguishable from the 
cavity (somewhat in III and 
indistinguishable in IV). The 
tumor can be visualized in II 
as the contrast is in the cavity 
but not in the myocardium 
where presumably the tumor 
receives its blood supply from

tumor

LV

LV

tumor

Fig. 1.10 Tissue 
characterization in the patient 
in Figs. 1.8 and 1.9 with a left 
ventricular hemangioma. The 
upper left panel is a steady- 
state free precession image in 
short axis clearly showing the 
spherical tumor while the 
upper right panel is an axial 
gradient echo sequence also 
clearly showing the tumor. 
Note the tumor is isointense 
with cardiac muscle on 
steady-state free precession 
and the hypoenhancement on 
gradient echo imaging. The 
lower image is a delayed 
enhancement image of the 
tumor demonstrating 
hyperenhancement
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LV

Baffle “3-chamber” short axis

long axis

LV

ED

Mid-systole

Fig. 1.11 Myocardial 
tagging in the “3-chamber” 
(upper and lower left), short 
axis (upper right), and long 
axis views (lower left) of a 
patient with a single left 
ventricle after Fontan. This is 
an example of spatial 
modulation of magnetization 
(SPAMM) where a grid is laid 
down on the myocardium and 
deformation can be visualized 
[6–9]. Note the deformation 
from end- diastole (ED, upper 
left) to mid-systole (lower 
left) in the “3-chamber” view. 
It is the equivalent of speckle 
tracking in echocardiography 
except by CMR; the 
“speckles” are purposefully 
created in a certain geometry 
for strain and wall motion 
assessment

RV

4-chamber

LV

RV long axisFig. 1.12 Myocardial 
tagging in the “4-chamber” 
(left) and long axis of the 
right ventricle (right) in a 
patient with pulmonic stenosis 
after balloon dilation. Note 
how this differs from 
Fig. 1.11 with one set of 
parallel lines laid down on the 
myocardium—the so-called 
1-dimensional tagging [10]
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RCC
LCC

NCC

Fig. 1.13 Gradient echo 
imaging (left) and through 
plane phase-encoded velocity 
mapping (right) of the aortic 
valve. Note how the right 
(RCC), left (LCC), and 
non-coronary commissures 
are easily visualized on both 
images, demonstrating the 
trileaflet valve

the less lines of k-space per heartbeat (i.e., the number of 
segments inversely proportional to the time it takes to cre-
ate the image). It is also true, however, that the more lines 
of k-space acquired per heartbeat, the worse the temporal 
resolution will be (i.e., the number of segments inversely 
proportional to the number of time points that can be cre-
ated in the cardiac cycle). Tradeoffs are part of CMR and 
for most applications such as phase contrast velocity 
mapping and flow, image creation can be obtained in a 
breath-hold. It is important to realize that a regular car-
diac rhythm is needed to ensure that lines of k-space from 
each cardiac cycle is acquired during the same point in 
time of the cardiac and respiratory cycles. In patients with 
arrhythmias or an inability to breath-hold, single-shot or 
real-time methods are commonly used [14] although 
there are also arrhythmia rejection techniques whereby an 
R-R interval and target heart rate are set and only beats 
falling within that range are accepted to build the image. 
For those patients who cannot hold their breath, using 
segmented techniques with multiple “averages” or “exci-

tations” can be used to smooth out the respiratory motion 
at a minor cost to image fidelity (most times).

 5. Image Reconstruction: As mentioned above, the Fourier 
transformation is used to create an image from the lines 
of k-space which is acquired from the MR signal. A 
technique called “partial Fourier” or “partial k-space” 
has been used for many years which reduces scan time 
with a lower signal-to-noise than using a “full” Fourier 
transformation. Parallel imaging with names such as 
SENSE [15], SMASH, GRAPPA, and TSENSE [16] 
uses multiple coils and multiple channels and has 
become ubiquitous in many sequences; they sample 
only a fraction of the full k-space but yet allow for a full 
field-of-view and resolution images with significant 
time savings at the cost of signal-to-noise. Compressed 
sensing CMR is another method that undersamples 
k-space losing very little fidelity to speed up the image 
acquisition and to reconstruct images that are nearly 
indistinguishable from those that do not undersample 
k-space [17].

1 General Principles of Cardiac Magnetic Resonance Imaging
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RVOT

RV mid-systole mid-diastole

a

AAoFontan AAoFontan
b

Fig. 1.14 (a) In-plane 
phase-encoded velocity 
mapping in a patient with 
double outlet right ventricle 
after a right ventricle to 
pulmonary artery conduit. On 
the left is a magnitude image 
of the right ventricular (RV) 
outflow tract (RVOT). In the 
middle is a mid-systole frame 
of the in-plane phase-encoded 
velocity map in the exact 
orientation and position as the 
image on the left where flow 
cephalad is signal intense; on 
the right is a mid-systolic 
frame where flow caudad is 
signal poor (dark on the 
image) indicating severe 
conduit insufficiency. (b) 4D 
flow in systole (right) and 
diastole (left) of a single 
ventricle patient after Fontan. 
Note the fenestration flow 
(arrows) and the vortex 
formation in the dilated 
ascending aorta (AAo)

M. A. Fogel



13

ES

RV long axis

ED

LV

RV

Fig. 1.15 Steady-state free 
precession imaging in the 
4-chamber view (left) at 
end-diastole (ED, upper) and 
end-systole (ES, lower) in a 
patient with tetralogy of 
Fallot. The long axis of the 
right ventricle (RV) is on the 
right. LV left ventricle

RV

End-diastol nd-systole

LV

e EFig. 1.16 Steady-state free 
precession imaging in the 
short axis view at end-diastole 
(ED, left) and end-systole 
(ES, right) in the patient with 
tetralogy of Fallot in Fig. 1.15
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MPA

LPAMPA

RV

RPA

Fig. 1.17 Various steady- 
state free precession cines of 
the patient in Figs. 1.15 and 
1.16 with tetralogy of Fallot. 
The right ventricular outflow 
tract views are seen in the 
upper panels in off-axis 
sagittal (left) and coronal 
(right) views which are 
orthogonal to each other. The 
right (RPA) and left 
pulmonary arteries (LPA) are 
seen in long axis in the left 
lower and right lower panels 
respectively. MPA main 
pulmonary artery, RV right 
ventricle

1.3  Prospective Triggering/Retrospective 
Gating

Because the heart needs to be at the same phase of the car-
diac cycle with any segmented technique, as noted above, a 
way is needed to determine this phase. This is nearly univer-
sally the R-wave of the ECG. A static or non-moving image 
uses the R wave to signal the beginning of systole as is the 
touchstone of the cycle; the CMR sequence then begins. This 
technique is called prospective triggering since the sequence 
is initiated by the R wave; lines of k-space are then acquired. 
Phases of the cardiac cycle are defined by a fixed time after 
the R-wave, so small perturbations of rhythm will put the 
heart at a slightly different point in the cardiac cycle; this 
generally does not affect the image too much. In addition, 
there is generally some “dead space” prior to the next R wave 
so very late diastole is usually not imaged or utilized. Cine or 
moving images are acquired by either this method or the 
method of retrospective gating. With retrospective gating, 
lines of k-space are acquired continuously regardless of the 
phase of the cardiac cycle while the ECG is simultaneously 
recorded; after image acquisition, the software “bins” the 
lines of k-space relative to the ECG and cardiac cycle. In this 
way, each cardiac phase is defined as a certain percentage of 
the cardiac cycle, allowing the actual duration of each phase 
to vary flexibly with variation in cardiac cycle. In addition, 

no “dead space” is left prior to the next phase which can be 
important in assessing flows or ventricular function.

The above paragraph makes a distinction between static 
and dynamic techniques. Static ones are generally used for 
cardiovascular anatomy or characterizing tissue. Dynamic 
techniques are used to assess function or flow in addition to 
anatomy. A run of single-shot images, acquired quickly, can 
be strung together as motion and this is termed “real-time” 
and is asynchronous with the cardiac cycle; this can be used 
in cine imaging, phase contrast velocity mapping, or 
dynamic 3D angiography. First-pass perfusion imaging can 
be thought of as a hybrid between static and dynamic imag-
ing, where each image depicts a different phase of the car-
diac cycle over time.

1.4  ECG Signal

For many years, the upstroke of the R wave on the ECG sig-
nal was used to trigger the scanner and used as a marker for 
end-diastole; unfortunately, artifacts occurred because of the 
high magnetic field strength and radiofrequency pulses 
which precluded reliable detection of the true R wave. 
Bizarre T waves and spikes during the ST segment of the 
ECG would cause the triggering to falsely detect these waves 
as the R wave. This is especially true in congenital heart dis-
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ease where abnormal QRS axes and bundle branch blocks 
from surgery can make the distinction of the R wave even 
more problematic in the scanner. On most systems in use 
today, detection of the R wave as a trigger has been replaced 
by the use of vectorcardiography (VCG), which is less sus-
ceptible to distortion from the magnetic field and of flowing 
blood in the thoracic aorta which can act as a conductor. 
Although wired connection between the VCG and the imag-
ing systems has been utilized in the past, this has been nearly 
universally replaced by wireless transmission which allows 
for more flexibility in the scanner.

There are alternatives to the direct connection between 
the “MRI ECG” and the patient. The ECG signal from 
external monitoring systems such as the anesthesia equip-
ment can be used which can generate a signal contempora-
neous with the R-wave to the MR scanner. Alternatively, the 
ECG signal can be discarded for “peripheral pulse trigger-
ing” where a finger or ear pulse may also be used; obvi-
ously, this requires good peripheral circulation. If the patient 
is cold or has a coarctation, this will often be unsuccessful. 
It also should be noted that because there is a delay in trans-
mission of the pulse to the distal part of the body that is 
being monitored, the waveform will be delayed by 200–
300  ms when compared with the ECG; this needs to be 
taken into account during the analysis and interpretation 
phase of the examination. Peripheral pulse gating is espe-
cially useful in patients where a good detection of the R 
wave cannot be obtained otherwise. Another alternative is 
the use of non-triggered SSFP sequences where lines of 
k-space are continually being obtained by the imaging sys-
tem without regard to the ECG or respiration (see above and 
below). With the use of parallel imaging in the spatial or 
time domains, a temporal resolution as high as 30–40 ms 
can be acquired; even higher temporal resolution can be 
obtained by combining this with compressed sensing. This 
type of imaging can be used in patients with arrhythmias to 
obtain functional information when triggering the ECG is 
problematic (see below). Finally, recent advances in hard-
ware and software have enabled the use of “self-gating” 
sequences, where a coil is used to monitor the motion of the 
ventricle which is used as a signal for ventricular contrac-
tion and relaxation. This approach allows the heart itself to 
be monitored and act as its own signal for the imager; retro-
spective analysis of the lines of k-space can then be “binned” 
to construct moving images. There are now techniques that 
not only “self-gate” but also compensate for respiration 
where a 3D cine data set can be acquired at multiple respira-
tory phases without an ECG or navigator (see below) [18].

A special note is required on patients with arrhythmias. 
With frequent premature ventricular contractions, runs of 
supraventricular tachycardia or trigeminy for example, it is 
unclear what an ejection fraction, cardiac index, or end- 
diastolic volume would mean given that these ventricular 

performance parameters can change from beat-to-beat. A 
qualitative assessment using real-time steady-state free 
 precession is one way to get a handle on ventricular function. 
Nevertheless, there may be instances when some quantitative 
information may be needed; in these particular cases, 
“arrhythmia rejection” can be used (see above). With this 
approach, a range of heart rates or R-R intervals can be set, 
and the imaging system will only allow those lines of k-space 
which meet these requirements into the final image; the rest 
of the lines of k-space which fall outside these heart rates are 
ignored. This approach is inefficient, however, in this man-
ner, quantitative ventricular performance information can be 
obtained for a range of heart rates. For example, if the range 
is set between an RR of 700 and 800 ms, the resulting cardiac 
index can be said to be present for heart rates between 75 and 
86  beats/min. Finally, some real-time cine sequences have 
arrhythmia compensation built in [14].

1.5  Respiration

Besides cardiac phases, respiration must be dealt with as it 
causes positional variation of the heart from movement of 
the lungs and diaphragm; if not taken into account, this will 
lead to motion artifacts. There are a number of ways in which 
this is dealt with in CMR:

 1. Breath-holding, where the patient’s breath is held during 
image acquisition. For many common applications such 
as cine and phase contrast velocity mapping, image 
acquisitions are fast enough to be performed in a reason-
ably short breath-hold. This can be done in adults or in 
children under anesthesia who are paralyzed, intubated, 
and mechanically ventilated. These pulse sequences are 
widely available and commonly used routinely.

 2. Signal averaging, also termed multiple excitations, where 
the signal from the complete image is “averaged” over 
many respiratory and cardiac cycles, “averaging out” the 
respiratory motion and making the image sharper than 
without this technique but less sharp than breath-holding. 
This can be used in small children unable to voluntarily 
breath-hold or adults who cannot cooperate. It has the 
advantage of being more “physiologic” and representa-
tive of the true state of the patient’s physiology as the 
patient is continually breathing the information is aver-
aged over many respiratory cycles.

 3. Respiratory gating, where the motion of the diaphragm or 
the chest wall is tracked by either a navigator pulse (which 
tracks diaphragmatic motion, the equivalent of an 
“M-mode” of the diaphragm on echocardiography), 
respiratory bellows which are placed around the chest 
wall, or a signal from the respirator if the patient is under 
anesthesia. Lines of k-space are continuously acquired 
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during the cardiac cycle and only those lines of k-space 
which fall within certain positional parameters of the dia-
phragm or chest wall are incorporated into the image; the 
others are discarded. Although this is a very inefficient 
method of imaging, it is very effective and used in imag-
ing coronary arteries, for example, where high resolution 
is needed. Whole heart angiography is also unsuitable for 
anything but respiratory gating.

 4. Single-shot imaging, where all the lines of k-space are 
acquired within a single heartbeat. Advances in hardware 
and parallel imaging have dramatically improved the 
speed and quality of these single-shot and real-time tech-
niques and are now often used for scanning patients 
unable to breath-hold.

 5. The newer “self-gated” techniques, referenced above, 
that also compensate for respiration where a 3D cine data 
set can be acquired at multiple respiratory phases without 
an ECG or navigator [18].

1.6  Contrast Agents

These agents offer another important source of distinguish-
ing tissues from each other besides the intrinsic properties of 
T1, T2, and T2* for example. The most commonly used imag-
ing agents, the paramagnetic chelates of gadolinium (Gd3+), 
generally work by predominantly shortening T1 and to a cer-
tain extent T2; they generally enhance the signal on T1- 
weighted images. Gadolinium, which has a very large 
magnetic moment, has unpaired orbital electron spins and 
shortens T1 by allowing free protons to become bound creat-
ing a hydration layer, which helps energy release from 
excited spins and accelerates the return to equilibrium mag-
netization. For other contrast agents which predominantly 
shorten T2, the reverse is true; shortened T2 leads to decreased 
signal on T2-weighted images. The effects of these agents 
can be described by the following formulae:
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 are the relaxation times prior to and T1 and 
T2 are the relaxation times after contrast agent administra-
tion, C is the concentration of the agent, and r1 and r2 are the 
longitudinal and transverse “relaxivities” of the individual 
agent (which are field strength dependent). CMR applica-
tions which utilize these agents include delayed enhance-
ment, first pass perfusion, coronary angiography in certain 
sequences, and characterization of tumors and masses.

Another contrast agent that has become increasingly used 
is ferumoxytol, which is an iron-based contrast agent that is 
administered slowly over 15 min. This contrast agent has the 
distinct advantage of having a long half-life in the blood so 
that high-resolution segmented imaging may occur. This 
contrast agent is generally used in conjunction with high- 
resolution static inversion recovery gradient echo imaging to 
visualize coronary arteries, to perform whole heart 3D imag-
ing, or to enhance 4D flow imaging signal [19] (see below). 
In addition, ferumoxytol has been used to acquire 4D whole 
heart cine imaging to obtain a 3D beating heart [20], combin-
ing anatomy, cine imaging, and 4D flow [19] and for the self- 
gated technique mentioned above that acquires cine at 
multiple respiratory cycles [18] (see above).

The safety profile of these agents is beyond the scope of 
this chapter. However, it should be noted that there has been 
a recently published multicenter trial of ferumoxytol demon-
strating a safety profile equivalent to other imaging agents 
and in certain regards, better [21].

1.7  Remaining Motionless in the CMR 
Scanner: Anesthesia and Sedation

The degree of cooperation necessary for successful perfor-
mance of CMR is generally greater than that of any other 
type of MRI examination; scans require no significant move-
ment, repeated breath-holds at the same point of the respira-
tory cycle over a period of 45 min to an hour, and can be 
lengthy. Couple this with the strange environment of the 
scanning room and the loud banging noises, it is no wonder 
that both adults and children alike find this very intimidating. 
Therefore, the use of medication may be required; either 
conscious sedation or general anesthesia is generally admin-
istered so that children who are too young to cooperate or 
adults with congenital heart disease who may not want to 
cooperate for one reason or another (e.g., claustrophobia) 
can still undergo successful CMR. With conscious sedation, 
patients continue to breathe throughout the scan and imaging 
has to be substantially altered because of this whereas in a 
paralyzed, intubated, and mechanically ventilated patient 
under general anesthesia, the effect of “breath-holding” can 
be created by having the anesthesiologist temporarily sus-
pend ventilation. This is not to say that anytime a patient 
undergoes general anesthesia in the CMR environment that 
suspending respiration should be performed but rather that 
this technique is available to the CMR imager. It should be 
noted that imaging using sedation or general anesthesia with 
free breathing is much more physiologic than imaging with 
positive pressure mechanical ventilation and breath-holding 
(see above) and, therefore, may be more advantageous than 
the minor increase in image fidelity with breath-holding. For 
example, a single ventricle patient after Fontan depends 
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upon both cardiac and respiratory effects to allow for pulmo-
nary blood flow; suspending respiration may alter the physi-
ology artificially and therefore, although accurate for 
suspended respiration, the physiology is not reflective of the 
patient’s true state. In addition, because systemic venous 
return changes during the respiratory cycle, imaging during 
suspended respiration will obtain data only in that state while 
if the patient is imaged during free breathing, the loading 
conditions across the respiratory cycle is “averaged” into the 
image and is more reflective of the patient’s true physiologic 
state.

There is no definitive cut-off age for the age range where 
medication is needed to remain motionless for a successful 
CMR study; however, in general, most children greater than 
or equal to 10–12 years old can cooperate. Of course, this is 
just a rule of thumb as there can be 7-year-olds who are very 
mature and can follow directions while there are some 
15-year-olds who will simply not cooperate and will require 
pharmacology. Limited scans with reduced times may be 
possible with younger patients who would normally require 
conscious sedation or general anesthesia and this may be 
considered; it is all in the judgment and purview of the fam-
ily, physicians, and other healthcare providers caring for the 
patient. Preparation of the child prior to the scan is impor-
tant; the involvement of child life experts, a supportive par-
ent or other regular caregiver in the scanner room can reduce 
anxiety and be the difference between a scan under medica-
tion, without medication, or a successful versus an unsuc-
cessful scan.

As the CMR environment can be a challenging one for the 
anesthesiologist or the pediatrician/nurse sedation specialist, 
monitoring is extremely important since the patient’s body 
will be mostly within the scanner itself; direct visualization 
during the study is not possible without removing the patient 
from the bore of the magnet and removing the coil. Many 
centers utilize a direct video feed with cameras designed to 
work within the CMR environment and placed in critical 
positions. For example, a camera pointed down the bore of 
the magnet is essential along with cameras in other areas to 
get a good view of what is occurring in the scan room. In 
addition, extensive physiological monitoring of subjects 
using equipment specifically designed to be operated in the 
MR scan room is essential for the safe conduct of the study. 
Pulse oximetry, limb-lead ECG, blood pressure monitoring, 
inspiratory and expiratory gas analysis such as end-tidal car-
bon dioxide, and temperature monitoring (especially in 
young children) should all be available and used. The moni-
toring systems should be available wherever the 
anesthesiology/sedation teams are positioned; this is gener-
ally either in the control room or scan rooms. Many facilities 
position the anesthetic equipment and gas tanks directly out-
side the scan room, with the gas lines passing through “wave 
guides” in the wall of the scanner room installed for just this 

purpose. This arrangement has two advantages: (a) there is 
reduced risk of inadvertently introducing non-CMR compat-
ible equipment into the scan room and (b) communication 
between the anesthesiology/sedation team and imaging 
teams is much easier in this setup. It should be noted, how-
ever, that this comes at the cost of increased compliance in 
the anesthetic circuit. If the decision is made to keep moni-
toring and anesthetic equipment in the scan room, there is 
usually a minimum distance that this equipment must be kept 
from the magnet within which it may not operate correctly, 
may interfere with the images, and might even be attracted 
into the scanner bore. Careful establishment of this distance 
from the manufacturer is mandatory before the equipment is 
first introduced into the scan room. Even the use of physical 
restraints to prevent incursion of the equipment within such 
a distance, and thus avoid accidents, should be considered. 
Direct verbal communication between the 
anesthesiology/sedation teams and the imaging teams should 
be on-going at all times with visual contact preferably as 
well.

Neonates and very small infants less than 6 months of age 
may undergo CMR successfully while sleeping using a “feed 
and swaddle” technique [22, 23]. The patient usually is kept 
awake for a while prior to scanning (3–4 h); when the child 
enters the preparation area, the intravenous is inserted and 
the ECG leads are placed. At this point, the baby is very 
fussy; however, feeding the infant and subsequently swad-
dling with a warm blanket in a quiet and dimly-lit environ-
ment prior to the study will allow the patient to fall asleep; 
the patient is subsequently transported to the scanner room. 
Vacuum-shaped support bags can also be utilized to reduce 
patient motion; placing ear plugs, a hat over the head and 
ears as well as blankets around the head all aid in keeping the 
child comfortable and asleep. Imaging sequences that allow 
for free breathing must be used.

Whether to use deep sedation or anesthesia to perform 
CMR has been debated for many years. Consideration 
should be given to how long the CMR scan is likely to take, 
the patient’s age, the flexibility of CMR scanner time, and 
the availability of anesthesiology staffing and/or the avail-
ability of specialized sedation teams which include nurses 
and pediatricians. The practice is obviously a matter for 
individual, institutional, and patient preferences. Anesthesia 
is much more predictable when it comes to onset of action 
and duration/depth of impaired consciousness; this is advan-
tageous in scheduling CMR examinations and running the 
schedule smoothly. Deep sedation use has been associated 
with reduced image quality in some studies [24] but not in 
others [25], and in some institutions, is far more likely to 
fail than anesthesia [26], though failure rates can be reduced 
to close to zero [25] by careful use of expert personnel and 
strict sedation regimes [25, 27–30]. Imaging performed 
under anesthesia can be shorter “in theory” because of the 
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ability to breath-hold; in practice, however, the scanning 
time difference is marginal at best and breath-holding, as 
mentioned above, is less physiologic. Anesthesia has been 
reported to be marginally safer than deep sedation in some 
studies [24, 31] and equal in others [25], but there is no 
doubt that it is more costly and invasive. There are numer-
ous pediatric centers with many years of experience at per-
forming CMR under deep sedation with excellent safety 
records [25, 27, 28, 30]. The end result is that both tech-
niques are likely to remain in practice for the foreseeable 
future.

1.8  The Standard Pediatric/Congenital 
Heart Disease Examination

There are numerous protocols for a standard CMR examina-
tion of the heart, many equally as valid as the other. The one 
presented in this chapter is meant to be as complete and as 
efficient as possible; however, it should be recognized that 
this is not the only one. As each phase of the protocol is 
delineated, the technique utilized will be expanded upon in 
detail to give the basics of the different types of CMR.

1.8.1  Axial Imaging (Fig. 1.18)

The initial part of the examination begins with a set of static 
steady-state free precession (bright blood) images in the 
axial (transverse plane) extending from the thoracic inlet to 
the diaphragm. Generally, 45–50 contiguous end-diastolic 
slices are obtained of three (for babies) to 5 mm in thickness; 
end-diastole is acquired by placing a “delay” after the R 
wave of the ECG. At this point in the cardiac cycle, the heart 
is relatively motionless, allowing for high-fidelity imaging. 
This set of data, which usually takes two and a half to four 
and a half minutes to acquire (depending upon the patient’s 
heart rate and size), is utilized as a general survey of the anat-
omy and may be used as a localizer for subsequent higher 
fidelity cine imaging, flow measurements, etc. These images 
are usually acquired with multiple averages (generally 3) 
during free breathing. In babies, to maintain signal to noise 
but nevertheless obtain thinner slices, overlapping slices can 
be used; the cost is prolonged acquisition time.

 1. From this survey, a number of features may be gleaned 
with regard to cardiovascular structure in congenital heart 
disease [32]: (1) the position of the heart in the chest and 
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Fig. 1.18 Selected initial axial images of a patient with heterotaxy and 
complete common atrioventricular canal. Note how much can be gleaned 
from the first set of static steady-state free precession images. Images 
progress from inferior to superior as the roman numerals increase from 
top to bottom and from left to right. In I, a transverse abdominal view 
shows a midline liver and spleen (sp) on the right. In II, note the com-
plete common atrioventricular canal, the dilated coronary sinus (CS), 

and dilated mildline azygous (Az). In III, note the widely patent left 
ventricular outflow tract. IV (top right) demonstrates the main pulmo-
nary artery as well as the right (RPA) and left pulmonary artery (LPA) 
being confluent. In V, note how the dilated AZ enters the right superior 
vena cava (RSVC) as well as the presence of a left superior vena cava 
(LSVC). Finally, in VI, note the left aortic arch along with the RSVC and 
LSVC without a bridging vein. TAo transverse aortic arch
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in which direction the apex is pointing, (2) normal car-
diac segments (atria/ventricles/great arteries), (3) the 
intersegmental connections (atrio-ventricular and 
ventriculo- arterial), (4) veno-atrial connections, (5) aortic 
arch anatomy such as coarctation of the aorta and sided-
ness of the aortic arch, (6) pulmonary arterial tree (such 
as pulmonary stenosis, pulmonary sling), (7) extracardiac 
anatomy and its relationship with the cardiovascular 
 system such as the trachea and tracheobronchial tree, 
abdominal situs such as the position of the liver, spleen, 
and stomach, qualitative assessment of lung size (e.g., 
important in Scimitar syndrome). For lesions such as 
main and branch pulmonary artery stenosis and coarcta-
tion of the aorta, off-axis imaging planes are necessary to 
confirm and better display these findings; however, these 
lesions can often be inferred from the stack of axial 
images. Qualitative assessment of lung hypoplasia and 
unbalanced pulmonary blood flow can be roughly esti-
mated by the pulmonary vascular markings. If the study 
is ordered to determine if the patient has a vascular ring, 
the diagnosis is nearly always readily obtained using this 
stack of images using the feed and swaddle technique if 
an infant mentioned above [23]. Image acquisition time 
for the three-dimensional dataset can be accomplished in 
20–30 s depending on the patient’s heart rate.

 2. There are drawbacks to using the axial stack when using 
it for diagnostic purposes; it must be remembered that is 
solely a survey and to be used as localizers for higher 
resolution imaging. As examples, smaller anatomic struc-
tures such as the pulmonary veins may not be visualized 
well or seem to appear to be connected anomalously but 
really be connected normally because of partial volume 
effects. Follow-up with off-axis imaging is mandatory.

 3. In addition to the axial stack of SSFP images, a set of 
HASTE (Half-Fourier-Acquired Single-Shot Turbo Spin 
Echo) axial images (Fig. 1.19) can be very useful and are 
usually obtained while multiplanar reconstruction is 
being performed on the SSFP images (see below). 
HASTE is a dark blood, single-shot (image obtained in 
one heartbeat) technique which is low resolution and 
acquired during free breathing, generally obtained in 
1–2 min. If the RR interval of the patient is under 600 ms, 
the images are generally acquired every other heartbeat 
(doubling the acquisition time) to allow the protons to 
relax further. HASTE images are less susceptible to flow 
artifacts and metal artifacts. For example, turbulence in 
the systemic to pulmonary artery shunt (Blalock-Taussig 
shunt) or Sano shunt in a single ventricle patient after 
Stage I Norwood reconstruction will demonstrate signal 
loss in the shunt itself and the pulmonary arteries on 
SSFP imaging. Turbulent flow occurs in diastole as well 
as systole in this scenario and recalling that the static 
SSFP images are acquired in diastole, these structures are 

difficult if not impossible to see on the SSFP images. 
These structures are, however, readily visualized on the 
HASTE images. Multiple patients can present with braces 
on their teeth which is common in adolescents as well as 
stents in their great arteries or other blood vessels; these 
metallic objects can and generally do produce artifacts 
which appear on the SSFP imaging, but not on the 
HASTE images. Note, however, that because of the “cage 
effect” (see below in the dark blood section 1.8.3), direct 
measurement of the cavity of the stent is not possible. 
HASTE imaging can also be useful with visualizing 
regions of the coronaries and in characterizing masses; 
however, dedicated subsequent imaging of these struc-
tures is mandatory. The HASTE images give the imager a 
“first pass” at the problem and, similar to the stack of 
SSFP imaging, is simply a survey.

1.8.2  Multiplanar Reconstruction

During the acquisition of the HASTE images, multiplanar 
reconstruction is performed on the axial SSFP (or HASTE) 
images. Multiplanar reconstruction is the act of taking the 
contiguous stack of images and reconstructing these images 
into other planes (e.g., axial images being resliced as coronal 
images or in a double oblique angle to obtain the “candy 
cane” view of the aorta). Nearly all scanners today come 
with software which allows this to be readily performed. The 
purpose of this obviously is to obtain orientation and slice 
positions for dedicated images of the anatomy in question, 
functional imaging, tissue characterization, and blood flow. 
Further anatomy can be obtained with cine, the various types 
of dark blood imaging, or 3-dimensional contrast-enhanced 
images (see below). For the 3-dimensional contrast-enhanced 
slab, these axial images act to ensure that the anatomy in 
question is covered by the slab. Ventricular function and 
blood flow are obtained using cine and phase contrast mag-
netic resonance (PCMR) (see below). Off-axis imaging 
planes can be used, for example, to profile the ventricular 
outflow tracts, the atrio-ventricular valves, major systemic 
and pulmonary arteries and veins and all their connections to 
the heart.

1.8.3  Dark Blood Imaging (Figs. 1.8 and 1.20)

High-resolution dark blood imaging (as compared to the 
low-resolution HASTE images) is static in nature and is used 
sparingly because it is time consuming; 1–2 images can be 
obtained in a breath-hold. There are numerous types of dark 
blood imaging such as T1 weighting, T2 weighting, spin echo 
imaging, turbo spin echo imaging, double or triple inversion 
recovery, etc. This technique is generally utilized for tissue 
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characterization and to define anatomy when turbulence or 
artifacts get in the way of bright blood techniques. The blood 
from the heart cavities and blood vessels is black while soft 
tissue is signal intense. Most dark blood imaging in children 
utilizes either T1- or T2-weighted imaging with the double 
inversion approach. The details of how each type of dark 
blood imaging is created are beyond the scope of this chap-
ter; however, a simple example is instructive. The double 
inversion T1-weighted dark blood technique is utilized to 
maximally suppress signal from blood and begins with a 
nonselective inversion pulse which can be thought of as flip-
ping all the protons 180° throughout the body, destroying all 
the signal from these spins. This is subsequently followed by 
a selective inversion pulse which flips the protons once again 
180° but in a selected region of the body (such as the imag-
ing plane needed); a standard T1-weighted spin echo sequence 
is then run. In this way, all the blood entering the imaging 
plane is signal poor with the spins destroyed in the nonselec-
tive inversion pulse and detailed endocardial or endovascular 
surfaces can be visualized. Dark blood imaging can be used, 
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Fig. 1.19 Two initial axial HASTE images of the patient in Fig. 1.18 
with heterotaxy and complete common atrioventricular canal. The 
upper and lower panels are equivalent to panel II and IV in Fig. 1.18; 
compare these images with those of Fig. 1.18
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Fig. 1.20 Dark blood, 3-dimensional gadolinium and “fly-through” 
imaging of a neonate with hypoplastic left heart syndrome who has not 
undergone surgery. The left upper image is an off-axis sagittal view 
demonstrating the right ventricular outflow tract giving rise to the main 
pulmonary artery (MPA), patent ductus arteriosus (PDA) connecting to 
the descending aorta (DAo). The upper middle is similar to the upper 
left except a few millimeters over to the right demonstrating the hypo-

plastic transverse aortic arch (TAo), the coarctation (C), and the DAo. 
The right upper and right lower images are 3-dimensional reconstruc-
tions from a time-resolved gadolinium sequence which demonstrates 
the MPA, PDA, hypoplastic TAo and DAo from a sagittal (top) and 
posterior (bottom) view. The lower left is a “fly-through” image of the 
3-dimensional reconstruction looking up from the DAo towards the os 
of the PDA, hypoplastic TAo and subclavian artery (SCA)
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as mentioned above, to characterize different types of tissue 
as these will generate different signals. As an example, fat 
will be intensely bright on T1-weighted imaging while myo-
cardium will be much less so. In addition, special pulses can 
be used to change the signal intensity and determine if indeed 
this tissue is what is suggested; taking for example fat as was 
just mentioned, a “fat saturation” pulse may be coupled with 
dark blood imaging and will turn the very bright signal of fat 
without this fat saturation pulse into a very dark signal with 
the fat saturation pulse, confirming that the bright signal is 
indeed fat. This may be useful for lipomas—visualizing this 
mass on T1-weighted images with and without a fat satura-
tion can confirm the diagnosis. Triple inversion recovery 
may be used to delineate edema in the tissue from, for exam-
ple, a myocardial infarction or myocarditis.

Typically, in our imaging protocols, if needed, this is per-
formed after the SSFP and HASTE imaging but should not 
be used after gadolinium administration except for specific 
applications such as myocarditis or tumor characterization. 
If used after gadolinium administration, the blood pool will 
demonstrate signal which is counterproductive to the intent 
of dark blood imaging in the first place. Use for dark blood 
imaging besides myocarditis is to visualize the pericardium, 
image the tracheobronchial tree (useful in a vascular ring 
study), and tumor characterization (with and without gado-
linium). As mentioned above, it is useful to image patients 
when coils, stents, braces, spinal rods, and other foreign 
material cause artifacts on bright blood imaging. Precise 
measurements cannot be performed within a stent, however, 
because of the “cage effect.” The image artifact caused by 
the stent prevents the physician from seeing the critical area 
in and around the stent. This is caused by the fact that a 
metallic stent behaves as a “Faraday Cage” due to its geom-
etry and material, and the stent additionally creates a mag-
netic susceptibility artifact due to the material of manufacture 
of the stent.

A more modern approach is the use of a 3D dark blood 
acquisitions such as SPACE (Sampling Perfection with 
Application-optimized Contrasts using different flip angle 
Evolution) which is not only gated to the cardiac cycle but also 
employs a navigator pulse to obtain high-resolution (1–1.2 mm 
isotropic) imaging. It is generally performed in systole, aiding 
to null the signal from blood. It has found utility in patients 
who have hardware in place such as stents or devices or where 
turbulence makes SSFP imaging problematic.

1.8.4  Cine (Figs. 1.10, 1.13, 1.15, 1.16, 
and 1.17)

Myocardial motion and blood flow can be visualized with 
cine imaging to determine function and physiology. It is one 
of the two workhorses of CMR in this regard (the other being 

phase contrast velocity mapping which will be discussed 
next). The two major types of cine imaging are unbalanced 
gradient echo imaging and SSFP as mentioned above. The 
unbalanced gradient echo technique is older but still has a 
number of uses in state-of-the-art CMR. For example, unbal-
anced gradient echo imaging is useful to determine valve 
morphology using a high flip angle (Fig. 1.13); in this way, 
flowing blood into the imaging plane is bright and outlines 
the leaflets of the valve very well. It is also useful when arti-
facts plague SSFP as a low echo time (TE) and high band-
width gradient echo image is less susceptible to these 
artifacts. High TE gradient echo imaging will enhance turbu-
lence (where SSFP is less susceptible to turbulence) and may 
be useful in identifying these areas of flow disturbances. It is 
also the cine workhorse when ferumoxytol is administered as 
the contrast agent, using a high bandwidth.

High-resolution SSFP cine imaging (Figs. 1.15, 1.16, and 
1.17) can demonstrate exquisite images of the myocardium, 
valves, blood pool, and vessels. In assessing myocardial 
function, it is the technique of choice and the gold standard. 
These cine images provide excellent spatial and temporal 
resolution for the assessment of global and regional myocar-
dial wall motion. These cine sequences should be retrospec-
tively gated so that wall motion data is available for the entire 
cardiac cycle. As mentioned, with prospective triggering, the 
phases prior to the R wave is generally truncated as noted 
above in the physics section. With retrospective gating, the 
number of calculated phases should be figured so that there 
is only one or less interpolated phase between each measured 
phase; an interpolated phase is one that shares data between 
the two measured phases. This is easily performed by dou-
bling the patient’s RR interval and then dividing by the heart-
beat “TR” (line TR  ×  number of segments) to get the 
maximum number of phases or dividing by the number of 
phases desired to obtain the maximum TR needed.

Temporal resolution should be set to provide, in general, 
20–30 phases across the cardiac cycle, depending upon the 
heart rate. Obviously, in a patient with a heart rate of 
150 beats/min (R-R of 400 ms), 20 frames/heartbeat is more 
than adequate (20 ms temporal resolution) while if the heart 
rate is 50 beats/min (R-R of 1200 ms), 20 frames/heartbeat is 
not sufficient (60 ms temporal resolution). This is because 
systole does not vary too much as a function of heart rate; it 
is diastole that lengthens or shortens. A 60 ms temporal reso-
lution for a heart rate of 50 beats/min will not capture enough 
frames in systole to adequately assess the ventricle.

When an entire ventricular volume dataset is acquired, 
ventricular volume and mass at end-diastole and end-systole 
are measured yielding end-diastolic and end-systolic vol-
umes, stroke volume, ejection fraction, cardiac output, and 
mass [33–37]. To perform an entire ventricular volume set, 
generally a 4-chamber view is first obtained by cine (orienta-
tion and slice position determined by multiplanar reconstruc-
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tion as noted above); the 4-chamber view is defined as the 
view that intersects the middle of both atrioventricular valves 
at the atrioventricular valve plane and the apex of the heart. 
Subsequently, a series of short axis views are obtained which 
are perpendicular to the 4-chamber view and span from atrio-
ventricular valve to apex. It should be noted that this requires 
obtaining short axis slices one slice past the atrioventricular 
valve level and one slice past the apex to ensure the entire 
volume is obtained; this can be clearly positioned off the 
4-chamber view at end-diastole. Measurement of ventricular 
volumes involves contouring the endocardial border of each 
slice of a given phase (e.g., end-diastole or end-systole) from 
base to apex and planimeterizing this area. The product of 
the sum of the areas on each slice encompassing the ventricle 
and the slice thickness yields the ventricular volume at that 
phase. This procedure, if performed at end-diastole and end- 
systole, will yield two values and the difference between 
these values is the stroke volume; and the ratio of the stroke 
volume to the end-diastolic volume multiplied by 100 yields 
the ejection fraction. The cardiac output is obtained by mul-
tiplying the ventricular stroke volume and the average heart 
rate during the cine acquisition (note that if there is atrioven-
tricular valve insufficiency, a ventricular septal defect or 
there is double outlet ventricle, this will not equate to aortic 
outflow). Ventricular mass is similarly measured, generally 
at end-diastole, by contouring the epicardial border on each 
slice which contains ventricle and planimeterizing the area 
which contains both the ventricular volume and mass. This 
value is subtracted from the ventricular volume measure-
ment at each slice and yields the ventricular mass multiplied 
by the density of the myocardium. Most scanners come with 
and numerous independent companies sell software which 
semiautomates this process; ventricular volumes and mass 
can generally be obtained in a few minutes of post- processing. 
More tedious is contouring ventricular volumes through 
every phase of the cardiac cycle; however, this will yield a 
ventricular volume–time curve which may be useful in some 
situations. Because CMR can acquire multiple contiguous, 
parallel tomographic slices, there is no need for geometric 
assumptions, making the technique an excellent tool for pre-
cise measurement of ventricular volumes and mass in con-
genital heart disease. Indeed, cine CMR is considered the 
“gold standard” for ventricular volume and mass in both 
adult cardiology, pediatric CMR, and congenital heart dis-
ease. Ventricular size and shape can vary considerably in 
various forms of congenital heart disease (e.g., single ven-
tricles, corrected transposition of the great arteries, etc.). 
Ventricular cine is also utilized not only for global but for 
regional wall motion abnormalities as well.

Besides ventricular size, mass, and wall motion, cine 
imaging is excellent for identifying vessel sizes as well as 
stenosis or hypoplasia including great arteries, along a ven-
tricular outflow tract or in a baffle or conduit. On the flip 

side, cine can also be used to qualitatively assess regurgita-
tion of valves of which there should be minimal in the nor-
mal heart. All this is determined not only by the shape of the 
vessel but by loss of signal due to acceleration of flow 
through a stenotic vessel/valve or a regurgitant valve; a clas-
sic example is the flow void through coarctation of the aorta. 
In addition, shunts can be identified by cine as turbulence 
visualized across atrial or ventricular septae will indicate 
interatrial and interventricular communication. A way in 
which shunting can be accentuated visually is with the use of 
a presaturation tag. When the protons in a plane of tissue are 
flipped 180° to destroy their spins prior to imaging (similar 
to a selective inversion pulse in a plane of tissue intersecting 
the imaging plane), a presaturation tag is said to be laid 
down. This presaturation tag labels the tissue it intersects 
with decreased signal intensity (black on the image). If the 
presaturation tag is laid down on the left atrium prior to a 
gradient echo sequence in a patient with an atrial septal 
defect, blood flowing from left to right will be dark on the 
bright blood cine and visualized to cross from left to right 
atria. Similarly, if there is right to left flow, bright signal from 
the right atrium would be seen to cross to the darkness of the 
left atrium.

By stringing a series of continuous single-shot images 
together in one plane (“single plane, multiphase” imaging), 
motion can be captured and this is termed “real-time cine 
CMR” (see above). Essentially, the SSFP technique is used 
to acquire all the lines of k-space needed to create an image 
continuously in the same plane. “Interactive real-time cine 
CMR” adds the ability to be able to manipulate the real-time 
imaging plane interactively, similar to echocardiographic 
(“sweeps”); this provides a fast way to assess cardiovascular 
anatomy, function, and flow. These images can be used for 
localization for higher resolution regular cine CMR and have 
been utilized in the past to actually acquire fetal cardiac 
motion. It is also used in the event there is too much arrhyth-
mia so that at least a qualitative assessment of the heart can 
be made. Temporal resolution can be as low as 35 ms using 
parallel imaging.

CMR techniques in general and cine in particular build 
the image of multiple heartbeats. If multiple averages (exci-
tations) are used, this can be in the hundreds. The disadvan-
tage to this is the time it takes to acquire the data unlike 
“real-time” CMR cine imaging just mentioned or echocar-
diography where the cardiac motion is instantaneously 
obtained. The distinct advantage to this approach, however, 
is because the image is built over many heartbeats; it repre-
sents the “average” of all those heartbeats over the acquisi-
tion time. This truly is an advantage as it would be assumed 
that this “average,” embedded in the image, is more reflec-
tive of the patient’s true physiologic state than the instanta-
neous images of echocardiography. To perform the 
equivalent, the echocardiographer would have to view hun-
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dreds of heartbeats and “average” it in the imager’s mind 
with all the subjectivity that entails. Picture measuring hun-
dreds of M-mode dimensions of the ventricle (end-diastolic 
and end-systolic diameters) and then averaging them all 
together to get a shortening fraction: that is what is obtained 
with cine CMR in one image when measuring ventricular 
function parameters!

1.8.5  Phase Contrast (Encoded) Magnetic 
Resonance (PCMR) (Figs. 1.13, 1.14, 
1.21, 1.22, and 1.23) [38–46]

This CMR technique, also known as “velocity mapping,” is 
used to measure flow and velocity in any blood vessel with 
few limitations (for example, generally 4–6 pixels must fit 
across the blood vessel in cross-section for it to be accu-
rate). Broadly speaking, there are two types of PCMR—
through plane which encodes velocity into and out of the 
imaging plane and in plane which encodes velocity in the 
imaging plane (as in Doppler echocardiography). For exam-
ple, through plane PCMR can measure cardiac output, the 

aortic, and the pulmonary valves by measuring the veloci-
ties across the valves in cross-section, multiplying by the 
pixel size summed across the entire vessel, integrated over 
the entire cardiac cycle, and multiplied again by the heart 
rate. In the absence of intracardiac shunts, the flows across 
the aortic and pulmonary valves should be equal—an inter-
nal check to the measurement. In another example, relative 
flows to each lung may be measured by utilizing through-
plane velocity maps across the cross-section of the right and 
left pulmonary arteries, obviating the need for nuclear medi-
cine scans. By placing a through-plane velocity map across 
the main pulmonary artery, an internal check on the branch 
pulmonary artery flows is obtained as the sum of the blood 
flow to the branch pulmonary arteries must equal the blood 
flow in the main pulmonary artery. In addition, it is also 
common to utilize PCMR as a check on cine measurements 
(e.g., cardiac index of the aorta should be equal to the car-
diac index of the left ventricle in the absence of mitral insuf-
ficiency or intracardiac shunts). It is clear that this is a 
strength of CMR—the ability to perform these checks for 
internal validation of the quantitative data, unlike other 
imaging modalities.
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Fig. 1.21 Various types of imaging in an infant with corrected transpo-
sition of the great arteries after a pulmonary artery band (PAB). The 
upper left and middle panels are two views of a 3-dimensional gado-
linium image of the right-sided circulation showing the left ventricle, 
main pulmonary artery (MPA), PAB, and the right (RPA) and left pul-
monary arteries (LPA) from anterior (left) and anterior tipped up to 
transverse view (middle). Note how the right atrial appendage (RAA) is 
easily seen. The right upper and left lower images are 3-dimensional 
gadolinium reconstructions of both circulations demonstrating the ante-

rior aorta and branch pulmonary arteries form the anterior (upper right) 
and posterior (lower left) views. The lower panel second from the left 
and second from the right are magnitude and in-plane phase images 
from phase-encoded velocity mapping demonstrating the left ventricu-
lar outflow tract and showing the jet through the PAB (signal intense is 
caudad) with a VENC of 400 cm/s. The right lower image is an orthogo-
nal view through the left ventricular outflow tract demonstrating the 
turbulence distal to the PAB
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Aortic Regurgitation 

Cardiac output = 3.8 l/min/m2

Forward flow = 108 cc

Reverse flow = 38 cc

Regurgitant fraction = 35%

Heart rate = 87 BPM

Peak velocity = 3.7 m/s
AAo

LV

LV

AAo

Fig. 1.22 Data and images 
from a patient with a bicuspid 
aortic valve, aortic stenosis, 
and insufficiency. The graph 
of flow versus time is on the 
lower left and on the upper 
left is the relevant data. 
Gradient echo images of the 
left ventricular outflow tract 
in two orthogonal views 
demonstrating the aortic 
insufficiency jet during 
diastole (arrow). AAo 
ascending aorta, LV left 
ventricle

Aortic flow

Cardiac output = 4.6 l/min/m2

Pulmonary flow

Cardiac output =  10.7 l/min/m2

Qp/Qs = 2.3 ASD

RA
Pulmonary

Aorta

Fig. 1.23 Data and images 
from a 2-year-old with an 
atrial septal defect (ASD) of 
the inferior vena cava type 
and anomalous right 
pulmonary venous 
connections to the right 
atrium (RA). The off-axis 
sagittal magnitude image 
(upper right) demonstrates the 
ASD while the in-plane, 
colorized phase-encoded 
velocity map (lower right) in 
the same orientation as the 
magnitude image 
demonstrates left to right flow 
by the red color jet as in 
echocardiography (red is 
caudad and blue is cephalad 
flow). The aortic and 
pulmonary flow are both 
graphed simultaneously 
(lower left); data demonstrates 
as Qp/Qs 2.3
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It is key to understand what the “phase” means in the term 
“phase-encoded velocity mapping” for one to understand 
how this is used to measure flow. Phase was discussed in the 
physics section and will be explained in a slightly different 
way in this section, although it represents the same physical 
principle. When tissue is excited by radiofrequency energy, 
the subsequent signal that gets generated when the protons 
relax (for example, a sine wave) can be described by its fre-
quency (how many cycles per second), its amplitude (the 
strength of the signal), and its phase (where, in a given time, 
is the sine wave in its cycle). Two waves can have the same 
frequency and amplitude but be in different points in their 
cycle (i.e., they are identical waves but shifted in time); they 
are out of phase. Think of two identical sine waves placed 
one atop the other in a signal amplitude-time graph (signal 
amplitude on the Y axis and time on the X axis) and then shift 
one slightly to the right in time; these sine waves are identi-
cal but out of phase with each other. Another way to under-
stand this is that the same part of each of the two identical 
sine wave occurs at a different point of time (e.g., the peak of 
sine wave “A” occurs prior to the peak of sine wave “B”).

The principle underlying phase contrast CMR very sim-
ply is that moving tissue within a magnetic field that has a 
gradient applied to it changes phase. Put another way, when-
ever anything moves along the axis of an applied gradient, 
the phase of the spinning vectors in that object becomes 
altered relative to the stationary object. Remember the 
Larmor equation states the precessional frequency of the 
protons is directly proportional to the magnetic field; if that 
magnetic field is altered by position creating a gradient, the 
precessional frequency will change depending upon posi-
tion. Any tissue moving across the gradient will change pre-
cessional frequency and accumulate phase shift selectively 
“labeling” itself. Phase contrast velocity mapping utilizes a 
“bipolar” radiofrequency pulse which is equal in magnitude 
but opposite in direction (e.g., turns from positive to negative 
and then from negative to positive); this is done with two 
back-to-back pulses with a slight delay. The sequence has the 
following effect: Before any radiofrequency pulse is applied, 
protons are tilted as a function of where they are positioned 
in the magnetic gradient. When the first radiofrequency pulse 
is applied, both stationary and moving tissue protons are fur-
ther tilted; when the second equal and opposite radiofre-
quency pulse is applied immediately afterwards, protons of 
the stationary tissue return the tilt of their protons back to 
their original position and accumulate a net phase of zero 
(their tilt goes back to their original position since they expe-
rienced an equal and opposite radiofrequency pulse and 
haven’t moved position—they are experiencing the same 
magnetic field before and after these pulses). Protons of the 
moving tissue, however, do not revert to their original tilt 
since they have moved and are experiencing a different mag-
netic field because of the magnetic gradient in position. 

These protons are said to have accumulated a “phase shift.” 
To summarize, this will yield a zero phase change for sta-
tionary objects when both pulses are applied whereas there 
will be a net accumulation of phase in moving tissue. By 
subtracting, pixel by pixel,  the phases of one pulse from the 
other, background phase changes of stationary objects are 
canceled out and the phase shift of the moving tissue is 
amplified. Then, usually, the “phase difference” method is 
used to map the phase shift angles into signal intensities. 
Flow is calculated by the formula:

 ∆ phase
g

= × × ×g v T A  

where g = gyromagnetic ratio, v = velocity, T = duration of 
the gradient pulse and Ag is the area of each lobe of the gradi-
ent pulse.

By tailoring the strength of the radiofrequency pulse to 
the anticipated velocities, accurate measurement can be 
obtained; this is called a VENC (velocity encoding) and is 
the equivalent of the Nyquist limit in echocardiography. 
Using the VENC and the signal intensity, the velocity of 
moving tissue in each pixel can then be encoded. This can 
occur with either blood (hence blood phase-encoded veloc-
ity mapping) or with myocardial tissue (also called myocar-
dial velocimetry and is the equivalent to Doppler tissue 
imaging).

As mentioned, spatially, there are two ways to encode 
velocity in the image: (a) “through plane” where each pixel 
encodes velocity into and out of the plane of the image and 
(b) “in-plane,” where velocities are encoded in the plane of 
the image and not into and out of the plane similar to Doppler 
echocardiography. Unlike Doppler echocardiography, how-
ever, velocities are encoded in either the Y- or X-direction of 
the image. This is advantageous as each pixel can encode 
velocity in three orthogonal planes. Motion in one direction 
is mapped onto the anatomic image as increased signal inten-
sity or bright and motion in the other direction appears signal 
poor and dark; stationary tissue appears gray. Air, such as in 
the lungs or around the patient, is encoded in a mosaic black 
and white. Color can be added to make it similar to Doppler 
echocardiography.

Flow measurements by this methodology utilize the 
cross-sectional area of the vessel perpendicular to the trans-
axial direction of flow. All software can identify the regions 
of interest simultaneously on the anatomic or “magnitude” 
images as well as the “phase” images (which can sometimes 
be difficult to read). The product of the velocity and the area 
of an individual pixel give flow through that pixel; summing 
this across the vessel cross-sectional region will yield the 
flow at a given phase of the cardiac cycle. Integrating this 
across the entire cardiac cycle (i.e., each phase plotted as a 
time-flow curve), the flow during one heartbeat is calculated. 
The product of the heart rate and this flow in one heartbeat 
will yield the cardiac output.
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Through plane phase-encoded velocity mapping can also 
be used to assess the peak velocity for gradient calculations 
as might be used for coarctation of the aorta or ventricular 
pressure estimates as with a tricuspid regurgitant jet. If the 
plane is perpendicular to flow in the region of maximum 
velocity, the greatest velocity in any pixel in the region of 
interest in the cardiac cycle is used in the simplified Bernoulli 
equation. It should be noted that planes not perpendicular to 
flow or one at a level where the maximum velocity is not 
present will underestimate this number; generally, this is 
used in conjunction with in-plane velocity mapping (see 
below) to measure maximum velocities. This is similar to 
Doppler echocardiography where, if the plane is angled 
obliquely to the jet of interest or the sector is not in the area 
of maximum velocity, an underestimate of the maximum 
velocity will occur.

Encoding velocity parallel to flow (“in-plane” velocity 
encoding) is predominantly used to measure peak velocities 
which is similar to what Doppler echocardiography mea-
sures. The advantage of this type of phase encoding over the 
through plane technique in measuring maximum velocities is 
that velocities can be measured along a jet of interest in the 
direction the jet is pointing (similar to continuous wave 
Doppler), through plane mapping is placed at a certain level 
of the jet and the velocity measured which is similar to the 
range-gating technique of pulse wave Doppler echocardiog-
raphy. With in-plane velocity mapping, the jet is aligned by 
rotating the entire field of view to make one side exactly per-
pendicular to the jet. The peak flow velocities can then be 
translated into pressure gradients via the simplified Bernoulli 
equation. The phase maps on present-day scanners can give 
a temporal resolution of about 15–20 ms with non-breath- 
hold techniques.

Phase-encoded velocity mapping has limitations. 
Reliability of both through plane and in-plane velocity map-
ping is a function of a few factors such as slice thickness 
(“partial volume” effects may induce inaccuracies in veloc-
ity calculations) and the angle of the jet (the jet needs to be 
aligned perpendicular to the direction of phase encoding, 
similar in some sense, to Doppler flow measurements). In 
addition, if the VENC is not chosen close but not below the 
maximum velocity anticipated, errors may occur. If the 
VENC chosen is too low, velocities in the vessel will exceed 
the ability of the CMR scanner to encode them which is akin 
to aliasing and exceeding the Nyquist limit in Doppler echo-
cardiography. If the VENC chosen is too high, the lower 
velocities will not be measured as accurately as well as sig-
nal to noise decreasing; this is analogous to the difference 
when measuring a 4  oz of fluid in a 6  oz measuring cup 
(appropriate setting of the VENC) versus a gallon measuring 
cup (in appropriate setting of the VENC). Maxwell terms, 
eddy currents, and whether or not background subtraction is 
used will also play a role in velocity mapping accuracy.

Finally, by combining through plane and in-plane veloc-
ity mapping into the same sequence, CMR can acquire a 
3-dimensional slab of velocities termed 4-dimensional or 
“4D flow” meaning three dimensions of space plus time [47, 
48]. Using modern-day gradients and advanced software 
such as compressed sensing, the entire heart and great ves-
sels can be acquired in anywhere from 3 to 8 min. There are 
multiple vendors with excellent software that can qualita-
tively visualize and quantitatively assess these datasets 
(Fig. 1.14).

There are multiple advantages to 4-D flow including 
being able to “go back” to any blood vessel in the thorax 
after the patient exam has ended to measure flow; 2D PCMR 
is aimed at one vessel at a time and once the patient leaves 
the scanner, there is no one to measure flow in another ves-
sels. In addition, all vessels are measured at the same average 
heart rate as opposed to 2D flow where it is generally differ-
ent, making 4D flow more consistent. Further, flow profiles 
in blood vessels and the heart and their interactions in 4D are 
easily visualized by this methodology. There are even imple-
mentation of these sequences where cine imaging and flow 
can be acquired at the same time, obviating the need for cine 
imaging and anatomic imaging (generally with the addition 
of a contrast agent however) [49]. Finally, metrics such as 
pulse wave velocity, pressure drop, and energy loss can be 
calculated whereas with 2-D PCMR, it may be difficult to 
impossible to do so (see below).

There are drawbacks to 4D flow as well. For some imple-
mentation of these sequences, administering a contrast agent 
such as gadolinium or ferumoxytol (see MRA section below) 
is useful for better signal to noise.

PCMR by 2D has many applications in congenital heart 
disease and in broad categories, they are (a) flow quantifica-
tion, (b) flow visualization, (c) velocity measurements, and 
(d) myocardial velocimetry.

1.8.5.1  Flow Quantification

 1. Cardiac Output (Figs. 1.22 and 1.23): Measuring cardiac 
output is an essential factor in assessing cardiovascular 
performance; this is especially true in patients who have 
undergone surgical procedures or who have undergone 
catheter intervention. Lesions such as single ventricles, 
corrected transposition, tetralogy of Fallot, etc. all benefit 
from measuring an elementary parameter such as cardiac 
output. This can also be used as an internal check to the 
ventricular stroke volume measurements.

 2. Regurgitant Lesions (Fig. 1.22): As flow can be quanti-
fied as forward and reverse flow, the regurgitant volumes 
and fractions can be measured and calculated; lesions 
such as tetralogy of Fallot after repair with a transannular 
patch [50] or in patients with a bicuspid aortic valve and 
severe aortic insufficiency all require measurement of 
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leaky semilunar valves. These measurements are readily 
obtained by placing phase-encoded velocity map at the 
sinotubular junction (for the aortic valve) and just above 
the pulmonary valve and measuring the forward and 
reverse area under the flow-time curve. The regurgitant 
fraction is simply the area under the reverse flow (regur-
gitant volume) divided by the area under the forward flow 
(forward volume) multiplied by 100. An internal check is 
the measure flow in the cavae which should be the net 
cardiac output measured by velocity mapping in across 
the leaky semilunar valve. To obtain how much leakage 
there is across an atrioventricular valve, a combination of 
techniques are used; cine CMR is used to measure the 
stroke volume of the ventricle and phase-encoded veloc-
ity mapping to measure the amount of forward flow 
through the semilunar valve. The difference between the 
two (with no intracardiac shunts) is the regurgitant vol-
ume of the atrioventricular valve. Alternatively, the for-
ward flow across the atrioventricular valve during diastole 
and the net flow across the semilunar valve in systole can 
be used (assuming no shunting).

 3. Shunts (Fig. 1.23): Many lesions in congenital heart dis-
ease have shunting between the circulations present; this 
shunt flow can be easily calculated by placing velocity 
maps across the aortic valve and main pulmonary artery 
and measuring flow (e.g., Qp/Qs) [51]; if there is a aorto- 
pulmonary window, branch pulmonary artery flow is gen-
erally used instead. Measuring flow in both branch 
pulmonary arteries can add an internal check on the 
amount of pulmonary blood flow for intracardiac shunts 
and the sum of the flow in the cavae can be used as a 
check on the amount of systemic blood flow.

 4. Flow Distribution to Each Lung: [52] Altered flow distri-
bution to left and right lungs can be common in many 
lesions in congenital heart disease such as in single ven-
tricle lesions after Fontan, tetralogy of Fallot, or in trans-
position of the great arteries after arterial switch 
procedure; all may have branch pulmonary stenosis. 
Relative flow to each lung is assessed by placing a phase- 
encoded velocity map at each branch pulmonary artery 
although care must be taken to place the map in the 
branch pulmonary artery proximal to the takeoff of the 
first branches to ensure this blood flow is included. Flow 
measured in the main pulmonary artery must equal the 
sum of the flows to each lung in the absence of collaterals 
and is used as an internal check.

 5. Collateral Flow: [53] Patients with single ventricles after 
bidirectional Glenn or Fontan operation develop aorto- 
pulmonary collaterals presumably in response to 
decreased pulmonary blood flow and cyanosis [54]. In 
addition, patients with relatively long-standing coarcta-
tion of the aorta can develop aortic collaterals which 
bypass the obstructed segment. In the former, the amount 

of collateral flow can be quantified in two ways: (1) by 
measuring flow via velocity mapping across the ventricu-
lar outflow tract and subtracting measured caval return 
and (2) measuring flow in the pulmonary veins and sub-
tracting measured flow in the branch pulmonary arteries. 
In coarctation, the amount of collateral flow can be deter-
mined by placing a phase-encoded velocity map across 
the aorta just distal to the coarctation site and across the 
aorta at the level of the diaphragm. Normally, flow at each 
level will be very similar or the flow at the level of the 
diaphragm slightly lower (because of flow to the intercos-
tal arteries); however, in the presence of coarctation with 
collaterals, flow just distal to the coarctation site in the 
aorta will be lower than flow in the aorta at the level of the 
diaphragm since collateral flow will present in the latter 
and not in the former.

1.8.5.2  Velocity Measurements

 1. Pressure Gradients: Stenoses of a blood vessel such as a 
great artery (e.g., coarctation of the aorta, left pulmonary 
artery stenosis, or a pulmonary artery band, Fig. 1.21) or 
of a valve (aortic stenosis in a bicuspid aortic valve) can 
occur in numerous congenital heart lesions. It is impor-
tant for many reasons to determine pressure gradients in 
these lesions; as noted above, the determination of gradi-
ents by CMR is similar to Doppler echocardiography, 
using the simplified Bernoulli equation. A maximum 
velocity is measured, typically in the vena contracta, and 
the gradient is simply the product of 4 and the velocity (in 
meter/second) squared. Measurement of maximum 
velocities may be performed in two ways: (a) “in-plane” 
velocity mapping directed parallel to the obstruction to 
flow and (b) “through plane” velocity mapping perpen-
dicular to flow. Both have their strengths and weaknesses 
(see above discussion).

1.8.5.3  Flow Visualization

 1. Septal Defects Using In-Plane Velocity Mapping: Septal 
defects at both the atrial and ventricular level can be visu-
alized with i2D n-plane velocity mapping. The imaging 
plane needs to be oriented in the direction of the flow 
across the defect to successfully visualize it; blood flow-
ing one way would be dark and flow the other way would 
be bright. In addition, color can be superimposed on the 
image to simulate color Doppler echocardiography.

 2. Flow Directionality in Blood Vessels Using Through 
Plane Velocity Mapping: A good example of this is isola-
tion or disruption of the subclavian arteries; this may be 
caused by surgery (e.g., a subclavian flap angioplasty to 
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repair coarctation of the aorta) or may be congenital. 
When this occurs, the subclavian artery usually is sup-
plied with blood in a retrograde fashion via the vertebral 
artery; sometimes, with some paraspinal plexuses or 
other collaterals supply the subclavian artery. Clinically, 
a “subclavian steal” can occur and CMR velocity map-
ping techniques can be used to identify retrograde flow in 
the vertebral arteries. Normally, if an axial through plane 
velocity map is placed in the neck, both carotid and ver-
tebral arteries will be labeled as either bright or black on 
the images as they are all flowing in the same direction. 
With isolation of a subclavian artery, flow in the  ipsilateral 
vertebral artery is retrograde while flow in the other three 
head vessels (carotid and vertebral arteries) will be ante-
grade. A velocity map in this scenario will encode the 
vertebral artery ipsilateral to the isolated subclavian 
artery in one direction (e.g., dark) and the other three 
head vessels will be encoded in the opposite direction 
(e.g., bright), proving the physiology.

 3. Valve Morphology (Fig.  1.13): Phase contrast velocity 
mapping is also useful for identifying valve morphology; 
as through plane phase contrast velocity mapping “tags” 
flowing blood, this can be used to outline the leaflets tips 
making a cast of the valve morphology while it opens and 
closes; the flowing blood is bright or dark and highlights 
the valve leaflet tips which are gray. Bicuspid, unicuspid, 
and quadricuspid valves are easily seen. Of particular 
note, bicuspid aortic valve is very common clinically; it 
can easily be identified by phase contrast mapping and 
the degree of valvular stenosis and regurgitation assessed 
[55, 56].

1.8.5.4  Myocardial Velocimetry
This application of phase contrast velocity mapping is the 
CMR equivalent to Doppler tissue imaging in echocardiog-
raphy; velocities of the myocardial tissue can be recorded. 
The phase contrast velocity mapping sequence is config-
ured such that the VENC is set fairly low (15–30  cm/s); 
modifications in the sequence must be made to keep the TE 
as low as possible. Doppler tissue imaging can only record 
myocardial velocities in one direction; that is parallel to the 
Doppler beam. Myocardial velocimetry, however, is a much 
more comprehensive measurement of myocardial velocities 
in that, similar to other phase contrast velocity mapping 
applications, each pixel can encode velocities in three 
orthogonal planes; a 3-dimensional velocity map of the 
myocardium can be measured. Both myocardial velocime-
try in CMR and Doppler tissue imaging in echocardiogra-
phy suffer from the same drawback in that both techniques 
do not truly measure the velocity of a specific piece of 
myocardium; they identify a point in space and the velocity 
of myocardium moving into and out of that point is mea-

sured. Only CMR myocardial tagging and Doppler spectral 
tracking truly measure the velocity of a piece of myocar-
dium noninvasively. An excellent review comparing the 
merits of myocardial velocimetry to myocardial tagging 
was published in 1996.

4D flow imaging has found utility in multiple applications 
in congenital heart disease [57]. All the above-mentioned 
metrics with 2D flow can also be calculated and visualized 
by 4D flow, especially visualizing shunts or regurgitant frac-
tion. In addition, however, pulse wave velocity, which has a 
bearing on aortic stiffness and ventricular performance, can 
be obtained easily by multiple 4D flow methodologies [58]. 
Pressure flow fields and pressure drops across the entire 
aorta can also be calculated and can come in very useful in 
lesions such as coarctation of the aorta [59]. In addition, wall 
shear stress can be derived from 4D flow images in the aorta 
in patients, for example, with a bicuspid aortic valve [60]. 
Finally, as a last example, new metrics such as energy loss 
can be measured and assessed in congenital heart disease, 
such as in the single ventricle [61] (Fig. 1.14).

1.8.5.5  Magnetic Resonance Angiography (MRA) 
(Figs. 1.20, 1.21, 1.24, and 1.25)

Magnetic resonance angiography, most based on intravenous 
gadolinium diethylenetriamine pentaacetic acid (Gd-DTPA), 
can determine detailed anatomy such as major pulmonary 
and systemic arteries and veins and to glean physiology is a 
key part of the examination. As discussed above, gadolinium 
is a paramagnetic element which is administered in a che-
lated form and is an extracellular agent that changes the mag-
netic property of the tissue or vessel it is in. It markedly 
decreases T1 relaxation and which allows its application to 
distinguish the target structure (e.g., the aorta) from back-
ground (e.g., lung, other mediastinal contents). It is consid-
ered a highly safe substance with adverse events occurring in 
one in 200,000–400,000. Usually a “double dose” of contrast 
is given (for most agents, this is 0.4 cm3/kg; please check the 
labeling of your individual agent).

In the past, much attention has been given to the incidence 
of nephrogenic systemic fibrosis (NSF) in patients with 
chronic, severe renal failure, first described in 2000  in 15 
patients undergoing hemodialysis who presented with 
“scleromyxoedema-like” skin lesions. A detailed discussion 
of this entity is beyond the scope of this chapter; suffice it to 
say that after modifications of gadolinium use, NSF is nearly 
eradicated. Very few reports of children developing NSF 
exist and none under 6 years of age.

In addition, there have also been reports of linear gado-
linium contrast agents accumulating in small amounts in the 
brain of individuals exposed to more than four doses of the 
agent. The recent FDA communication on this issue states 
that although more testing is needed, data supports the notion 
that no adverse effects are noted from this issue.
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Fig. 1.24 Three-dimensional time-resolved gadolinium imaging in a 
coronal view. The images are maximum intensity projections (MIPs) 
and temporally follow the roman numeral from left to right and from 
top to bottom. Each phase can be created into a 3-dimensional image. 
Spatial resolution is an isotropic 1 × 1 × 1 mm and temporal resolution 
is 2.2 s. In I, flow into the superior vena cava (SVC) is seen followed by 
flow into the right side of the heart (II). In III, flow is now seen in the 

pulmonary veins and the beginnings of the aorta (Ao). In IV, flow has 
left the right side of the heart and is now mostly in the pulmonary veins, 
the left side of the heart, and the aorta. In V, flow is seen returning to the 
heart from the systemic veins. Note the interrupted right subclavian 
artery in III and IV (arrows). LPA left pulmonary artery, RPA right pul-
monary artery, RPVs right pulmonary veins

LPA RPARPA LPA
RPA LPA

MPARVRV

Fig. 1.25 Three-dimensional 
right heart reconstructions of 
the patient in Fig. 1.24. The 
right ventricle (RV), main 
(MPA), right (RPA), and left 
pulmonary artery (LPA) are 
clearly seen from an anterior 
(left), posterior (middle), and 
transverse (right) view. The 
RV was removed from the 
transverse view (right) to 
facilitate visualizing the 
branch pulmonary arteries

This can be performed anytime during the examination; 
however, it is performed after cine imaging. It can be per-
formed before or after PCMR; however, if performed before 
PCMR, the contrast agent boosts the signal of the PCMR 
flow sequence, giving better signal to noise and more robust 

data. Since approximately 10 min is needed between gado-
linium administration and imaging for delayed enhancement 
and even more for T1 mapping (see below), the time after 
gadolinium administration but before viability imaging is 
used to perform either phase contrast velocity mapping or 
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3-dimensional static inversion recovery gradient echo imag-
ing (see below). There are two types of contrast-enhanced 
techniques commonly used to evaluate 3-dimensional 
anatomy:

 1. Static 3-dimensional imaging can be utilized to create a 
3-dimension image of the cardiovascular system which 
can be rotated and cut in any plane desired. The 
3- dimensional slab (see Physics section) can be acquired 
in any orientation and can be viewed in its raw data for-
mat, as a maximum intensity projection, a shaded sur-
face display, or as a volume rendered object. As it is a 
3- dimensional acquisition with one frequency encoding 
and two phase encoding directions, the thickness of the 
slices can be much thinner than other techniques—on the 
order of ¾ to 1 mm. As the resolution is higher than other 
techniques in CMR, this type of imaging is used to visu-
alize smaller vessels (e.g., aortic-pulmonary collaterals 
in pulmonary atresia/intact ventricular septum, aortic 
collaterals in coarctation, etc.). Multiple 3-dimensional 
data sets are generally obtained which (a) can separate 
out the systemic and pulmonary circulations and (b) 
increases the chances of successfully imaging what is 
needed.

Older techniques relied on knowing exactly when 
the contrast agent reaches the target vessel to begin the 
3-dimensional sequence. This was performed in either 
two ways: (a) Bolus tracking, where the target structure 
(e.g., the pulmonary arteries in the case of tetralogy of 
Fallot) is imaged with “real-time” sequence during gad-
olinium injection—once the contrast agent is seen to 
arrive at the target structure, the 3-dimensional sequence 
is then obtained. (b) Timing bolus, where a small 
amount of contrast agent is injected and timed to deter-
mine when it will arrive at the target vessel. Injecting 
the full dose of gadolinium followed by the 3-dimen-
sional sequence with a delay placed based on the small 
amount of contrast agent initially given is then per-
formed knowing the gadolinium will arrive at the target 
vessel based on the initial timing bolus. Modifications 
need to be made, depending upon the 3-dimensional 
sequence, if it is “center weighted k-space” or “front-
loaded k-space.”

The current state of the art is performing a static 3D 
sequence (inversion recovery gradient echo imaging with 
ECG gating utlizing the navigator technique and respira-
tory motion adaptation) either immediately after time-
resolved imaging (see below) or with the “slow-drip” of 
gadolinium technique (which finishes administering gad-
olinium in the first 1/3 of the sequence)  [62]. The naviga-
tor technique uses a coil to monitor the diaphragm and 
allows the algorithm to accept all the data within a certain 
range of where the diaphragm is (2–4  mm), adjust as 

needed, and discard the rest. In this way respiratory 
motion is compensated for. This 3D technique is gener-
ally done isotropic and can be performed with resolutions 
as low at 0.6 mm using ferumoxytol (see below). Newer 
techniques under study now allow for creating 3D images 
without the need for a navigator and the sequence moni-
tors the motion of the heart itself, not rejecting any imag-
ing data at all [63].

 2. Time-resolved (dynamic) 3-dimensional gadolinium imag-
ing (Fig. 1.24) is similar to the static version mentioned 
above; however, multiple 3-dimensional data sets are 
obtained in an extremely short period of time (subsecond). 
These 3-dimensional data sets are acquired continuously 
and the bolus of gadolinium is followed through the cardio-
vascular system. This can be performed successfully with 
parallel imaging (multiple coils used), strong gradients and 
slew rates, and advanced software and sequences. Each 
phase of the acquisition can be made into a high-resolution 
(1 mm or less isotropic voxels) 3-dimensional image. This 
approach can be used to image physiology (view shunt 
flow or small connections) as well as determining lung per-
fusion (e.g., regions of lung with higher flows will be much 
brighter than regions of lung with low flow or no flow such 
as with pulmonary embolism).

In either technique, it is recommended, as best as pos-
sible, to acquire isotropic voxels (voxels with the same 
dimensions in all three directions). When acquiring the 
data in this manner, the 3-dimensional image can be 
manipulated and resliced in any plane and the resulting 
image would appear as if it was acquired in that orienta-
tion. In neonates and infants where smaller spatial resolu-
tion is needed, isotropic voxels are also very important 
but signal to noise takes on a very important role; as long 
as the voxel sizes are small, the field of view can remain 
high (i.e., by keeping the matrix high) and signal to noise 
will be preserved.

The advent of a new iron-based contrast agent, feru-
moxytol, had changed the game in pediatrics. It has a 
long half-life of approximately 14 h which means that 
high-resolution imaging can be done in a longer period 
of time without loss of signal (as opposed to a first pass 
technique like cardiac catheterization angiography or 
ultrasound contrast agents). In a large-scale multicenter 
safety trial, it has been found safe in children as well as 
adults [21]. Using the free breathing 3D inversion 
recovery gradient echo sequence, resolutions of 0.8 mm 
can be easily reached in less than 5–7  min in young 
patients, visualizing coronaries in neonates and creat-
ing 4D cine images [20]. With the ability to maintain 
signal, both respiratory and cardiac phases can be 
imaged, yielding 4D cine imaging at different phases of 
the respiratory cycle without the need for a navigator 
for the diaphragm [18].
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1.8.5.6  Viability (Delayed Enhancement) 
(Figs. 1.7 and 1.10) [64]

It is generally believed that infarcted myocardium is less of 
an issue in congenital heart disease than it is in adults and 
there is some truth to this—but just some. Many lesions in 
pediatric cardiology, either in the native state or postopera-
tively, are at risk for myocardial necrosis. The list of diseases 
that may manifest discrete myocardial scarring can be 
divided into three large categories and examples given below.

 1. Native coronary lesions such as anomalous left coronary 
artery from the pulmonary artery or from the opposite 
sinus or coronary fistula or sinusoids in lesions such as 
pulmonary atresia with intact ventricular septum.

 2. Surgical coronary manipulation/postsurgical lesions 
such as transposition of the great arteries after arterial 
switch operation or after a Ross operation where coronar-
ies are manipulated or patients with single ventricle or 
repaired tetralogy of Fallot.

 3. Acquired pediatric heart disease such as Kawasaki’s 
disease, myocarditis, or dilated cardiomyopathy.

 4. Native myocardial lesions such as hypertrophic cardio-
myopathy, Duchenne’s muscular dystrophy, and in tumor 
characterization (e.g., fibroma).

CMR viability imaging, also known as delayed enhance-
ment, has shown to be effective in the detection of myocar-
dial scarring and can be applied to the infant through adult 
with congenital heart disease [65–67]. With viability imag-
ing, intravenous gadolinium chelate, which can freely dis-
tribute in extracellular water but cannot cross intact cellular 
membranes, is delivered to the myocardium and accumulates 
in areas of fibrosis due to increased volume of distribution 
and slower washout kinetics [68]. This imaging technique 
distinguishes areas of myocardial scarring with high signal 
intensity in comparison to viable myocardium.

As examples, many studies have used delayed enhance-
ment to correlate myocardial scarring with heart function 
and clinical outcome in different diseases. Babu-Narayan 
et al. correlated delayed enhancement in transposition of the 
great arteries patients after surgical repair with age, length of 
time after surgery, higher right ventricle end-systolic volume 
index, and lower RV ejection fraction [69]. Babu-Narayan 
et al. also showed correlation of scarring with increased QRS 
duration, QT dispersion, and JT dispersion from ECG exams 
as well as a significantly higher occurrence of arrhythmia/
syncope. Myocardial scarring has also been investigated in 
tetralogy of Fallot patients after repair [70, 71]. RV delayed 
enhancement was shown to correlate with decreased exercise 
tolerance, increased RV indexed end-systolic volume, 
decreased RV ejection fraction, and more documented clini-
cal arrhythmia. Left ventricular delayed enhancement corre-
lated with more arrhythmia, shorter exercise duration, 

increased LV indexed end-diastolic and end-systolic volume, 
and decreased LV ejection fraction. Regions of myocardial 
delayed enhancement have also been known to occur in 
patients with hypertrophic cardiomyopathy [72, 73] and the 
extent of delayed enhancement has been associated with 
clinical markers of sudden death risk and progression to 
heart failure [74].

Regions of irreversible myocardial injury will exhibit 
high signal intensity on T1-weighted images when adminis-
tered gadolinium which significantly shortens the longitudi-
nal relaxation time. Although the mechanism by which this 
occurs is open to debate, it is thought that ruptured cell mem-
branes of myocytes allow the gadolinium to be avidly taken 
up by the scarred myocardium into the intracellular regions; 
this results in increased tissue concentration of the contrast 
agent and, hence, an increased signal intensity. In addition, 
with scar tissue, there is increased interstitial space between 
collagen fibers, allowing for gadolinium to inculcate itself in 
these regions and become more concentrated. This is opposed 
to normally perfused myocardium where the gadolinium is 
subsequently “washed” out by coronary blood flow. The sig-
nal intensity-time curves separate, with the infarcted myo-
cardium gadolinium curve becoming signal intense much 
before perfused myocardium and remaining highly signal 
intense after 5–20 min whereas normal myocardium becomes 
much less so. CMR pulse sequences, first described in the 
literature in the mid-1980s, have taken advantage of this high 
concentration and slow washout of contrast agent when 
attempting to image infarcted myocardium. With segmented 
inversion recovery fast gradient echo sequences and other 
techniques such as steady-state free precession, signal inten-
sity differences between normal and infarcted myocardium 
can be as high as 500%. The technique has been shown to 
accurately delineate the presence, extent, and location of 
acute and chronic myocardial infarction.

After preliminary scout images and cine sequences are 
obtained, 0.1–0.2  mmol/kg of intravenous gadolinium is 
administered. The myocardium is then imaged approxi-
mately 5–20 min after this injection; as neonates and chil-
dren wash out the contrast agent quicker, they are usually 
imaged on the “sooner side” or if imaged later, have a longer 
inversion time (TI) (see below). The sequence makes use of 
a nonselective 180° inversion pulse which spoils all the spins 
in the myocardium (black on the image) and gives it T1 
weighting. The magnetization of tissue goes from +1 to −1 
by this process. As both the myocardial and scar tissue begin 
to recover their spins (enabling the myocardial and scar tis-
sue to “give off” signal), because scar tissue shortens the T1, 
it recovers signal much quicker than normal myocardium. A 
time delay is placed after the 180° inversion pulse (TI) to 
image the ventricle at just the point where the normal myo-
cardium is about to regain signal again (and because the scar 
tissue recovers spins much quicker, can give off signal). That 
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is to say that the TI is chosen between the nonselective 180° 
pulse and the center of k-space of the sequence so that the 
magnetization of normal myocardium is near the zero line 
(i.e., normal myocardium is dark on the image). This allows 
for maximizing the difference in signal intensity between 
scared and normal myocardium; the ventricle is imaged in 
mid-late diastole. TI time can be manually changed as the 
acquisition time continues. Collections of lines of k-space 
generally occur every other heartbeat.

There are a number of recent advances that have further 
refined the ability of CMR delayed enhancement to detect 
myocardial fibrosis. Some manufacturers have implemented 
3-dimensional volumes slabs to allow for thinner slices. 
Steady-state free precession imaging can be used as opposed 
to gradient echo imaging to decrease the time needed for 
image acquisition. In addition, “single-shot” techniques are 
available (as opposed to segmented versions) to obtain an 
entire slice in one heartbeat, further allowing for increased 
coverage of the myocardium in one breath-hold. Motion- 
corrected viability imaging with high signal intensity as well 
as wideband viability imaging allows for improved fidelity 
of the images as well as compensating for motion and metal-
lic artifact respectively.

Further advances have relied on refining the correct TI 
time which, as can be surmised, is a critical component to the 
whole procedure; as mentioned, it is chosen to optimally 
“null” the myocardium (i.e., the time at which normal myo-
cardium crosses the “zero” point of signal intensity) where 
the difference in signal intensity between normal and infarcted 
tissue is maximized. With a TI time that is too short, the nor-
mal myocardium will be below the zero point which will 
cause two issues (a) differences between signal intensities of 
infracted and normal myocardium will not be maximized and 
(b) as the image intensity is a function of the magnitude of the 
magnetization vector, normal myocardium may become 
hyperenhanced and scar tissue may become nulled if the TI is 
shortened enough. On the other hand, if the TI time is too 
long, the normal myocardium will be shades of gray with the 
scar tissue having high signal as well; as one can see, the 
contrast between the two tissues will be reduced. Finally, as 
mentioned already, as gadolinium concentration decreases 
from the myocardium as time progresses, the TI will have to 
be adjusted upwards the longer the time after injection.

To make better choices of TI times, two advances have 
improved the process: (1) “TI scouts” have been developed 
which obtain images at various increments of TI. The imager 
can choose the TI based on this scout as to image which 
appears optimal. (2) A phase-sensitive inversion recovery 
approach can be used which provides consistent contrast 
between normal and scarred tissue over a wide range of TIs. 
This “auto viability” technique maintains signal polarity; the 
inversion recovery preparation pulse and phase reference 
acquisition are interleaved requiring 2 heartbeats.

There are a few pitfalls with viability imaging. In patients 
who cannot hold their breath or with arrhythmias, using cer-
tain viability sequences, image quality can be degraded 
although with single-shot viability imaging and motion- 
corrected versions, this is less of an issue. In addition, ghost-
ing artifacts can occur from tissue which have long T1 values, 
such as pericardial effusion.

1.8.5.7  Multiparametric Mapping (Fig. 1.8)
One of the strengths of CMR is the ability to characterize 
tissue such as discrete fibrosis or tumor characterization. T1, 
T2, and T2 star mapping has emerged as extensions of this 
capability which allows for spatially assessing the relaxation 
times of each one of these spin properties to assess for dif-
fuse fibrosis (extracellular volume), myocardial edema, or 
iron deposition respectively. A disproportionate accumula-
tion of collagen in the heart is an important factor in the eti-
ologies of heart failure, diastolic dysfunction, and sudden 
cardiac death or as a result of valve lesions such as aortic 
stenosis and this generalized increase in collagen can be 
measured by the T1 relaxation time. Similarly, assessment of 
myocardial edema in regions near infarcts or in inflamma-
tory states such as myocarditis would be useful to identify 
and this can be measured by T2 mapping. By the analysis of 
T2* in patients who may have iron overload (thalassemia, 
sickle cell disease, etc.), the amount of myocardial iron pres-
ent can be measured.

There are multiple papers which describe these tech-
niques in great detail which is beyond the scope of this chap-
ter and the reader is referred to them [75–77]. The general 
concept behind, for example, T1 mapping, is acquiring many 
images with different T1 weightings, and the signal intensi-
ties in each are fit to the equation for T1 relaxation. To be 
more specific, the magnetization of the tissues/spins are 
either inverted or nulled with a radiofrequency pulse, and the 
T1-weighted images acquired at different T1 times or times 
after the inversion or saturation. By doing this over multiple 
heartbeats and allowing for the tissue to relax, in between a 
series of tissue excitations, a T1 relaxation curve can be cre-
ated. When this is performed prior to gadolinium administra-
tion (native T1 relaxation time) and after gadolinium (post 
contrast T1 relaxation), with a blood hematocrit, the extracel-
lular volume may be calculated as a percent by:

 

ECV hematocrit
postcontrast myo native myo

postcont

= −( )
−

1

1 1

1

1 1
T T

rrast blood native bloodT T
1 1

1
−

 

An estimate of the hematocrit from the images, also 
termed “synthetic hematocrit,” has been touted to be a good 
substitute for a blood drawn hematocrit [78] but this is con-
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troversial [79]. Similar techniques are used for T2 and T2 star 
but without the use of gadolinium. In the CMR protocol, T1 
mapping is performed prior to gadolinium administration 
and then approximately 15 min afterwards or generally a few 
minutes after viability imaging.

T1 mapping has found utility in multiple areas of pediatric 
congenital and acquired heart disease. For example, in tetral-
ogy of Fallot, expansion of the extracellular space in both the 
right and left ventricles is present [80, 81] and expansion of 
left ventricular extracellular space in adult tetralogy of Fallot 
patients has been linked to adverse events [82].

Similarly, T2 mapping for edema has found utility in the 
adult world in acute ischemia and in both the pediatric and 
adult world as one of the criteria for myocarditis [83]. 
Generally, values over 55–60  ms at 1.5  T are considered 
abnormal.

T2* for Myocardial Iron Assessment In brief, the sequence 
obtains multiple images of the same short axis slice at vari-
ous echo times utilizing a gradient echo sequence. With lon-
ger TEs, the myocardium and liver become increasingly 
dark. Because iron is ferromagnetic, the magnetic properties 
of the myocardium and liver change with increasing iron 
concentration, decreasing the measured T2* (which makes 
the myocardium even darker) relative to normal myocar-
dium. Values <20  ms are considered at risk for decreased 
ventricular function. Chelation therapy is generally modified 
in these patients using this information.

The combination of these techniques of multiparametric 
mapping can be utilized in a whole host of other diseases. 
Literature on amyloidosis, Fabray’s disease, and non- 
ischemic cardiomyopathy has all been published.

1.9  Other Sections of the CMR Protocol

There are a number of other techniques in CMR that are not 
infrequently used but do not fit into the generalized protocol. 
They should be inserted at appropriate points in the 
protocol.

1.9.1  Coronary Artery Imaging (Fig. 1.6) [84, 85]

For CMR to be implemented successfully to image the coro-
nary arteries, two main technical challenges need to be over-
come; that of cardiac motion and respiratory motion. The 
magnitude of both motions greatly exceeds coronary artery 
diameters and in the absence of motion suppression algo-
rithms, would cause blurring and possibly missing the coro-
nary arteries all together. There are multiple other challenges 
as well but these two present the most complex ones. Various 

techniques have been used in the past to overcome these 
motion-related problems and a history of how modern coro-
nary imaging is performed by CMR is beyond the scope of 
this chapter; suffice it to note that it has been a long road to 
the present-day high-quality, high-resolution imaging of the 
coronary arteries.

To compensate for coronary motion, high-quality ECG or 
vector gating is required; peripheral pulse gating would not 
be adequate. In addition, if arrhythmias were present and 
“arrhythmia rejection” algorithms not used, image degrada-
tion will be present. In either case, cardiac motion is com-
pensated for by imaging during the “quiescent phase” of the 
cardiac cycle which is generally mid to late diastole or if the 
patient has a high heart rate (generally >100 beats/min), end- 
systole. End-systole is advantageous as well in that this is the 
phase where the coronaries are most filled with blood. To 
determine the “quiescent phase” of the cardiac cycle, it has 
been our practice to perform a 4-chamber view and left ven-
tricular outflow tract high temporal resolution cine (30–60 
phases depending upon the heart rate), focusing on the atrio-
ventricular groove and aortic annular motion respectively. 
When both of these regions are motionless should be consid-
ered the beginning of the “quiescent phase.” In addition, the 
length of the “quiescent phase” is measured in both views as 
well and is timed only as both structures remain motionless; 
this is helpful in determining how long the “shot time” for 
each heartbeat is (i.e., the amount of time it takes to acquire 
the lines of k-space).

To compensate for respiratory motion, a number of 
approaches have been used in the past including breath- 
holding, chest wall bellows, etc.; however, in the current era, 
the state of the art is utilizing navigator pulses. A navigator is 
used to track motion of a structure and, in this particular 
instance, is used to determine respiratory motion. Most navi-
gators in use today for coronary imaging track the right dome 
of the diaphragm; however, the left hemidiaphragm and the 
anterior chest wall have also been used. Lines of k-space 
accepted into image reconstruction are only those that occur 
when the diaphragm is within certain defined boundaries (i.e., 
within 2 mm of the end-expiratory position of the diaphragm). 
Efficiency is the amount of lines of k-space accepted divided 
by the total lines of k-space. The overwhelming effect of res-
piration on cardiac motion is in the supero-inferior dimension 
and at end-expiration, the ratio between cardiac and diaphrag-
matic displacement ranges from 0.6 to 0.7 and this “tracking 
factor” is used to shift slice position coordinates. Newer 
sequences in development currently track the actual motion 
of the heart and as such, data from every heartbeat is acquired 
yielding an efficiency of 100% [18].

Finally, two other major pre-pulses are used to suppress 
the signal from surrounding tissue. As fat has a relatively 
short T1, a frequency selective fat prepulse can be used to 
saturate the signal from fat surrounding the coronaries. 
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Because the coronaries also course near the epimyocardium, 
cardiac muscle needs to be suppressed as well. Unfortunately, 
blood and myocardium have similar T1 relaxation properties; 
however, their T2 relaxation differs significantly. T2 prepara-
tion pulses are used to enhance the contrast between the 
blood of the coronaries and the myocardium (it also sup-
presses deoxygenated venous blood); magnetization transfer 
contrast is used to image coronary veins.

Uses in congenital heart disease fall into three basic catego-
ries: (a) anomalous coronary artery imaging such as anoma-
lous left coronary artery from the pulmonary artery or 
anomalous coronary arteries from the opposite sinus, (b) 
patient who have had coronary manipulation surgically such 
as transposition of the great arteries after arterial switch or the 
Ross procedure, and (c) acquired coronary artery disease such 
as Kawasaki’s disease or with familial hypercholesterolemia.

1.9.2  Perfusion Imaging (Fig. 1.9)

Perfusion imaging of the myocardium with CMR using con-
trast has the advantage of no radiation, increased spatial reso-
lution (compared to nuclear techniques), and provides 
functional information. Essentially, the concept of myocar-
dial perfusion imaging is simply the relative changes in myo-
cardial signal intensity are assessed during a bolus 
administration of gadolinium contrast agent under both phar-
macological stress (typically either regadenoson, adenosine, 
or much less commonly in pediatrics, dipyridamole) and 
physical stress such as exercise on an MRI-compatible supine 
ergometer and at rest. The contrast agent causes increased 
myocardial signal intensity in proportion to the amount of 
contrast agent passing through each region of myocardium 
which is, in turn, proportional to the amount of coronary 
blood flow. Normally perfused myocardium will have a more 
rapid and intense signal increase under pharmacologic stress 
as compared with rest, while areas supplied by coronary 
arteries with flow-limiting stenosis will have slower and less 
intense rise in signal intensity under stress conditions.

Myocardial perfusion imaging is generally performed as 
a T1-weighted, segmented gradient-echo or steady-state free 
precession implementation. T1 weighting is improved by a 
preparatory radiofrequency pulse at the beginning of the 
sequence; inversion recovery preparation has been utilized 
and provides the greatest contrast between normal and 
abnormal myocardium; however, because it is sensitive to 
arrhythmias, a saturation recovery preparatory pulse is now 
generally utilized that renders the magnetization insensitive 
to arrhythmias, and allowing quantitative assessment of 
results. In general, a stack of 3–6 short axis slices and, if pos-
sible, 4-chamber and long axis views of the ventricle 
(depending upon the disease and parameters chosen) are 
acquired under pharmacologic stress and then, approxi-
mately 15–20 min later, repeated at rest which is finally fol-

lowed by delayed enhancement (see above) 10  min 
afterwards. Images are obtained for every beat or every other 
beat, depending on the sequence.

Analysis of the images depend upon the relative changes in 
signal intensity (either qualitative or semiquantitative) to 
assess for ischemia. Qualitatively, the assessment is performed 
as a cine and visual analysis is performed of the relative signal 
intensity in regions of myocardium; a reduced rate of increase 
in signal intensity or an absolute decrease in signal intensity 
relative to normal myocardium is abnormal. This can be either 
because of (a) hypoperfusion, (b) infarction, or (c) artifact. To 
determine the difference between these, stress and rest perfu-
sion images are combined with delayed enhancement imag-
ing. If the region of abnormal signal intensity corresponds to 
infarcted regions of the ventricle, then the reason for abnormal 
signal intensity is obvious. If it does not, then hypoperfusion 
and ischemia are the reason if the stress images show the 
defect and the rest images do not. It is most likely an artifact if 
both rest and stress images show the defect (but not always) 
and there is a typical artifact pattern (susceptibility artifact, 
Gibbs ringing, or excessive motion of the heart). The visual 
analysis is simple, relatively fast, and has comparable sensitiv-
ity and specificity to nuclear techniques. Semiquantitative and 
quantitative approaches are more time-consuming which 
make it less suitable for routine use; however, it is used in 
some centers and in some studies, which improved the accu-
racy over visual analysis. Quantitative assessment is complex 
using an input arterial function; however, automated quantita-
tive perfusion imaging is being tested at some centers [86].

Perfusion CMR has been investigated since 1990; however, 
because of software and hardware advances, it has gained the 
greatest clinical use since ~2000. Since that time, there have 
been numerous single-center studies demonstrating its clinical 
utility and accuracy. There is limited data in the literature; 
unfortunately, in patients with congenital heart disease, how-
ever, alternatives such as nuclear imaging and cardiac cathe-
terization expose children to radiation; using CMR myocardial 
perfusion imaging for some of these applications has obvious 
potential benefits. Potential applications in congenital heart 
disease include patients who have had coronary artery manip-
ulation (e.g., transposition of the great arteries after arterial 
switch procedure or patients after the Ross procedure), anom-
alous coronary arteries, assessment of cardiac tumors, and 
Kawasaki’s disease. Perfusion imaging is safe in pediatrics 
and this data was recently published in the past few years [87].

1.9.3  Myocardial Strain

Relatively recently, in the echocardiographic world, strain 
has become a hot topic; however, it should be noted the CMR 
was the first noninvasive imaging modality to assess strain. 
As early as 1988, Zerhouni et al. demonstrated how to use 
“myocardial tagging” to assess strain in the heart [88]. Other 
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methodologies have since developed such as “displacement 
encoding with stimulated echoes (DENSE)” [89], strain 
encoded CMR or “SENC” [90], and myocardial velocimetry 
using phase contrast techniques (see below) [91]. These are 
dedicated sequences for strain. Relatively recently, feature 
and tissue tracking can be applied to regular cine imaging to 
extract global, longitudinal, and radial strains [92–95]. 
Regional strain has been found to inversely correlate with 
measures of ventricular fibrosis [96]. Regional strain can be 
utilized to assess for dyssynchrony as well.

A couple of protocols for specific disease states are worth 
mentioning that use the techniques noted above.

1.9.4  Tumor/Mass Characterization (Figs. 1.8, 
1.9, and 1.10)

Characterization of tumors and masses on CMR is very use-
ful as a high likelihood of what the mass is can be obtained. 
Many cardiac tumors and masses can be differentiated from 
each other by their tissue characteristics as well as their loca-
tion, symptoms, and the patient’s age. For example, a lipoma 
will be signal intense on T1-weighted images and become 
signal poor after fat saturation. A hemangioma will become 
signal intense during perfusion imaging and may be indistin-
guishable from the ventricular cavity on the image which is 
one of its characteristics. Tumor characterization by CMR 
includes T1- and T2-weighted images, images with fat satura-
tion, gradient echo imaging, perfusion (e.g., for hemangio-
mas), delayed enhancement imaging, T1-weighted images 
after gadolinium administration, and myocardial tagging. If 
time permits, functional imaging can be used to assess for 
effects of the tumor such as obstruction to flow and decreased 
cardiac output. A multicenter pediatric registry of tumors in 
children and their characteristics was published in 2011 [97].

1.9.5  Arrhythmogenic Right Ventricular 
Dysplasia

With fatty or fibrofatty replacement of myocardium, mostly of 
the right ventricle, arrhythmias can generally result (e.g., left 
bundle branch block tachycardia). In its severest form, the 
right ventricle can become dilated and function poorly with 
dyskinetic wall regions. In addition, there can be right ven-
tricular conduction delay on ECG, inverted T waves, and 
Epsilon waves. As imaging is only one of multiple criteria in 
the 2010 Task Force manuscript, it cannot be utilized in and of 
itself to make a diagnosis but must be combined with other 
criteria [98]. There are criteria for arrhythmogenic right ven-
tricular dysplasia in adults and have been utilized successfully; 
however, when applied to the pediatric population, there is a 
question of how useful it truly is [99]. The CMR findings in 
adults with arrhythmogenic right ventricular dysplasia vary 

from study to study but in general, there is (1) fatty substitu-
tion of the myocardium, (2) ectasia of the RVOT, (3) dyski-
netic bulges or dyskinesia of RV wall motion, (4) a dilated RV, 
(5) a dilated RA, and (6) fixed RV wall thinning with decreased 
RV wall thickening. The protocol includes simply cine for 
ventricular function to assess wall motion and ventricular vol-
umes, phase-encoded velocity mapping of the aortic and pul-
monary valves, and delayed enhancement which was shown to 
be helpful in a couple of studies; solely right ventricular vol-
ume and regional wall abnormalities are in the 2010 Task 
Force criteria. T1-weighted imaging is not utilized anymore for 
evidence of fatty substitution of the myocardium by CMR; it 
is not one of the criteria and must be done by biopsy.

1.9.6 Other Techniques

Because of space limitations, techniques which will not be 
discussed in this chapter but the reader should be aware of are:

• XMR—the combination of CMR and cardiac 
catheterization

• Interventional CMR—performing intervention in the 
CMR suite

• Exercise CMR—utilizing a “CMR-friendly” exercise 
bicycle or other technique to obtain ventricular function 
and flow parameters during exercise

• Fetal CMR—utilizing CMR for evaluation of the heart in 
utero

• BOLD and other T2 techniques for oxygen saturation
• Details of CMR at 3 T as applied to pediatrics and con-

genital heart disease
• Although it was mentioned above details of four- 

dimensional velocity mapping (Fig. 1.26)

Fig. 1.26 Four-dimensional flow in the candy cane view of the normal 
aorta by utilizing a stack of 3-dimensional phase-encoded velocity 
maps. Color code of the velocity is in the lower left of the image
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2MRI Safety

Roger Luechinger

2.1  Introduction

Magnetic resonance imaging (MRI) is a safe diagnostic tool, 
and several 100  million diagnostic studies have been per-
formed safely up to now. However, there have been at least 
17 published cases of patient deaths associated with MRI 
scanning, 10 cases with implanted pacemakers [1, 2], 2 
patients with an insulin pump, 1 patient with a neurostimula-
tor, 1 patient with an aneurysm clip [3], and 3 persons were 
killed by an oxygen tank that was brought into the scanner 
room. The loud noises (up to 120 dBA) induced by the fast 
switching gradient fields make ear protections mandatory for 
all patient. The sources of all these risks are the electromag-
netic fields of the MRI scanner.

In the publication from Delfino et al. [4], a good overview 
of the distribution of different kinds of safety incidents 
related to MRI could be found. The authors searched in the 
MAUDE database (database from the FDA for medical 
adverse events) for MR-related events between 1 January 
2008 and 31 December 2017. From the 1548 events, 59% 
were thermal events, 11% mechanical events (most not MR 
related like finger pinching at the moving patient bed, falls, 
or moving of heavy items by the technologist), 9% projec-
tiles, and 6% acoustic (e.g., reported tinnitus or hearing loss 
of patients/staff in the magnet room due to missing or badly 
placed hearing protection during examinations).

With over 25  million MR scans per year (2017) in the 
USA, the reported 1548 events are small, knowing that the 
number of unreported cases may be larger. MRI is a safe 
diagnostic tool, and the goal must be to avoid any adverse 
events. Among the 1548 events, there were still a larger por-
tion of preventable events. The author of this chapter agrees 
with Delfino et al. [4] concluding: “Our shared safety goal 
should be to bring the preventable adverse event rate to zero.”

Medications or contrast agents used during CMR imaging 
may also pose significant risks. Until 2011, over 400 biopsy- 
confirmed cases of nephrogenic systemic fibrosis (NFS) 
associated with linear gadolinium-based contrast agent 
(GBCA) have been reported in patients with severe renal 
impairment [5, 6].

Besides these known and preventable risks, there are no 
known short- or long-term side effects attributed to the MRI 
magnetic field strengths currently used in clinical practice. It 
should be noted that MRI, like ultrasound, does not use any 
ionizing radiation, thus avoiding the risk of carcinogenesis.

2.2  Safety Risks from MRI Scanner

MRI uses three electromagnetic fields to acquire the images. 
A strong static magnetic field also called B0 is about 30,000 
(1.5 T scanner) or 60,000 (3 T scanner) times the earth mag-
netic field (0.05  mT) and is used to align the spins of the 
proton of the hydrogen atom. For the spatial localization of 
the signal, fast switching magnetic fields, so-called gradient 
fields, are used. The nonionizing radiofrequency (RF) field 
also called B1 field is used to excite the hydrogen protons. 
The frequency of the RF field depends upon the main mag-
netic field (B0) and is of the order of those used by common 
radio waves. However, the used power is much stronger and 
need to be controlled to avoid any negative effects on the 
patient and electronic equipment.

Each of these three electromagnetic fields may pose 
safety risk. The risk may significantly increase if implants 
are present, and this applies also for any device/equipment 
which has not been tested and approved to enter the MR 
scanner room. Possible interactions are summarized in 
Table 2.1.
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Fig. 2.1 The main magnetic field will attract any ferromagnetic 
devices converting them into dangerous projectiles

Table 2.1 Overview of potential risks from the different electromag-
netic fields used in clinical MRI

Electromagnetic 
field Typical range Potential safety risks
Main magnetic 
field
(always on!)

≤7 T
most common 
1.5 T and 3 T

Magnetic force and torque on:
 – Ferromagnetic implants
 –  Ferromagnetic devices, tools, 

beds, etc.
Magnetohydrodynamic effect
Interaction/damage of active 
implants (e.g., hearing aid)
Damage of magnetic storage 
devices, watches, etc.

Gradient field
(on only during 
scanning)

<100 mT/m
<300 mT/m/ms

Noise
Peripheral nerve stimulation
Induced voltages in conducting 
implants
Heating of conducting implants
Interaction/damage of active 
implants
Vibrations

RF field
(on only during 
scanning)

≤300 MHz 
(42 MHz/T)
<25 kW peak

RF-induced burns next to:
 – Extended implants
 –  Long wires or coils on the 

skin
 –  Large loops built with the 

legs or arms of the patient 
(burns at skin to skin 
contact)

Interference/damage of active 
implants
Interference with electric devices 
in the room

2.3  Force and Torque Effects

The magnetic field of MR systems will increase over a short 
distance from earth magnetic field to the field at the isocenter 
of the magnet. During the planning of an MR system instal-
lation, it has to be ensured that the  9 gauss line (0.9 mT) is 
inside the magnet room, or if not possible, then those rooms 
are only accessible to trained staff. In fields lower than 10 
gauss, pacemaker and ICD will not switch mode, and no 
interaction should be expected. By using active shielded 
magnets (nowadays the commonly used magnets), the room 
can be smaller, but the magnetic field will increase faster. 
Ferromagnetic materials can be brought closer to the magnet 
without any noticeable force, but if the magnet is approached 
too close, the magnetic attraction gets high very fast. 
Magnetic forces can be nearly zero at 2 m away from the 
cover, but at the cover, they can be more than 100× the gravi-
tational force (“weight”) of the device, turning ferromag-
netic devices into projectiles. A ferromagnetic item can reach 
a speed of over 50 km/h over a distance of <2 m! Therefore, 
it is absolutely essential that no ferromagnetic devices or 
item is taken into the scanner room (Fig. 2.1), preferable not 

even into the MRI area. Monitoring devices, IV poles, etc. 
have to be tested and labeled as MR conditional before use in 
the MR room.

Some medical devices, like infusion pumps or ventila-
tion devices, are only allowed to enter limited magnetic 
fields. To avoid these devices becoming projectiles, infu-
sion pumps should be stored in a special container. These 
containers and larger equipment that need to be in the mag-
net room should include a continuous monitoring of the 
magnetic field strength with an acoustic alarm if the 
approved limit is approached. If such monitoring of the 
field is not included, attaching the item with a chain to the 
room wall could prevent movement closer to the magnet 
more than allowed.

Patients have to be very carefully screened to exclude fer-
romagnetic implants or ferromagnetic foreign bodies. Four 
cases of fatal accidents associated with magnetic force and 
torque effects have been reported up to date. In 2001, a 
6-year-old boy was killed by a projectile ferromagnetic oxy-
gen tank. The same happened in 2018 in India and 2021 in 
South Korea to two adults. In 1992, a patient with a ferro-
magnetic aneurysm clip died during preparation for MRI, 
laying on the patient bed connected to the MR scanner [3]. 
Another high-risk issue involves ferromagnetic splinter in 
the eye which could lead to blindness because of damage to 
critical organs from motion or rotation of splinter in the 
strong magnetic field. If there is any suspicion of metallic 
splinter in the eye, an X-ray of the eye should be obtained to 
exclude the splinter.
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2.4  Magnetohydrodynamic Effect

Blood is a conductive liquid. If blood is moving orthogonal 
to a magnetic field, charge separation occurs, which results 
in a voltage orthogonal to the magnetic field and the flow 
direction. These voltages may be a potential limitation for 
MRI at very high magnetic fields (>10 T). However, at field 
strengths currently used in clinical practice (7 T or lower), 
there are no known adverse effects from the magnetohydro-
dynamic effect. Nevertheless, the voltages will affect the sur-
face ECG particularly causing distortion of the ST segments. 
Higher magnetic field strength will produce stronger effects 
as shown by Chakeres et al. for magnetic field strengths of up 
to 8 T [7].

The alteration of the ECG may interfere with R-wave 
detection in cardiac-triggered scans resulting in a poor image 
quality. In addition, the diagnostic value of the ECG in a 
static magnetic field is limited, since the S-T segment is 
potentially unreliable. This has to be considered in case of 
patient undergoing stress MRI.

2.5  Gradient Noise

MR scanners may produce noise levels of up to 120 dB(A) 
[8]. Unprotected exposure to noise levels over 80 dB(A) can 
lead to temporary rise in hearing thresholds. Therefore, ear 
protections are mandatory for all MR examinations. Earplugs 
combined with headphones are preferable. If staff or other 
persons have to stay in the scanner room during imaging, ear 
protection is also mandatory for them.

2.6  Peripheral Nerve Stimulation

Fast switching gradients induce currents in the body, which 
may stimulate nerves. However, stimulation of cardiac 
nerves requires 5–10× stronger gradients compared to 
peripheral nerves (gradient slope <1 ms). Therefore, strong 
gradient systems have to be limited in such a way that the 
mean peripheral nerve stimulation threshold will not be 
exceeded. By limiting the gradient system to the mean 
peripheral nerve stimulation, cardiac stimulation can be 
avoided. For very long gradient slopes >10 ms, the graphs in 
the IEC 60601-2-33 ed. 4 standard (main safety standard for 
MR system) indicate that this may no longer be true. This 
will be of relevance for very powerful body gradient systems 
which became available for research in the last few years. 
However, more advanced evaluations [9] indicate that there 
is still a large safety margin even for longer gradient slopes.

Conducting implants may influence the likelihood of 
nerve stimulation, which has to be considered if such 
implants are next to the heart, for example, pacemaker leads.

2.7  RF Heating

The energy of the RF field is partly deposited in the body 
tissues with the concern for body heating during imaging. 
The specific absorption rate (SAR) is the measure of the 
absorption of electromagnetic energy in the body per weight 
(typically measured in watts per kilogram [W/kg]). The 
maximum allowed energy absorbed per volume is limited by 
international standards (IEC 60601-2-33) and controlled by 
the MR scanners. The maximal allowed whole-body SAR (in 
first level control mode) is up to 4 W/kg, which should limit 
the rise of the body core temperature to 1.3°C. Normal oper-
ating mode limits the whole-body SAR to 2  W/kg. This 
mode is recommended for patients with cardiocirculatory 
impairments, cerebral vascular impairments, and diabetes to 
compensate for the impaired thermoregulation in these 
patients. Normal operating mode is also used for pregnant 
women. If the MR unit goes to the limits for deposited RF 
energy, patients may feel the heating effects, especially if the 
thorax is in the isocenter of the MR scanner.

Implants may lead to strong local tissue heating and may 
cause thermal injuries, particularly at the ends of long and 
thin implants. In 2003, a lumbar spine MRI scan at 1  T 
resulted in a 2–3 cm lesion at the tip of an intracerebral elec-
trode of a neurostimulator, resulting in severe permanent dis-
ability [10]. As mentioned above, Delfino et al. [4] found 906 
heating events (out of the 1548 events) reported between 
2008 and 2017 to the FDA, which were further divided as 
39% (348 events) root cause unclear, 28% (257) contact with 
an object (like MR coils (138 events), ECG electrodes/leads 
(39), patient clothing/blankets (21), orthopedic implants (8), 
pulse oximeters (7), tattoos/permanent makeup (6), dermal 
patches (3)), 16% (147) skin-to-skin contact, and 10% (97) 
bore contact. The distribution may be surprising; the largest 
numbers of events are for coil contact, bore contact, and 
skin-to-skin contact. In most of these cases, padding between 
the skin and the other object or skin could prevent the events. 
The needed padding is described in detail in the MR vendor’s 
manuals and must be followed. To predict if a given situation 
will lead to RF burn is very difficult, but it is much easier to 
prevent this potentially dangerous situation.

Cardiac and thoracic imaging has a higher risk for RF 
burns; with the thorax in the RF transmit coil, more RF 
energy is needed compared to head or lower extremity 
scanning. Monitoring cables, coil cables, and patients fill-
ing up the bore due to a larger body size may even further 
increase the risk.

Why does RF burns happen? A high current density 
flow getting in contact with tissue may result in high local 
heating. For example, if a person has a transdermal patch 
with a thin aluminum foil inside, currents run in the alu-
minum and propagate out at both ends of the foil. The 
next worse conductive material is the skin. Since the con-
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ductivity of the skin is lower compared to aluminum, the 
current will converted in a small area to heat, and this may 
be high enough to produce a burn. The same may be true 
for a person sweating in the MRI scanner. If the skin 
touches the bore, there will be a thin film of sweat, and at 
the end of this film, the current will enter the skin. With 
padding, there will be an increased distance to the trans-
mit coil reducing the E fields and therefore the currents. In 
addition, padding may also lead to multiple small areas of 
sweat with dry gaps resulting in further reduced currents.

For longer implants oriented along the E field (parallel to 
the main magnetic field), currents will start to flow in the 
implant, and at both ends, they will leave the implant result-
ing in  local heating of the tissue next to the ends of the 
implants. The amount of heating depends strongly on various 
parameters (length of the implant, the shape of the implant at 
the end, orientation of the implant, location inside the body, 
etc.). In the study from Delfino et al. [4], “only” eight cases 
of burns induced by implants could be found. This is cer-
tainly also a result of good screening of patients and aware-
ness of the problem, but there is also a high likelihood that 
there were many more cases which either not reported or 
even not recognized. Since there are only limited temperature- 
sensitive nerves inside the body, the heating can’t be felt by 
the patient. And if tissue will be damaged at a small location 
at the end of the implant, this may not as easy be recognize 
as a skin burn. Even skin burns may only get visible hours 
after the MR investigations.

Additionally, isolated cable or wires on the skin may be 
another potential risk. In one case in Germany, a badly con-
nected ECG cable resulted in a fire inside the MR system 
[11]. A growing problem is metallic fibers in cloth. Silver 
wires in sport wear and underwear can lead to RF burns in 
MR [12]. In 2010 in Switzerland, a woman had severe skin 
burns at her arms because she was scanned in her blouse 
which had thin metal fibers embedded in the fabric. This case 
highlights the importance of patients changing into hospital 
gowns before scanning.

2.8  Additional Safety Risks 
Due to Implants

Any active or passive implant in the patient has to be care-
fully checked under which condition it is considered safe for 
MRI. Risks of RF heating will be reduced if the implant is 
out of the transmitting RF coil, but they are still exposed to 
the magnetic force and torque effects from the static mag-
netic field.

To define compatibility of an implant with respect to MR 
imaging, the FDA developed labels in 1997 which were 
revised in 2005 by the American Society for Testing and 

Materials International (ASTM): The current set of terms are 
“MR safe,” “MR conditional,” and “MR unsafe.”

It is strongly recommended to use only the wording and 
signs shown in Table 2.2.

Passive implants may interact mainly with the main mag-
netic field (force and torque effects) and RF field which may 
induce heating. Most of currently implanted stents, heart 
valves, sternal wires, cardiac closure and occluder devices, 
filters, embolization coils, and screws are MR conditional. 
Most of them are tested up to 3  T.  However, it should be 
emphasized that such general statements are dangerous. For 
example, most of the aneurysm clips are nonmagnetic; how-
ever, an aneurysm clip implanted in 1968 and imaged in 
1992 was MR-unsafe and resulted in a fatal outcome [3]. For 
many implants, a 6-week waiting period between implanta-
tion and MRI is recommended. These 6 weeks are mainly 
because tissue ingrowth needs about 6–8 weeks. After that 
time, the implant is stable. If an implant should be allowed to 
undergo MRI directly after implantation, implant manufac-
turer needs to prove that there is no additional risk of disloca-
tion during the initial ingrowth period. Patel MR et al. [13] 
showed in a study with 66 patients that with 97 bare metal or 
drug eluting stents, no additional risk of an early MRI could 
be seen compared to a control group. This indicates that for 
implants which show only low magnetic interactions and are 
well fixated in the tissue, the 6-week waiting period may not 
be required, especially if strong forces already act on the 
implant originating from blood flow or muscles. For known 
implants, it is recommended to refer to the manufacturer’s 
product information or reference manuals [14].

The American Heart Association published in Circulation 
an overview on cardiovascular devices [15]: Stents are 
mainly made out of non-magnetic or weekly magnetic mate-
rial. All tested coronary artery stents are nonferromagnetic 
and can be scanned at 3 T or less at any time after implanta-
tion. Nonmagnetic peripheral stents can also be scanned at 
3  T or less at any time. Weak magnetic peripheral stents 

Table 2.2 Terminology used for labeling of implants

MR safe An item that poses no known hazards 
resulting from exposure to any MR 
environment. MR safe items are composed 
of materials that are electrically 
nonconductive, nonmetallic, and 
nonmagnetic

MR 
conditional

An item with demonstrated safety in the MR 
environment within defined conditions 
including conditions for the static magnetic 
field, the time- varying gradient magnetic 
fields, and the radiofrequency fields

 

MR unsafe An item which poses unacceptable risks to 
the patient, medical staff, or other persons 
within the MR environment
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should be determined on a case-by-case basis. If the scan can 
be delayed, it may be prudent to wait until 6  weeks after 
implantation. Peripheral stents may reach a length of over 
10 cm and may be overlapped even longer. Such length may 
lead to RF heating. However, if the vessel with the stent is 
not occluded, blood flow will also produce an additional 
cooling reducing the risk of RF heating. Implant labels will 
take these effects into account, and it is likely that longer 
stents may request a SAR limitation to normal operating 
mode or even lower, particularly if the stent is inside the RF 
body coil or near to it.

Most aortic stent grafts show only limited interactions 
with MRI and are MR conditional. But years ago, there were 
stent grafts implanted which showed high magnetic forces. 
The safety cannot be demonstrated for such a device, but in 
individual cases, after risk-to-benefit evaluation and with an 
informed consent of the patient, scan could be performed 
using 1.5 T MRI scanner.

Prosthetic heart valves, annuloplasty rings, and ster-
nal wires are made out of various mainly nonmagnetic or 
weekly magnetic materials. Some of the annuloplasty rings 
contain no metal and are therefore MR safe. The rest of the 
tested valves, rings, and sternal wires are MR conditional 
[14]. Based on the available literature in a review [15] and a 
reference manual [14], the presence of a prosthetic heart 
valve or annuloplasty ring should not be considered a contra-
indication to an MR examination at 3 T or less any time after 
implantation. MR examination of patients with sternal wires 
is generally considered to be safe.

Cardiac closure, left atrial appendage occluder devices, 
and inferior vena cava filters are made out of nonmagnetic or 
only week ferromagnetic material, and up to now, none of the 
tested devices have been labeled as MR unsafe [14]. Therefore, 
patients with nonferromagnetic cardiac closure, occluder 
devices, or inferior vena cava filters may undergo MR proce-
dures with up to 3 T at any time after implantation. In case of 
weekly ferromagnetic devices, MRI examination in the first 
6 weeks should be considered on a case-by-case basis.

Further information on safety of implants can be 
obtained on:

http://www.mrisafety.com
https://magresource.com/

Active implants may interact with the different electro-
magnetic fields of an MR unit, and safety evaluations are 
much more demanding. Due to the steadily increasing num-
ber of implants, it is not possible to give general advice on 
safety of every implant.

Some adjustable shunts in the brain and other adjust-
able devices have been labeled as MRI conditional and 

may therefore be imaged in MRI, but they need to be read-
justed after MRI. There are other types of active devices 
that may still be considered an absolute contraindication. 
Scanning any kind of active devices like pacemakers, 
implantable cardioverter- defibrillators (ICDs), neurostim-
ulators, and insulin and other drug pumps is more demand-
ing. Different devices will have different restrictions. 
Devices need to be reprogrammed, or medication needs to 
be removed from the pump reservoir, and additional moni-
toring may be needed. In regards to pacemakers, a first MR 
conditional pacing system was approved by the FDA in 
April 2011 for non-thoracic imaging at 1.5  T [16]. With 
additional testing and experience labels were extended for 
whole body scanning and partly also approved for 3 T. At 
present, all major pacemaker, CRT, and ICD vendors have 
MR conditional devices on the market, but labels and 
restrictions differ between vendors and partly even within 
a vendor. Therefore, verifying the label of each pacing sys-
tem is required. The implant manufacturer provides IFUs 
and webpages to simplify the search for the correct label. 
Important: Only pacemaker and leads together from same 
vendor are labeled as MR conditional system. If a pace-
maker from a MR conditional pacing system from one 
vendor is combined with the leads from a MR conditional 
system from another vendor, this should work fine for pac-
ing, but such a system will not be considered MR condi-
tional. This does not mean that MRI is a high risk for such 
a mixed system, but the safety profile is unknown; there-
fore, scanning would be off label.

A lead no longer connected to a device or a broken lead is 
a contraindication for MRI. The major risks to scan active 
cardiac devices in MRI are RF heating of the tissue around 
the lead tip [17], inappropriate inhibition and/or stimulation 
[18], and stimulation of the heart by the gradients. In addi-
tion during MRI, device therapies may be turned off, and the 
patient may not be protected by the device. A good overview 
over the potential risk of pacemaker, CRT, or ICDs and also 
guidelines how such patient can be scanned safely are given 
in 2017 HRS consensus statement [19, 20]. These publica-
tions gave also guidelines to scan off-label devices which are 
not MR conditional.

A MR conditional label does not mean that there is no risk 
for the patient; rather the risk is acceptable for a clinical 
examination. If a device has no MR conditional label, the 
physician must make a risk to benefit evaluation. In addition, 
for most devices, a reprogramming may be needed before and 
after the MR examination. Some devices may only need the 
reprogramming some days before the MRI, and the device 
will only switch to the MR mode when it detects the strong 
magnetic field, and a few days after the MRI, the “MRI mode” 
will be disabled.

Table 2.3 summarizes the classification of different pas-
sive and active implants in risk classes.

2 MRI Safety
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Table 2.3 Overview over the risk of MRI in patients with implants or other foreign parts in their bodies

 

Absolute contraindication Any implant known to be MR unsafe
Unknown active device
Unknown ferromagnetic implant
Unknown aneurysm clips
Metallic fragment in the eye or near sensitive tissue (larger nerves or 
blood vessels)

 

Relative contraindication
Scanning only possible after risk-to-benefit analysis and 
written informed consent

Active implants (pacemaker and ICD which has not been tested → see 
guidelines  
[19, 20])
Implants with magnets: cochlear implant, dental implants, medication 
pumps: removable devices – if all parts can be removed → scanning is 
OK if all parts can be removed before entering the magnet room. If 
parts with magnets can’t be removed: risk of rotation and 
demagnetization of the device magnet. Follow instruction from 
implant manufacturer
Long wires or bars (>8–15 cm → risk of sever RF burns). Reduce the 
SAR of the used sequences to reduce the risk

 

Relative safe:
Most of the cardiac devices mentioned on the right are 
safe to be scanned 6 weeks or more after implantation
Warning: Safety cannot be guaranteed if not tested or 
new devices may be MR unsafe! Long thin implants 
(>8 cm) may heat up strongly and SAR restriction may 
be needed

Stent, coils, grafts, valve, filters, occluder, sternal wires, and 
orthopedic implants (plates, screws)

 

Safe to scan:
Devices where the label can be found and the label will 
be followed

Any MR conditional devices or implants

 

Safe to scan at any time and without any restrictions Patients without any implant or with MR safe implants. Patient not 
anesthetized and no restriction of thermal regulation

2.9  Gadolinium-Based MR Contrast 
Agents

In addition to the rare allergic reactions caused by these 
GBCA, another complication was observed since 2000 with 
serious outcomes [21]. Several aspects on MR contrast 
agents are discussed in the ACR Manual on Contrast Media 
edition from 2021 [6].

2.9.1  Nephrogenic Systemic Fibrosis (NSF)

In 2006, Grobner et al. proposed an association between NSF 
and GBCA administration [22]. NSF involves fibrosis of the 
skin and connective tissues, which can lead to contractures 
and joint immobility, later on involving other organs like the 
lungs, liver, muscles, and the heart, in some cases leading to a 
fatal outcome. NSF develops over a period of days and weeks. 
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About 5% of patients with NSF may show a rapidly progres-
sive and severe course. More than 580 cases have been 
reported to the registry so far. NSF only occurred in patients 
with renal dysfunction, typically with a glomerular filtration 
rate (GFR) of <30  mL/min/1.73  m2, and/or in patients on 
hemodialysis. In case of suspected NSF, skin biopsy should 
be done to confirm or exclude the diagnosis. Evidence for an 
effective treatment of NSF is not available to date.

After regulatory authorities have issued guidelines on the use 
of gadolinium-containing contrast agents, the number of new 
cases of NSF reduced to almost zero. However, it is important 
that these guidelines should be followed in the future.

2.9.2  Types of GBCM

Linear chelates for gadolinium like Magnevist, Omniscan, 
and OptiMARK show an increased risk for NSF, while mac-
rocyclic chelates for gadolinium were associated with few, if 
any, unconfounded cases of NSF. The exact patho- mechanism 
by which GBCA may trigger NSF is not known. In patients 
with severe renal impairment, GBCA are eliminated slower, 
and Gd3+ ions may be released into the body from the chelate 
complex, e.g., by transmetallation with ions from the body 
(e.g., zinc, iron, calcium, magnesium). Free Gd3+ can accu-
mulate in tissue and cause toxicity leading to fibrosis.

2.9.3  Regulatory Position

2.9.3.1  FDA
FDA required in December 2017 a new class warning and 
other safety warnings for all GBCA (https://www.fda.gov/
media/109825/download; last accessed 11.1.2022). It states 
that a small amount of the Gd may stay in the body for month 
to years after injection. The safety warning included the 
requirement to update the patient medication guide, which 
must be read by the patient before administering GBCA. The 
healthcare professionals should consider the retention char-
acteristics of each agent when choosing a GBCA.  These 
patients include those requiring multiple lifetime doses, 
pregnant women, children, and patients with inflammatory 
conditions. Minimize repeated GBCA imaging studies when 
possible, particularly closely spaced MRI studies. However, 
do not avoid or defer necessary GBCA MRI scans.

FDA clearly states that the linear GBCA result in more 
retention and retention for a longer time than macrocyclic 
GBCAs. Among the linear contrast agents, the gadolinium 
levels remaining in the body are higher after administration 
of Omniscan (gadodiamide) or OptiMARK (gadoverset-
amide) than after Eovist (gadoxetate disodium), Magnevist 
(gadopentetate dimeglumine), or MultiHance (gadobenate 
dimeglumine). Gadolinium levels in the body are lowest 

after administration of the macrocyclic Dotarem (gadoterate 
meglumine), Gadavist (gadobutrol), and ProHance 
 (gadoteridol), and the gadolinium levels are also similar 
across these agents.

Based on that, the FDA-approved contrast agents 
approved by Dec. 2017 can be classified in three categories. 
See Table 2.4.

FDA states also that the only known adverse health effect 
related to gadolinium retention is the rare condition of NSF 
that occurs in a small subgroup of patients with preexisting 
kidney failure. FDA has also received reports of adverse 
events involving multiple organ systems in patients with nor-
mal kidney function. A causal association between these 
adverse events and gadolinium retention could not be 
established.

In addition, FDA urges patients and healthcare profes-
sionals to report side effects from GBCAs to the FDA 
MedWatch program.

2.9.3.2  Position of the American College 
of Radiology (ACR)

The ACR guidelines [6] gave the following recommenda-
tions based on a slightly different grouping of the contrast 
agent:

Group I: Agents associated with the greatest number of 
NSF cases
• Gadodiamide (Omniscan®—GE Healthcare)
• Gadopentetate dimeglumine (Magnevist®—Bayer 

HealthCare Pharmaceuticals)
• Gadoversetamide (OptiMARK®—Guerbet)

Group II: Agents associated with few, if any, uncon-
founded cases of NSF
• Gadobenate dimeglumine (MultiHance®—Bracco 

Diagnostics)

Table 2.4 Overview of the gadolinium levels after administration of 
the contrast agents approved Dec. 2017 by the FDA. Alphabetical order 
within a group

Gadolinium 
level remaining 
in the body Brand name Generic name

Chemical 
structure

Highest Omniscan Gadodiamide Linear
OptiMARK Gadoversetamide Linear

Moderate Eovist Gadoxetate 
disodium

Linear

Magnevist Gadopentetate 
dimeglumine

Linear

MultiHance Gadobenate 
dimeglumine

Linear

Lowest Dotarem Gadoterate 
meglumine

Macrocyclic

Gadavist Gadobutrol Macrocyclic
ProHance Gadoteridol Macrocyclic
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• Gadobutrol (Gadavist®—Bayer HealthCare 
Pharmaceuticals; Gadovist® in many countries)

• Gadoteric acid (Dotarem®—Guerbet, Clariscan®—GE 
Healthcare)

• Gadoteridol (ProHance®—Bracco Diagnostics)

Group III: Agents for which data remains limited regard-
ing NSF risk, but for which few, if any unconfounded 
cases of NSF have been reported
• Gadoxetate disodium (Eovist®—Bayer HealthCare 

Pharmaceuticals; Primovist® in many countries)

Group II Agents
Based on the most recent scientific and clinical evidence, the 
ACR Committee on Drugs and Contrast Media considers the 
risk of NSF among patients exposed to standard or lower 
than standard doses of group II GBCAs to be sufficiently low 
or possibly nonexistent such that assessment of renal func-
tion with a questionnaire or laboratory testing is optional 
prior to intravenous administration. As in all instances, group 
II GBCAs should only be administered if they are deemed 
necessary by the supervising radiologist, and the lowest dose 
needed for diagnosis should be used.

Group I Agents
The ACR Committee on Drugs and Contrast Media con-
cludes that patients receiving group I GBCAs should be con-
sidered at risk of developing NSF if any of the following 
conditions apply to the patient:

• On dialysis (of any form)
• Severe or end-stage chronic kidney disease (CKD 4 or 5, 

eGFR <30 mL/min/1.73 m2) without dialysis
• Acute kidney injury

Group III Agents
There is insufficient real-life data to determine the risk of 
NSF from administration of group III agents, despite an 
alternative excretion pathway for hepatobiliary agents. Thus, 
it is important to identify patients at risk of developing NSF; 
see above. Further details can be found in the ACR guide-
lines [6] and may differ for outpatients versus inpatients.

2.9.3.3  Position of the European Medicines 
Agency (EMA)

In July 2017, EMA reviewed the use of GBCAs and restrict 
the use of some linear GBCAs and suspend the  authorizations 
of others. The two intravenous linear GBCA gadoxetic acid 
(Primovist®—Bayer HealthCare Pharmaceuticals) and 
gadobenic acid (MultiHance®—Bracco Diagnostics) can 
continue to be used for liver scans because they are taken up 
in the liver and meet an important diagnostic need. In addi-
tion, gadopentetic acid (Magnevist®—Bayer HealthCare 

Pharmaceuticals) given intra-articularly (into the joint) can 
continue to be used for joint scans because the dose of gado-
linium used for joint injections is very low.

For clinical body imaging including cardiac scans, only 
the following three macrocyclic GBCA are still allowed in 
Europe: gadoteric acid (Dotarem®—Guerbet), gadobutrol 
(Gadovist®—Bayer HealthCare Pharmaceuticals), and gado-
teridol (ProHance®—Bracco Diagnostics). These three prod-
ucts can be used in their current indications but in the lowest 
doses that enhance images sufficiently and only when unen-
hanced body scans are not suitable. The review of the litera-
ture concluded that even with the macrocyclic GBCA, there 
is small gadolinium deposition in the brain, which can be 
confirmed with mass spectrometry. But up to now, no adverse 
neurological effects have been attributed to this gadolinium 
deposition.

The EMA document can be downloaded from: https://
www.ema.europa.eu/en/documents/referral/gadolinium- 
article- 31- referral- emas- final- opinion- confirms- restrictions- 
use- linear- gadolinium- agents_en.pdf (last access 12.1.2022).

2.10  Stress Medication for CMR

The use of stress medication (coronary vasodilator—ade-
nosine and regadenoson or sympathomimetic drug—dobu-
tamine) can be an additional risk for cardiac MRI patients. 
Different studies presented the safety profile of the two 
procedures [23–25]. Monitoring of the patient is manda-
tory for any MR investigation using stress medication, 
ECG or pulse oximetry plus blood pressure (every minute 
in case of adenosine/regadenoson and for each step in case 
of dobutamine). The patients have to be screened for the 
specific contraindication of the used stress medication 
[26]. In the study from Wahl et al. [24], the following side 
effects have been listed (seen in over 1000 patients under-
going a high-dose dobutamine stress CMR investigation): 
sustained ventricular tachycardia (0.1%), non-sustained 
ventricular tachycardia (0.4%), paroxysmal atrial fibrilla-
tion (1.6%), transient second degree AV block 2:1 (0.2%), 
severe increase in blood pressure (>240/120  mmHg) 
(0.5%), decrease in systolic blood pressure >40  mmHg 
(0.5%), and nausea (3.1%).

A defibrillator and all medications for emergency treat-
ment must be available at the CMR site. Evacuation of a 
patient from the magnet room and emergency procedures 
should be practiced before the first patient is tested and 
periodically thereafter. It must be clear which emergency 
procedures are allowed inside the magnet room and for 
which procedures the patient must be evacuated from the 
magnet room. Only MR safety trained and screened staff 
are allowed to perform any emergency procedures inside 
the magnet room.
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2.11  Pregnancy and MRI

2.11.1  Pregnancy of Healthcare Practitioner

ACR Guidance Document on MR Safe Practices: Update 
2019 [27] mentioned based on the literature that pregnant 
healthcare practitioners are permitted to work in and around 
the MR environment throughout all stages of their preg-
nancy. However, local guidelines must be followed. For 
example, in Switzerland, the mother protection law from 
2015 forbids a pregnant worker to enter with any body part a 
field larger than 40  mT.  This disallows most of the work 
inside the magnet room.

2.11.2  Pregnancy of Patient

ACR Guidance Document on MR Safe Practices: Update 
2019 [27] reviewed the influence of MRI on pregnancy and 
stated that the vast majority of data today has failed to show 
that exposure to MR has deleterious effects on the develop-
ing fetus, and the preponderance of research studies has 
failed to discover any reproducible harmful effects of expo-
sure of the mother or developing fetus in the 3 T or weaker 
magnetic fields used in routine clinical MRI scanning. 
Nevertheless, if pregnancy is established, the decision to 
proceed with a non-contrast MR study at 1.5 T should be 
based on the medical benefits weighed against unknown 
potential risk.

An MRI investigation which can be postponed after the 
end of pregnancy should be rescheduled. If ultrasound can 
provide adequate information, MRI should not be performed; 
however, MRI should be preferred over imaging modalities 
using ionizing radiation.

If GBCA are needed, the decision should be reevaluated. 
GBCA are known to cross the human placenta and can accu-
mulate in the fetus [28]. No adequate and well-controlled 
teratogenic studies of the effects on pregnant women have 
been performed. The release of gadolinium as seen in NFS 
patients may be a potential risk. Because it is unclear how 
gadolinium-based contrast agents will affect the fetus, these 
agents should be administered only with extreme caution. A 
study from Canada including 1.4  million pregnancies [29] 
indicated that there was an increase in stillbirth or neonatal 
death and increased risk for rheumatologic, inflammatory, or 
infiltrative skin conditions in the newborn after GBCA 
administration in the first trimester. However, the number of 
women which underwent MRI with GBCA was small. The 
reason why the risk of GBCA higher than expected during 
the first weeks of pregnancy is not yet established [30]. 
Pregnant patients should only be scanned after written 
informed consent and limiting the MRI protocol to a whole- 
body SAR of 2 W/kg (normal operating mode).

2.12  Patient Screening

MRI is a very safe diagnostic tool; however, there is potential 
for harm as described above. Screening procedures during 
preparation of patients for MRI would prevent the vast 
majority of those adverse events. Each patient should fill out 
a standardized screening form to identify any contraindica-
tions or safety issues related to MR imaging. However, since 
patient may overlook important points, the questionnaire 
should be followed by an interview by a physician or MR 
technologist specifically trained in MR safety. Implants with 
high safety risks like pacemakers or other active implants 
should be thoroughly investigated during this interview. 
Besides medical implants, metallic fragments especially in 
the eyes can lead to severe injuries. During screening, the 
patients should also be reminded not to take any ferromag-
netic material inside the scanner room such as coins, keys, 
watches, credit cards, etc.

If there are any doubts about the safety of an MR exami-
nation, the MRI investigation should be either postponed 
until it could be verified that the study can be performed 
safely or the examination should be performed with an alter-
native modality. In the rare case that no alternative exists, the 
benefit of the MR examination should clearly outweigh the 
possible risks.

2.13  Patient Monitoring and Emergency 
Situations

Patients undergoing MRI may need monitoring, for exam-
ple, in case of stress medication or electronic devices as dis-
cussed above. The built-in heart rate and pulse oximetry 
sensors of MR scanners are often not monitoring devices  
(a monitoring device must still work in case of a power fail-
ure at the MR system); therefore, additional dedicated mon-
itoring devices are needed. Only MRI-approved monitoring 
devices are allowed within the MRI suit. A defibrillator and 
all medications for emergency treatment should be available 
at the MR site. It must be decided in advance which emer-
gency treatment is allowed in the magnet room and for 
which treatment the patient must be evacuated out of the 
magnet room. In case of doubt, the patient must be moved 
out of the magnet room. Most of emergency equipment is 
not approved to be used in room of the MR system.

2.14  Conclusion

MRI is a very safe diagnostic tool, but there are potential 
risks particularly if a patient with implants or other foreign 
bodies needs to undergo an MRI.  The large number and 
types of medical implants make it impossible to give general 
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advices on MR safety. For detailed information on a specific 
device, the reader is advised to consult the manufactures’ 
product information, reference list, or dedicated web pages 
on MRI safety.

With well-trained staff, screening for implants, and 
awareness of general safety precautions, the vast majority of 
accidents can be prevented. Our shared safety goal should be 
to avoid any preventable adverse event.

Practical Pearls

• MRI is a safe diagnostic tool if staff is well trained and 
patients are thoroughly screened before entering the MR 
room.

• If there are any doubts about the safety of an MR exami-
nation, the MRI investigation should be either postponed 
until it could be verified that the study can be performed 
safely or the examination should be performed with an 
alternative modality.

• If contrast agents are needed, it should be used at lowest 
dose, and depending on the type of contrast agent, the kid-
ney function needs to be checked.

• In case of stress tests, emergency equipment and physi-
cian with ACLS expertise must be present (also true if 
non-MR conditional pacemaker/ICD are scanned).

• Emergency situations should be practiced, and all staff 
must be trained in emergency procedures.

• Hearing protections are mandatory for all patients.
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3Gadolinium-Based Contrast Agents
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Abbreviations

ACR American College of Radiology
AKI Acute kidney injury
CKD Chronic kidney disease
CMR Cardiac magnetic resonance imaging
FDA Food and Drug Administration
GBCA Gadolinium-based contrast agents
Gd3+ Gadolinium
MRI Magnetic resonance imaging
NSF Nephrogenic systemic fibrosis
SPIO Superparamagnetic iron oxide

3.1  Introduction

Gadolinium-based contrast agents (GBCA) were first 
approved for use in MRI by the US Food and Drug 
Administration (FDA) in 1988. The indication for GBCA 
use is to improve the diagnostic and prognostic value of 
magnetic resonance imaging (MRI). GBCA are used in 
approximately one third of all general radiology MRI stud-
ies, with an estimated 50 million doses administered annu-
ally worldwide and over 500  million doses administered 
since its introduction [1]. While the use of GBCA is gener-
ally considered safe, there are important considerations and 
complications that have been recognized with their use, lead-
ing to precautions with administration. This chapter will 
cover the basic physics behind gadolinium as a contrast 
agent, its specific use in cardiac magnetic resonance imaging 
(CMR), and review known associated adverse effects.

3.2  Basic Structure and Physics 
of Gadolinium-Based Contrast Media

Gadolinium (Gd3+) is a rare heavy metal in the lanthanide 
series of the periodic table. It has 7 unpaired electrons, each 
of which contributes to a strong magnetic moment, equiva-
lent to 657 times the magnetic moment of a proton, making 
the atom paramagnetic. In other words, it adds to the external 
magnetic field. This increases the rate of longitudinal relax-
ation of nearby protons, thereby shortening their T1 relax-
ation time [2]. The Gd3+ ion has nine binding sites available, 
which makes the free form of gadolinium salt biologically 
toxic, as these binding sites can bind to other ions and inter-
act with calcium-dependent biological processes [3]. As 
such, organic ligands are used as chelators to bind to eight of 
the nine binding sites, leaving only one site available for 
water to interact with, and, therefore, improving its pharma-
cologic and toxicologic properties.

Classes of GBCA are organized based on their chelator 
properties and divided into linear and macrocyclic based on 
the molecular structure of the organic ligand. In general, 
macrocyclic GBCA are considered more thermodynamically 
stable and more kinetically inert, leading to longer half-lives 
in comparison to linear GBCA [4]. GBCA can also be fur-
ther subcategorized into ionic and nonionic based on their 
net charge in solution, as well as their primary mode of clear-
ance, whether renal, hepatobiliary, or both. The majority of 
GBCA are extracellular agents, though gadofosveset triso-
dium (Ablavar/Vasovist) has a high affinity for protein bind-
ing, making it primarily an intravascular agent [5]. It was 
originally approved by the FDA for use in evaluating aor-
toiliac disease but has since been withdrawn from the market 
by its manufacturer in 2017 due to poor sales [6]. Gadobenate 
dimeglumine (Magnevist) also demonstrates a higher affin-
ity of protein binding but to a lesser degree. The American 
College of Radiology (ACR) has also organized GBCA into 
three groups based on their propensity for causing nephro-
genic systemic fibrosis, or NSF, with group 1 agents being 
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Table 3.1 Gadolinium-based contrast agents used in magnetic resonance imaging

Generic name
Brand name 
(manufacturer) Structure Charge

ACR 
group Type Clearance FDA approval

Gadodiamide Omniscan (GE 
Healthcare)

Linear Nonionic I Extracellular Renal Multi

Gadoversetamide OptiMARK 
(Mallinckrodt)

Linear Nonionic I Extracellular Renal Multi

Gadopentetate 
dimeglumine

Magnevist (Bayer 
Healthcare)

Linear Ionic I Extracellular Renal Multi

Gadobenate 
dimeglumine

MultiHance (Bracco 
Diagnostics)

Linear Ionic II Extracellular Renal (95%)/
hepatobiliary (5%)

Pediatric

Gadoteridol ProHance (Bracco 
Diagnostics)

Macrocyclic Nonionic II Extracellular Renal Multi

Gadobutrol Gadavist/Gadovist 
(Bayer Healthcare)

Macrocyclic Nonionic II Extracellular Renal Cardiac/pediatric

Gadoterate 
meglumine

Dotarem/Clariscan 
(Guerbet)

Macrocyclic Ionic II Extracellular Renal Multi

Gadoxetate disodium Eovist/Primovist (Bayer 
Healthcare)

Linear Ionic III Extracellular Hepatobiliary Multi

Gadofosveset 
trisodium

Ablavar/Vasovist 
(Lantheus Medical)

Linear Ionic III Intravascular Renal Aortoiliac disease 
(discontinued)

associated with the greatest number of NSF cases; group 2 
agents being associated with few, if any, cases of NSF; and 
group 3 agents having limited data regarding NSF risk [7]. 
The currently available GBCA and their respective catego-
ries have been summarized in Table 3.1.

It is important to recognize that in contrast-enhanced 
MRI, the GBCA is not imaged directly. Rather its paramag-
netic effect on the nearby protons results in a shorter T1 
relaxation time and leads to higher signal intensity on 
T1-weighted sequences. Furthermore, GBCA does not only 
shorten T1 but also T2 relaxation times. The effects of GBCA 
on T1 and T2 relaxation times are determined by its relaxiv-
ity (R1 and R2, which are the inverse of T1 and T2, respec-
tively) and its concentration. At lower concentrations, the 
signal intensity is proportional to the concentration of gado-
linium. However, this relationship does not stay proportional 
at higher concentrations. In fact, the signal intensity becomes 
inversely proportional to the gadolinium concentration, 
meaning signal intensity begins to decrease at even higher 
gadolinium concentrations. This is because gadolinium also 
shortens T2 relaxation, and at higher concentrations, the T2 
shortening effect is substantial enough to overcome the T1 
shortening effect and cause signal loss. This has implications 
in CMR as this impacts the ability to quantify blood flow on 
perfusion studies [2].

Due to their extracellular properties, GBCA are useful in 
the evaluation of biological processes that expand the extra-
cellular space. Imaging of the initial perfusion of normal 
myocardium will demonstrate increased signal intensity as 
GBCA enter the microvasculature. However, normal myo-
cardium is primarily composed of intact myocytes with lim-
ited extracellular space. Therefore, GBCA is expected to 
wash out the healthy myocardial tissue. In acute infarction 

with associated necrosis, gadolinium enters the cells due to 
cell membrane rupture. In processes that expand the extra-
cellular space, GBCA lingers and localizes to those areas, 
where it can be identified on late gadolinium enhancement 
images. These processes include chronic scar, where the 
healthy tissue has been replaced with fibrosis, and infiltrative 
processes such as amyloidosis, where amyloid fibrils are 
deposited in the extracellular space and expand the territory 
of GBCA deposition.

3.3  Utilization of GBCA 
in Cardiovascular MRI

GBCA are used in approximately 92% of CMR studies, 
which is significantly more than in general radiology MRI 
studies [8]. Their use in CMR was only recently approved by 
the FDA in 2019, with gadobutrol (Gadavist/Gadovist) gain-
ing specific approval [9]. However, the utility of GBCA in 
CMR has been widely accepted in the medical community 
prior to this approval, and the technical off-label use of other 
GBCA in CMR has been common practice. While non- 
contrast CMR has many applications, such as the assessment 
of basic structure and function, the addition of GBCA pro-
vides significantly more information, which has led to the 
increased use in CMR compared to general radiology 
studies.

The distributive properties of each GBCA are related to 
their specific chelating agent. All currently available GBCA 
are extracellular agents. This property is exploited in the 
assessment of scar and infiltrative processes with late gado-
linium enhancement imaging. Contrast-enhanced imaging 
allows for accurate assessment of cardiovascular anatomy, 
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both of large vessels such as the aorta and pulmonary vessels 
and smaller vessels such as coronary arteries. Contrast can 
be used to assess perfusion of the myocardium to evaluate 
for ischemia, as well as perfusion of the larger vasculature to 
define any anomalous connections or shunts. Contrast 
enhancement also aids in tissue characterization of cardiac 
masses, particularly with perfusion to assess for vascularity 
and late gadolinium enhancement to assess for fibrosis and 
infiltration [10].

Standard doses of GBCA for use in CMR are 0.1–
0.3 mmol/kg of body weight. Lower doses of 0.1 mmol/kg 
are recommended for perfusion studies to mitigate the occur-
rence of dark rim artifact, which tends to occur when the 
brighter contrast of blood pool is juxtaposed to the darker, 
not yet perfused, myocardium. Lower doses also have a more 
linear relationship between contrast agent concentration and 
signal intensity, which can be exploited in semiquantitative 
analyses of perfusion studies [11].

3.4  Adverse Events

Adverse events with GBCA are rare, with rates ranging in 
the literature between 0.07% and 2.4% [7]. Most reactions 
are mild and physiologic, with patients describing a sensa-
tion of cold, warmth, or pain at the injection site, nausea, 
vomiting, headache, or dizziness. Allergic-like reactions are 
uncommon, with rates reported in the literature between 
0.004% and 0.7%. Severe life-threatening reactions such as 
anaphylaxis are extremely rare, with reported rates of 0.001–
0.01% [12, 13]. Fatal reactions have been reported but are 
exceedingly rare [14]. Other complications described include 
extravasation, nephrogenic systemic fibrosis, and brain 
deposition of gadolinium.

3.4.1  Allergic-Like Reactions

Allergic-like reactions manifest similarly to true allergic 
reactions seen with other drugs and allergens. However, an 
antigen-antibody interaction is not always identified, and 
therefore the reactions are termed “allergic-like.” The patho-
genesis of these reactions is unclear, but several mechanisms 
have been postulated, with most involving the activation of 
immune modulators such as histamine, complements, and 
the kinin system. These reactions seem to occur independent 
of dose or concentration [15].

The biggest risk factor for a patient developing an allergic- 
like reaction is having a prior allergic-like reaction to the 
same agent. The estimated increased risk for these patients is 
approximately eightfold. Patients with allergies or asthma 
may have a slightly increased risk compared to the general 
population, but given the extremely low overall reaction rate, 

special procedures for these patients are not recommended. 
Gadobenate dimeglumine (Magnevist) has a specific contra-
indication from the FDA for use in patients with prior 
allergic- like reactions. There is no evidence to suggest cross- 
reactivity between GBCA and iodinated contrast media [7].

Most institutions, including ours, recommend a premedi-
cation regimen of diphenhydramine and prednisone for 
patients with a history of allergic-like reaction to GBCA for 
subsequent exposures. We prescribe prednisone 50  mg by 
mouth 13, 7, and 1 h prior to administration and diphenhydr-
amine 50 mg by mouth 1 h prior to administration. Currently, 
there is no evidence to support the use of a different GBCA 
to prevent recurrence of an allergic-like reaction.

3.4.2  Nephrogenic Systemic Fibrosis

Nephrogenic systemic fibrosis or sclerosis (NSF) is a rare 
but serious disorder characterized by fibrosis of the skin and 
other tissues throughout the body in patients with renal dys-
function. It initially presents as pruritus and skin thickening 
but can progress rapidly and result in contractures and joint 
immobility. Fatal cases have been reported as well. The 
association of NSF with GBCA was first described in 2006, 
at which time guidelines were established to restrict the use 
of GBCA in patients with renal dysfunction [16]. Since the 
implementation of these restrictions, there has been a dra-
matic decrease in the number of cases of NSF. One study 
evaluating the incidence of NSF at two institutions reported 
the incidence pre-adoption of these restrictions as 0.057% 
(37 cases out of 65,240 patients) and the incidence post- 
adoption as 0% (0 cases out of 25,167 patients) [17]. The 
risk of NSF appears to be even lower with the use of group 
2 GBCA, with one systematic review and meta-analysis cit-
ing an incidence of NSF in patients with stage 4 or 5 CKD 
of 0% [18].

The exact mechanism of GBCA leading to NSF in patients 
with renal dysfunction remains unknown. The postulated 
hypothesis is that renal dysfunction prolongs the circulating 
half-life of GBCA, which leads to increased opportunity for 
dissociation of the gadolinium ions from their chelating 
ligands. The free gadolinium ions then bind to anions such as 
phosphate and become insoluble, leading to their deposition 
in skin and soft tissue which causes a fibrotic reaction [19].

Risk factors for NSF include the use of Group 1 or 3 
GBCA and severe renal impairment, which includes patients 
on any form of dialysis, severe or end-stage chronic kidney 
disease (CKD stage 4 or 5, with an eGFR <30), or acute kid-
ney injury (AKI). Given the low to nonexistent risk of NSF 
with group 2 agents, the ACR Committee on Drugs and 
Contrast Media and National Kidney Foundation (NKF) 
consensus statement considers the assessment of renal func-
tion optional prior to the administration of these agents [7]. 
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For other agents (groups 1 and 3), the current ACR/NKF 
consensus statement recommends checking the eGFR within 
2 days of the planned study for inpatients or outpatients with 
most recent prior eGFR <45 or no prior GFR but risk factors 
for renal dysfunction. Risk factors include a need for prior 
dialysis, history of renal transplant, single kidney, kidney 
surgery, renal cancer, or history of CKD or AKI. For outpa-
tients without risk factors and either no prior eGFR or most 
recent prior eGFR >60, repeating the eGFR is not required 
prior to the study. In patients with end-stage renal disease on 
chronic dialysis, group 1 GBCA are considered contraindi-
cated. Groups 2 and 3 GBCA can be administered in this 
population if clinically indicated, without needing to change 
the frequency of dialysis. However, for elective MRI studies, 
it is prudent to perform the study prior to scheduled dialysis, 
particularly if hemodialysis, as it improves the clearance of 
GBCA [1, 7].

3.4.3  Brain Deposition of Gadolinium

Brain deposition of gadolinium was first described in 2014, 
when high MRI signal intensity was noted on unenhanced 
T1-weighted images of the dentate nucleus and globus palli-
dus of patients who had undergone multiple contrast- 
enhanced MRIs in the past [20]. The signal intensity appears 
to correlate to the number of contrast administrations. The 
mechanism of the deposition and its propensity for specific 
areas of the brain is unknown. The deposition has been 
observed to occur despite an intact blood-brain barrier and in 
the absence of clinically evident neurological disease. There 
is no association with renal disease, as is the case with 
NSF. Similarly, there is no apparent association between the 
class of GBCA and brain deposition, with deposits observed 
with linear and macrocyclic agents alike.

Despite the observation of gadolinium deposition in the 
brain, the clinical significance of this remains unclear. To date, 
there has been no demonstration that gadolinium deposition in 
the dentate nucleus or globus pallidus leads to disruption of 
the functions provided by these areas [21]. However, this has 
not yet been substantiated in long-term, prospective studies. In 
2015, the FDA published a safety communication to announce 
the active investigation into the risk and clinical significance 
of these deposits but has not restricted the use of these agents 
based on the current data [22].

3.4.4  Extravasation

Extravasation of contrast is rare and not specific to GBCA. In 
a systematic review of GBCA, the rate of extravasation was 
0.045% [23]. In animal studies, gadopentetate dimeglumine 
(Magnevist) and gadoteridol (ProHance) seem to be less 

toxic to the skin and subcutaneous tissues than iodinated 
contrast media [24, 25]. Progression to compartment syn-
drome with GBCA is extremely rare and likely limited by the 
smaller volumes typically injected for MRI compared to CT 
studies. More peripherally placed IVs increase the risk of 
extravasation.

Symptoms of extravasation vary and are typically related 
to the amount of agent extravasated. Patients may be experi-
ence swelling, stinging, or burning, while others may be 
asymptomatic. On physical exam, the area may appear 
edematous and erythematous and exhibit tenderness to pal-
pation. Patients with extravasation should be examined for 
complications and warned of signs and symptoms of pro-
gression to more serious complications, such as paresthesias, 
decreased motion, or skin ulceration. Treatment options 
include elevation of the affected limb above the heart to pro-
mote resorption of the extravasated fluid and decrease capil-
lary hydrostatic pressure, as well as warm or cold compresses. 
However, there is no evidence to support the efficacy of these 
strategies [26]. Injection of agents, such as corticosteroids or 
hyaluronidase, or aspiration of the extravasated fluid has not 
demonstrated benefit and is not recommended [27, 28].

3.5  Issues with Specific GBCAs

3.5.1  Transient Dyspnea

Severe, transient respiratory motion-related artifact has been 
described in the arterial phase of dynamic T1-weighted gra-
dient echo imaging with the administration of gadoxetate 
disodium (Eovist/Primovist). This phenomenon appears to 
be specific to gadoxetate disodium compared to other GBCA, 
with a study from one institution describing more subjective 
shortness of breath with this agent compared to gadobenate 
dimeglumine (Magnevist) [29]. The frequency of this event 
varies in the literature from 4% to 14%. It is thought to be a 
physiologic reaction without associated bronchospasm, 
which suggests that prophylaxis with corticosteroids is 
unlikely to be beneficial. Risk factors for this reaction include 
prior reaction and COPD. It is also thought to be related to 
the volume of contrast administered [30, 31]. Gadoxetate 
disodium is a hepatospecific GBCA and is used exclusively 
for liver MRI.

3.5.2  Serum Calcium Measurement

Linear nonionic GBCA, such as gadoversetamide 
(OptiMARK) and gadodiamide (Omniscan), have been 
shown to interfere with total serum calcium lab values when 
assessed by the ortho-cresolphthalein assay. The agents spe-
cifically interfere with the assay itself, leading to falsely low 
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serum calcium lab values, but do not cause actual reductions 
in serum calcium. This effect is not seen with other GBCA 
[32, 33].

3.6  Special Populations

3.6.1  Children

CMR is an important modality in the pediatric population 
with congenital heart disease given its ability to define car-
diac anatomy and function without the use of radiation. The 
majority of these studies benefit from the use of GBCA to 
enhance signal intensity for better definition of complex 
anatomy. The different GBCA have variable viscosity and 
osmolality profiles, which can lead to variable intravascular 
fluid shifts, particularly in patients with smaller volumes of 
distribution such as children. However, the overall volumes 
of GBCA administered for standard MRI studies are small, 
which limit the risk of clinically significant fluid shifts in this 
population [7].

Several retrospective studies have observed similar rates 
of allergic-like reactions in children as seen in adults [34]. 
Reported rates of NSF are also low and related to renal dys-
function [35]. While there is no specific evidence to support 
this recommendation, many institutions avoid the use of 
GBCA in neonates due to renal immaturity. Currently, only 
gadobutrol (Gadavist/Gadovist) and gadobenate dimeglu-
mine (MultiHance) are FDA approved for the use in pediat-
ric patients, with a recommended dose of 0.1 mmol/kg. For 
pediatric patients with a prior reaction to GBCA, a similar 
premedication regimen of prednisone and diphenhydramine 
is recommended, with prednisone 0.5–0.7 mg/kg PO (up to 
50 mg) given 13, 7, and 1 h prior to contrast injection and 
diphenhydramine 1.25 mg/kg PO (up to 50 mg) given 1 h 
prior to contrast injection [7].

3.6.2  Pregnant or Women 
of Child-Bearing Age

Gadopentetate dimeglumine (Magnevist) has been shown to 
freely cross the placenta, and this distribution is assumed for 
all GBCA.  There are no known adverse effects to human 
fetuses when GBCA have been given to pregnant women. A 
single cohort study of 26 women exposed to GBCA during 
their first trimester of pregnancy showed no evidence of tera-
togenesis or mutagenesis in their progeny [36]. There is a 
theoretical risk of gadolinium chelates accumulating in the 
amniotic fluid, conferring a potential risk of the toxic-free 
gadolinium ions dissociating and increasing the risk of NSF 
in the mother or child. However, this risk has not been stud-
ied prospectively nor substantiated in retrospective reviews.

In one large retrospective study from Canada, a cohort of 
mothers undergoing any MRI with the use of GBCA was 
compared to a control cohort of mothers who did not undergo 
any MRI at all. The study reported a higher risk of rheuma-
tological, inflammatory, and infiltrative conditions in the 
children born to mothers in the MRI with GBCA group. 
However, the reported risk in the control group was also 
unusually high compared to the general population. 
Furthermore, the study reported an increased risk of stillbirth 
or neonatal death in the MRI with GBCA group compared to 
the control group. However, the rates of stillbirth or neonatal 
death were still overall very low [37]. Given these problem-
atic findings, additional studies are warranted.

Since the risk in this population remains unclear, the cur-
rent ACR recommendation is to use caution when consider-
ing the administration of GBCA to pregnant or potentially 
pregnant patients. The use of GBCA must be considered 
critical, with the potential benefits of use justifying the 
potential unknown risk to the fetus. Group 2 GBCA are pre-
ferred in this population given the lower risk of NSF. Obtaining 
informed consent from these patients prior to GBCA admin-
istration is also recommended [7].

3.6.3  Breastfeeding Women

GBCA are excreted into breast milk, predominantly in its 
stable and chelated form, at <0.04% of the intravascular dose 
given to the mother. Less than 1% of the contrast ingested by 
the infant is then absorbed from the GI tract, resulting in an 
expected systemic dose of <0.0004% of the dose given to the 
mother. Given the very small percentage of the GBCA that is 
excreted into breast milk and then absorbed by the infant’s 
gut, the available data suggests that it is safe for a mother and 
infant to continue breastfeeding after receiving such an agent 
[38]. However, an informed decision to temporarily stop 
breastfeeding should be left up to the mother after these facts 
are communicated. If she remains concerned, she may 
abstain from breastfeeding from the time of contrast admin-
istration for a period of 12–24 h. There is no additional value 
in stopping breastfeeding beyond 24 h, as the dose given to 
the mother has been eliminated by that time. The mother can 
be advised to pump prior to the study to feed the baby during 
the abstinent period and to pump and dump breast milk until 
she feels comfortable resuming feeds. Note the taste of the 
breast milk may be altered by GBCA, which can affect feeds 
during the 24 h following contrast administration [39].

3.6.4  Sickle Cell Disease

In vitro studies have found that applying a strong external 
magnetic field, such as in an MRI scanner, can cause fully 
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deoxygenated, sickled red blood cells to align perpendicularly 
to the field [40]. This can theoretically increase the propensity 
toward vaso-occlusive crises in sickle cell patients undergoing 
MRI. However, these studies were performed in the absence 
of GBCA, and in  vivo studies have not demonstrated any 
increased risk of vaso-occlusive complications in patient with 
sickle cell disease [41]. Nevertheless, the FDA updated the 
package inserts for gadoversetamide (OptiMARK), gadoben-
ate dimeglumine (Magnevist), and gadoteridol (ProHance) to 
recommend the use of caution when administering these 
agents to patient with sickle cell disease.

3.7  Other Non-gadolinium-Based 
Contrast Imaging Agents

3.7.1  Superparamagnetic Iron Oxide 
Nanoparticles

The lingering concerns with the use of gadolinium as a con-
trast agent have led to the development of non-gadolinium- 
based contrast agents. Superparamagnetic iron oxide (SPIO) 
nanoparticles are composed of an iron oxide core and outer 
biocompatible shell. There are four different categories of 
SPIO nanoparticles based on their size: large (>200  nm), 
standard (60–150 nm), ultrasmall (USPIO, 10–40 nm), and 
monocrystalline (10–30  nm) agents. SPIO nanoparticles 
have ferromagnetic properties related to their higher relax-
ation rates, similar to GBCA. However, their dominant effect 
is largely on T2 relaxation, and therefore, they are mainly T2 
accelerators. Of note, two SPIO nanoparticles gained FDA 
approval as liver agents, ferucarbotran (Resovist), and feru-
moxides (Feridex). However, their commercial use was lim-
ited, and as a result, the manufacturers of both agents 
discontinued production and sales in 2012 [42].

Ferumoxytol is an intravenous drug with FDA approval 
for the treatment of iron deficiency anemia in patients with 
CKD. It is an ultrasmall SPIO nanoparticle whose outer car-
bohydrate shell is degraded in order to be incorporated into 
the hematopoietic pathway as iron. It has a long intravascular 
half-life with a safe profile for use in patients with renal dys-
function and high relaxivity, making it a promising alternative 
for use as an MRI contrast agent [43]. The dose required for 
imaging is one-fifth to half of therapeutic dosing. Currently, 
its use in diagnostic imaging is off-label pending systematic 
studies of its dosage, safety, and application in MRI.

3.7.2  Manganese-Based Contrast Agent

Historically, manganese was the first element used in vivo as 
an MRI contrast agent, as it has excellent cardiac, hepatic, 
and renal uptake and significant paramagnetic effects with 

high T1 relaxativity. It is important to note that manganese is 
an essential trace element required as a cofactor and enzyme 
activator for multiple biological processes and plays a role in 
stabilizing mitochondrial membranes from oxidative stress. 
However, at high doses, manganese strongly competes with 
the myocardial uptake of calcium, resulting in significant 
cardiovascular toxicity and cardiac arrest in animal studies 
which halted its further development as a contrast agent. 
Interestingly, as a calcium analogue, manganese can cross 
myocardial L-type voltage-gated calcium channels and 
sodium-calcium exchangers, making it an intracellular myo-
cardial contrast agent [44]. Subsequent work has focused on 
overcoming the potential toxicity and allowing for its utiliza-
tion in the assessment of stunned and viable myocardium, 
which has shown promising results [45].

3.7.3  Molecular Imaging

Molecular imaging refers to the imaging of biological pro-
cesses at the cellular and subcellular level. It requires the use 
of molecular contrast agents targeted toward the cells or tis-
sues of interest [46]. In cardiovascular imaging, examples of 
clinical applications include the imaging of atherosclerotic 
plaques and myocardial injury by targeting cells undergoing 
apoptosis. Initial molecular MRI contrast agents consisted of 
MRI contrast agents conjugated to antibody ligands but have 
since evolved to include small proteins, peptides, and small 
molecule probes. Targets for these contrast agents have tradi-
tionally been cell surface antigens. However, an area of 
increased interest has been the development of probes that 
can be internalized following interaction with specific cell 
surface receptors [47]. While molecular imaging and its role 
in CMR is certainly promising, its current use remains exper-
imental within the realm of clinical research.

3.8  Conclusion

GBCA are routinely utilized in cardiac MRI to assess perfu-
sion and better delineate vascular structures. GBCA also aid 
in tissue characterization and scar identification. Although 
GBCA, especially ACR group 2 agents, have an excellent 
safety profile, there are still important adverse reactions and 
risks to be considered when GBCA are administered. The 
risk of NSF has been dramatically reduced with the adoption 
of renal function screening protocols when ACR group 1 or 
3 GBCA is administered, as well as the increased utilization 
of ACR group 2 agents. Despite the lack of evidence that 
gadolinium deposition in the brain leads to clinically evident 
dysfunction, it is important to limit the use of GBCA, par-
ticularly in the pediatric population, to only when it is 
deemed clinically necessary.
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4Introduction to Congenital Heart 
Disease Anatomy

Pierangelo Renella and J. Paul Finn

4.1  Introduction

Imaging of the complex anatomy associated with many 
forms of congenital heart disease (CHD) requires knowledge 
of the morphology of the various cardiac chambers, valves, 
and extra-cardiac vasculature. For the cardiac diagnostician, 
assembling together the pieces of disordered anatomy is best 
done with the so-called segmental approach. This approach 
breaks down the cardiovascular anatomy sequentially, con-
sidering first the position of the abdominal viscera, next the 
cardiac atria, then the looping pattern of the ventricles, and, 
finally, the position of the semilunar valves and anatomic ori-
entation of the great arteries. In this manner, the various 
forms of CHD may be precisely identified and the proper 
management applied by the clinician. The large field of view, 
good spatial and temporal resolution cine imaging, coupled 
with three-dimensional multiplanar reconstruction and vol-
ume rendering capability of angiographic images, as well as 
the lack of ionizing radiation exposure, make cardiac mag-
netic resonance (CMR) the ideal imaging modality for the 
initial evaluation and serial follow-up of patients with 
CHD. This holds particularly true for adult and postoperative 
patients who may have suboptimal echocardiographic imag-
ing windows. This chapter introduces the segmental approach 

to the diagnosis of CHD vis-à-vis CMR imaging. Each “seg-
ment” of the cardiovascular system is described with particu-
lar attention paid to the distinguishing features of normal 
structures so that abnormal features may be more clearly 
identified. Salient examples of pathology in each segment 
are also presented with their relevant clinical features.

4.2  Viscero-Atrial Anatomy 
and Morphology

The specific arrangement of the various thoracoabdominal 
organs is commonly described as the viscero-atrial “situs.” 
Situs may be classified as solitus (normal arrangement), 
inversus, or ambiguous (Fig.  4.1) [2, 3]. In viscero-atrial 
situs solitus, the abdominal and thoracic organs are arranged 
in the normal fashion, with the liver on the right side, and the 
spleen and stomach on the left. In addition, the right-sided 
lung is normally trilobed with an eparterial bronchus, while 
the left-sided lung has two lobes and a hyparterial bronchus. 
In viscero-atrial situs solitus, the morphologically left atrium 
is left-sided and posterior to the morphologically right 
atrium. Conversely, the morphologically right atrium resides 
rightward and anterior to the morphologically left atrium. 

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/978- 3- 031- 29235- 4_4.

P. Renella (*) 
Department of Radiology Sciences, David Geffen School of 
Medicine, Ronald Reagan UCLA Medical Center,  
Los Angeles, CA, USA 

Department of Pediatric Cardiology, UC-Irvine College of 
Medicine, Children’s Hospital Orange County, Orange, CA, USA 

University of California Los Angeles (UCLA),  
Los Angeles, CA, USA 

Division of Pediatric Cardiology, CHOC Children’s Hospital, 
Orange, CA, USA
e-mail: prenella@mednet.ucla.edu 

J. P. Finn 
Department of Radiology Sciences, David Geffen School of 
Medicine, Ronald Reagan UCLA Medical Center,  
Los Angeles, CA, USA 

University of California Los Angeles (UCLA),  
Los Angeles, CA, USA 

Department of Radiology, Diagnostic Cardiovascular Imaging 
Section, UCLA, Los Angeles, CA, USA
e-mail: pfinn@mednet.ucla.edu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
M. A. Syed, R. H. Mohiaddin (eds.), Magnetic Resonance Imaging of Congenital Heart Disease, 
https://doi.org/10.1007/978-3-031-29235-4_4

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-29235-4_4&domain=pdf
mailto:prenella@mednet.ucla.edu
mailto:pfinn@mednet.ucla.edu
https://doi.org/10.1007/978-3-031-29235-4_4


60

RA RALA LA ??

Situs solitus

Liver

Stomach Spleen Stomach Stomach

?

Spleen

Liver Liver

Situs inversus “Situs ambiguous”

Types of viscero-atrial situs: Atrial localizationFig. 4.1 Types of viscero- 
atrial situs [1]. Shown are the 
three types of spatial 
arrangement of the visceral 
organs and the cardiac atria. 
Situs solitus is the normal 
configuration with the 
stomach and spleen on the left 
side of the body and the liver 
on the right. Situs inversus is 
the mirror image of situs 
solitus. The term situs 
ambiguous is applied when 
there is ambiguity with 
respect to the specific 
sidedness of the organs, and 
the atrial morphology cannot 
be precisely determined. RA 
right atrium, LA left atrium

Table 4.1 Morphological features of the right and left atria

Left atrium Right atrium
Thin “finger-like” appendage Broad pyramidal shaped appendage
Smooth wall Pectinate muscles
Pulmonary venous 
connections

Crista terminalis

Ostium secundum Coronary sinus ostium
Connection of the inferior vena cava
Connection of the superior vena 
cava

Morphological features of left and right atria are presented in 
Table 4.1. Situs “inversus” refers to the mirror image of the 
normal arrangement. The third category, in which elements 
of both situs solitus and inversus coexist in the same patient, 
is termed situs ambiguous (Fig.  4.1). Several different 
 permutations of the thoracic and abdominal organ locations 
are possible in situs ambiguous, including the presence of 
two morphologically left or right atria and/or two morpho-
logically left or right bronchi. The liver may be either on the 
left side or transverse in location. The stomach may be found 
on either side of the abdominal cavity [3, 4].

4.2.1  Heterotaxy Syndrome

In the heterotaxy syndrome, various aberrations of thora-
coabdominal organ right-left orientation may be seen 
(Fig. 4.2). There exist several published definitions of het-
erotaxy. A unified definition was proposed by the 
International Nomenclature Committee for Pediatric and 
Congenital Heart Disease Nomenclature Working Group 

[3]. According to this definition, heterotaxy is “… an abnor-
mality where the internal thoraco-abdominal organs demon-
strate abnormal arrangement across the left-right axis of the 
body.” This definition excludes patients with pure situs 
inversus and includes patients with situs ambiguous. 
Heterotaxy may be associated with either the absence of a 
spleen (asplenia) or with multiple spleens (polysplenia). 
Asplenia has also been labeled “bilateral right-sidedness,” 
and polysplenia has been referred to as “bilateral left-sided-
ness.” For example, a patient with heterotaxy and asplenia 
(i.e., bilateral right-sidedness) may have bilateral morpho-
logically right-sided bronchi and atria, while in heterotaxy 
with polysplenia, there may be bilateral morphologically 
left-sided bronchi and atria. Considerable anatomic varia-
tion can exist among patients with asplenia or polysplenia.

Heterotaxy syndrome is uncommon, occurring in only 
approximately 1% of patients with congenital heart disease 
(CHD) [5]. However, when present, it is often associated 
with severe cardiac abnormalities (Table  4.2). The 1-year 
survival without surgical intervention is poor (<15% in 
asplenia and <50% in polysplenia) [6, 7]. In spite of special-
ized palliative medical and surgical strategies, approximately 
one-third of patients will die or require orthotopic heart 
transplantation within 35 years of Fontan surgery [8].

Transthoracic echocardiography and cardiac catheteriza-
tion have long been successfully applied in patients with het-
erotaxy syndrome. CMR has been also shown to be of value 
in this patient population and, in fact, may be superior in 
terms of precise localization of the thoracoabdominal organs, 
bronchial anatomy, cardiac chamber morphology, and con-
nections of the pulmonary and systemic veins often encoun-
tered in these patients [9, 10].
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a

c d

b

Fig. 4.2 Heterotaxy syndrome with viscero-atrial situs inversus (MR 
steady-state free precession imaging). (a) SSFP image in the axial plane 
through abdomen demonstrating visceral situs inversus (left-sided liver 
and right-sided stomach). Note also that the IVC is on the left and the 
aorta is on the right. (b) SSFP image of atrioventricular discordance in 
a patient with l-loop transposition of the great arteries. In this patient, 
there is viscero-atrial situs inversus with discordant connections of the 

atrial to their respective ventricles. (c) Same patient as in (b) depicting 
abnormal atrioventricular and ventriculo-arterial discordance (“double 
discordance”). The RV connects to the anteriorly and leftward posi-
tioned (l-malposed) aorta. (d) Same patient as in (b). This patient has 
undergone surgical LV to PA conduit placement to bypass native sub- 
pulmonary stenosis. IVC inferior vena cava, LV left ventricle, RV right 
ventricle, LA left atrium, RA right atrium, PA pulmonary artery
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Table 4.2 Cardiac malformations associated with heterotaxy 
syndrome

Anatomic 
feature

Asplenia (“bilateral 
right-sidedness”)

Polysplenia (“bilateral 
left-sidedness”)

Liver position Transverse (76–91%) Transverse (50–67%)
Lung lobes Bilaterally trilobed 

(81–93%)
Bilaterally bilobed 
(72–88%)

Bronchial 
morphology

Bilaterally eparterial 
(95%)

Bilaterally hyparterial 
(68–88%)

Superior vena 
cava

Bilateral (46–71%) Bilateral (33–50%)

Inferior vena 
cava

Interrupted with azygos 
continuation (rare)

Interrupted with azygos 
continuation (58–100%)

Pulmonary 
veins

Total anomalous 
connection (64–72%)

Anomalous drainage 
(normal connection) due 
to atrial septal 
malalignment (37–50%)

Atrial 
morphology

Common atrium (57%) Common atrium 
(25–30%)

Cardiac crux AV canal defects 
(84–92%)

AV canal defects (80%)

Ventricles Functional single 
ventricle (44–55%)

Functional single 
ventricle (37%)

Cardiac 
position

Dextrocardia (36–41%) Dextrocardia (33–42%)

Ventriculo- 
arterial 
connection

Double outlet right 
ventricle (82%); 
transposition of the 
great arteries (9%)

Double outlet right 
ventricle (17–37%)

Adapted from Bartram et al. [5]

4.3  Veno-Atrial Connections

Two distinct venous systems connect to the cardiac atria: the 
systemic veins (inferior vena cava, superior vena cava, 
hepatic veins, coronary sinus) and the pulmonary veins 
(Fig. 4.3). The systemic veins carry deoxygenated blood to 
the morphologically right atrium. Conversely, the pulmonary 
veins carry oxygenated blood to the morphologically left 
atrium. In fact, as already reviewed in Table  4.1, the very 
connections of the coronary sinus (CS) and inferior vena 
cava (IVC) to the right atrium help define it as the morpho-
logically right atrium (Table 4.1). Similarly, the connections 
of the pulmonary veins are one of the distinguishing features 
of a morphologically left atrium.

4.3.1  Systemic Venous Connections

The superior vena cava (SVC) forms from both brachioce-
phalic (innominate) veins. There is usually a single right 
SVC, although it is possible to have a single left SVC (with 
an absent right SVC) or bilateral SVCs (with or without a 
bridging vein). The right SVC normally courses anterior to 
the right pulmonary artery and against the posterolateral 
aspect of the ascending aorta before connects to the roof of 
the morphologically right atrium (Fig. 4.3a) [11].

The IVC receives systemic venous drainage from the 
lower body, including the retroperitoneum, portal circula-
tion, and lower extremities (Fig. 4.3b). After traversing supe-
riorly, it courses within the liver and through the diaphragmatic 
hiatus to reach the floor of the right atrium [11]. This nor-
mally occurs on the right side of the body but may be on the 
left or even midline, depending on the atrial situs. In atrial 
situs inversus, for example, the IVC may connect to a mor-
phologically right atrium located on the left side of midline. 
The intrahepatic portion of the IVC may be absent (inter-
rupted) as a normal variant or in the heterotaxy syndrome, 
particularly the polysplenia subtype (as described above). In 
this case, the IVC blood would continue to the SVC via the 
more posteriorly located azygos vein [12, 13].

The coronary sinus (CS) is the confluence of the majority 
of the coronary venous drainage and opens normally to the 
morphologically right atrium (Fig. 4.3c). It may also receive 
a persistent left superior vena cava (LSVC) or an anoma-
lously connected pulmonary vein (or veins). In rare instances, 
the CS may be “unroofed” and thus open directly into the 
morphologically left atrium, resulting in an abnormal right- 
to- left shunt. Complete atresia of the CS ostium has also 
been reported [11].

The hepatic veins typically drain to the IVC directly and/
or the floor of the morphologically right atrium (Fig. 4.3d). 
In the case of an interrupted IVC with azygos continuation, 
the hepatic veins will connect directly to the floor of the 
morphologically right atrium. Naturally, when there is 
viscero- atrial situs inversus, the hepatic veins may be found 
left of midline. In situs ambiguous, the hepatic veins may 
drain in the midline to a common atrium of indeterminate 
morphology or have separate connections to one or both 
atria.

4.3.1.1  Total Anomalous Systemic Venous 
Connection

Very rarely all the systemic veins connect anomalously to the 
morphologically left atrium. This is known as total anoma-
lous systemic venous connection. In this lesion, there is usu-
ally a single left SVC connecting to an unroofed CS, such 
that venous drainage from the upper body drains directly to 
the left atrium. In addition, the IVC is interrupted with con-
tinuation via the azygos vein to the left SVC.  Finally, the 
hepatic veins also anomalously connect to the floor of the left 
atrium. Most often, this condition occurs in the setting of 
heterotaxy and complex cyanotic CHD [12]. In isolation, this 
defect would be expected to cause profound cyanosis. 
However, arterial saturation may be somewhat improved by 
a bidirectional atrial level shunt (e.g., in the setting of a com-
mon atrium). An example of a variant of this lesion is 
depicted in Fig. 4.4. Surgical repair may consist of an intra- 
atrial baffle constructed to direct the IVC, SVC, and CS flow 
appropriately to the right atrium [12].

P. Renella and J. P. Finn
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a b

c d

Fig. 4.3 Normal systemic and pulmonary veno-atrial connections. (a) 
The superior vena cava (SVC) carries venous drainage from the upper 
body to the morphologically right atrium (asterisk). (b) The inferior 
vena cava (IVC) carries lower body venous drainage to the morphologi-
cally right atrium (RA), and indeed, this IVC connection is one of the 

defining features of an RA (asterisk). (c) The coronary sinus (CS) 
ostium is another defining feature of a morphologically RA. It carries 
the coronary venous blood (asterisk). (d) The hepatic veins either con-
nect to the IVC and/or directly to the floor of the RA (asterisk)

a b
Fig. 4.4 Total anomalous 
systemic venous connection. 
Contrast-enhanced MRA 
maximum intensity 
projections in the coronal and 
sagittal planes. (a, b) Left 
superior vena cava receiving a 
dilated azygos vein (due to 
interruption of the inferior 
vena cava) with direct 
connection to the left-sided 
atrium (yellow asterisks). The 
right hepatic vein connects to 
the left-sided atrium (yellow 
arrow). In this patient, the 
only systemic vein not to 
connect to the left-sided 
atrium is the right hepatic 
vein (red arrow). Its 
connection is to the right-
sided atrium
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4.3.2  Pulmonary Venous Connections

In the normal heart, venous drainage from the lungs returns 
via the pulmonary veins to the morphologically left atrium. 
In the normal configuration, two pulmonary veins (one upper 
and one lower) from each lung course to the morphologically 
left atrium. The right upper and lower pulmonary veins 
course posteriorly to the right atrium and SVC, while the left 
upper and lower pulmonary veins course just anterior to the 
descending thoracic aorta. The right upper pulmonary vein is 
usually formed by branches from the right upper and right 
middle lobes of the lung. The right upper and right middle 
pulmonary veins typically join together prior to connecting 
to the left atrium. However, as a normal variant, the right 
middle branch may enter the left atrium separately. In addi-
tion, it is not uncommon for the two left-sided pulmonary 
veins to join the atrium as a single common vein [11]. Of 
clinical interest, the cardiac end of each pulmonary vein con-
tains myocardial cells rather than smooth muscle cells [11]. 
This area of the pulmonary veins has been implicated in 
abnormal electrical circuits predisposing patients to atrial 
fibrillation. As such, the proximal pulmonary veins are 
potential targets of transcatheter radiofrequency ablation 
therapy for atrial fibrillation [14]. Pre-procedural planning 
for treatment of atrial fibrillation via transcatheter ablation 
often includes CMR imaging [15].

During embryological development of the pulmonary 
veins, there exist connections between the primitive pulmo-
nary and splanchnic venous plexi. If the common pulmonary 
vein fails to connect to the posterior morphologically left 
atrium, these pulmonary and splanchnic connections persist, 
resulting in anomalous pulmonary venous connections of 
various types [16]. In the case of total anomalous pulmonary 
venous connection (TAPVC), all the pulmonary veins retain 
their embryonic connections to the systemic venous system 
and do not connect directly to the morphologically left 
atrium. These connections may become obstructed and pres-
ent either at birth, or within the first part of infancy, with 
cyanosis and rapid clinical deterioration. In fact, “obstructed” 
TAPVC is one of the few surgical emergencies in pediatric 

cardiology. In partial anomalous pulmonary venous 
 connection (PAPVC), at least one, but not all, of the pulmo-
nary veins connect abnormally.

Three general categories of TAPVC are described based 
on which systemic veins the anomalous pulmonary veins 
maintain an embryonic connection to Fig. 4.5. In decreasing 
order of frequency, these are (1) supracardiac, (2) cardiac, 
and (3) infradiaphragmatic. When the pulmonary venous 
connections consist of some combination of these categories, 
the designation of “mixed” TAPVC is given. The “mixed” 
form of TAPVC is the least common, occurring in only 8% 
of patients [18]. “Supracardiac” TAPVC occurs in approxi-
mately 50% of the cases and consists of pulmonary venous 
blood being redirected via a “vertical vein” (to usually the 
innominate vein) on its way to the right SVC or to a left SVC 
directly [16]. The “cardiac” form of the disease typically 
involves drainage of the pulmonary veins directly to the cor-
onary sinus. The “infradiaphragmatic” form of TAPVC is 
described in detail below.

4.3.2.1  Infradiaphragmatic Total Anomalous 
Pulmonary Venous Connection (TAPVC)

Although a relatively uncommon form of TAPVC, when 
the connection of the pulmonary venous confluence to the 
systemic circulation is via an infradiaphragmatic route, the 
risk of obstruction and subsequent early clinical deteriora-
tion is relatively high. In infradiaphragmatic TAPVC, the 
pulmonary venous blood courses via a “vertical vein” run-
ning parallel to the aorta, through the diaphragm (at the 
esophageal hiatus), connects to the portal venous system, 
and then into the hepatic circulation (via the ductus veno-
sus), on its way to the right atrium (Fig. 4.6). This round-
about pathway back to the heart creates multilevel resistance 
to blood flow. In particular, the more common sites of 
obstruction are at the level of the vertical vein as it passes 
through the diaphragm, from closure of the ductus venosus, 
and/or due to high resistance intrahepatic connections [16]. 
Additionally, due to the complete mixing of pulmonary and 
systemic venous blood in the right atrium, patients may be 
profoundly cyanotic.
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Fig. 4.5 Total anomalous pulmonary venous connection (TAPVC) 
[17]. This diagram depicts the three general categories of TAPVC. (a) 
Supracardiac TAPVC: the pulmonary venous blood returns to the heart 
via a vertical vein to the innominate vein and ultimately to the SVC and 
right atrium. (b) Infracardiac (infradiaphragmatic) TAPVC: a particu-
larly insidious subtype of TAPVC due to its relatively higher propensity 
for pulmonary venous obstruction and clinical deterioration in the neo-

natal period. (c) Cardiac TAPVC shown with direct anomalous pulmo-
nary venous connections to the right atrium (d) and with the more 
common scenario involving anomalous drainage to the right atrium via 
direct connection of the pulmonary vein confluence with the coronary 
sinus. IAC interatrial communication, TAPVC total anomalous pulmo-
nary venous connection. (Copyright 1985 by the Texas Heart Institute, 
Houston. Illustration by Bill Andrews)
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a b
Fig. 4.6 (a, b) 
Infradiaphragmatic 
TAPVC. Infant boy with 
infradiaphragmatic 
TAVPC. The left panel (a) is a 
coronal projection of a 
high-resolution contrast- 
enhanced MR angiogram 
showing all four pulmonary 
veins joining a confluence and 
coursing caudally through the 
diaphragm via a vertical vein 
(asterisk) toward the liver. It 
then drains into the portal 
circulation and subsequently 
to the IVC. The panel on the 
right (b) is a posterior 
projection of a volume 
rendered image of the MR 
angiogram

Table 4.3 Morphological features of the ventricles

Left ventricle Right ventricle
Smooth basal septal surface Muscular infundibulum (outflow 

tract)
Fine trabeculations Coarse trabeculations
Guarded by mitral valve Guarded by tricuspid valve
Prolate ellipsoid (“bullet”) 
shape

Complex pyramidal shape
Moderator band
Relatively thin free wall

4.4  Atrioventricular Connections 
and Ventricular Morphology

The accurate diagnosis of complex CHD depends on cor-
rectly identifying the morphology of the heart chambers, the 
atrioventricular connections, and their specific locations 
within the chest cavity. The anatomic components that iden-
tify the right and left atria are reviewed above (Table 4.1). 
Like the atria, the left and right ventricles also each have 
distinguishing morphological features (Table 4.3). Notably, 
the shape of the morphologically left ventricle (LV) resem-
bles a prolate ellipsoid or “bullet” shape (Fig. 4.7a). It has a 
smooth basal septal surface (asterisk), and the mitral valve 
apparatus attaches to the free wall rather than the ventricular 
septum (“septophobic” attachments). The shape of the mor-
phologically right ventricle (RV) is a complex pyramidal 
shape [19, 20]. It has three distinct parts: (1) inflow portion, 
(2) body and apex, and an (3) outflow or “infundibulum.” 
There is a moderator band located toward the apex, and the 
tricuspid valve apparatus attaches to both the ventricular sep-
tum (“septophillic” attachments) and the RV free wall 
(Fig. 4.7b–d).

After establishing the morphology of the atria and ven-
tricles, attention can then be directed to how the chambers 
connect. In the normal configuration, a given ventricle typi-
cally receives inflow of blood only from its respective atrium 
via one of the two atrioventricular (AV) valves, the mitral or 

tricuspid valve. Normally, the left atrium connects to the LV 
via the mitral valve, and the right atrium connects to the RV 
via the tricuspid valve.

Aberrations of these connections are the basis of some 
forms of CHD. For example, in double inlet left ventricle 
(DILV), both atrioventricular valves connect to a single mor-
phologically left ventricle (see below). The LV would then 
give off either the aorta or the pulmonary artery. In these 
cases, there also exists a small outflow chamber that receives 
blood from the single left ventricle via a bulboventricular 
foramen that then connects to the other great artery. This out-
flow chamber does not have a direct atrioventricular connec-
tion (see below) and thus is not labeled a true ventricle in the 
strict sense.

In the very rare case of a double inlet right ventricle 
(DIRV), the opposite applies. That is, the single morphologi-
cally RV receives the inflow of both the left (“mitral”) and 
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c d

Fig. 4.7 Normal left and right ventricular morphology. (a, b) The 
shape of the morphologically left ventricle most closely approximates 
the shape of a prolate ellipsoid (“bullet” shape). Other distinguishing 
features include a smooth basal septal surface (asterisk) and attach-
ments of the mitral valve to the free wall rather than to the ventricular 
septum. (b) The shape of the morphologically right ventricle is a com-
plex pyramidal shape with an inflow portion, a body and apex, and an 
outflow portion (infundibulum). The presence of the moderator band 

(arrow) is a very reliable feature of a morphologically right ventricle. 
(c) Other distinguishing features include coarse trabeculations of the 
ventricular wall, septal band (S), parietal band (P), and attachments of 
the tricuspid valve to the ventricular septum as well as the free wall 
(“septophillic” attachments). (d) “Cast” of the right ventricle from a 3D 
volume rendered high resolution cardiac MR angiogram highlighting 
the complex geometry typical of an RV (yellow outline)

right (“tricuspid”) AV valves and connects to one of the great 
arteries. Just as in the case of DILV, in DIRV, there also exists 
a diminutive outflow chamber that connects to the other great 
artery. DILV and DIRV have also been referred to as types of 
“univentricular atrioventricular connections.”

Conversely, in the case of complete atrioventricular canal 
defect (AVCD), there are two distinct ventricles with one 
common AV valve rather than separate mitral and tricuspid 
valves (see below). When the common AV valve directs 
blood equally to the two ventricles, it is referred to as a “bal-
anced” AVCD. This results in both ventricles being of ade-
quate size. In “unbalanced” AVCD, however, the common 
AV valve orifice is directed preferentially toward one of the 
ventricles, causing the other to become hypoplastic and often 
not able to handle a full cardiac output. Thus, many patients 

with unbalanced AVCD are not be candidates for standard 
surgical closure of the defect and may in fact require “single 
ventricle” surgical palliation [21].

4.4.1  Unbalanced Right-Dominant Complete 
Atrioventricular Canal Defect (AVCD)

As described above, the complete form of the atrioventricular 
canal defect (AVCD), also known as “atrioventricular canal” 
or “atrioventricular septal defect,” is due to incomplete differ-
entiation of the crux of the heart. This creates a primum atrial 
septal defect (ASD), an inlet ventricular septal defect (VSD), 
and failure of formation of the right and left halves of the atrio-
ventricular canal which become the mitral and tricuspid valves 
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[22]. Physiologically, this can result in a large left-to-right 
shunt and congestive heart failure. AVCD commonly occurs as 
part of more complex CHD, extracardiac defects, and genetic 
syndromes. For example, approximately one-half of AVCD 
patients have Down syndrome [23, 24]. AVCD may also be 
combined with conotruncal defects (such as tetralogy of 
Fallot) in some patients, particularly in those with Down syn-
drome [24, 25]. In general, there are four basic types of AVCD: 
(1) complete, (2) intermediate, (3) transitional, and (4) partial 
(Fig. 4.8) [26]. In the complete form, the AV valve has one 
large common orifice and five or six rudimentary leaflets, 
along with significant primum ASD and inlet VSD compo-
nents. In the intermediate form, there remain significant ASD 
and VSD components, but the AV valve has midline tissue 
dividing it into two distinct orifices. The transitional form is 
similar to the intermediate form, except that the VSD compo-
nent is made smaller by dense attachments of the AV valve 
leaflets to the crest of the ventricular septum. The partial 
AVCD is characterized by simply a primum ASD and a cleft 
mitral valve, but no VSD. The tricuspid valve is usually nor-
mal. Note that all forms of AVCD, except the complete form, 
feature a “cleft” in the mitral valve that points toward the inter-
ventricular septum. In addition, based on the alignment of the 
common AV valve with the ventricles, the flow of blood may 

be directed either equally to the two ventricles (“balanced” 
AVCD) or may favor one ventricle over the other (“unbal-
anced” AVCD). Unbalanced AVCD can be either right- or left-
dominant, depending on which ventricle is larger (Fig. 4.9). A 
“balanced” complete AVCD is presented in Movie 4.1.

4.4.2  Double Inlet Left Ventricle (DILV)

Double inlet left ventricle (DILV) is the most common form 
of “single ventricle” and occurs due to the persistence of the 
primitive state of the bulboventricular loop and failure of the 
atria to properly align themselves with the AV valves [27]. 
This results in the morphologically left ventricle receiving 
the inflow of both atria. In the majority of cases, the outflow 
of the left ventricle usually occurs via a transposed pulmo-
nary artery, and the aorta arises from a rudimentary outflow 
chamber positioned anterior and leftward of the left ventricle 
(Fig. 4.10) [28]. Blood from the LV reaches the great artery 
arising from the outflow chamber via a bulboventricular 
foramen. This outflow pathway is prone to obstruction in the 
sub-valvar, valvar, and supra-valvar areas, as well as distally 
along length of the vessel. For example, in cases where the 
aorta arises from the diminutive outflow chamber, there is an 

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
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Similar physiology – VSD and ASD

Complete Intermediate Transitional Partial

Similar physiology – ASD

AVSD Summary

Fig. 4.8 Summary of atrioventricular canal defects (AVCD) [26]. The 
four basic types of atrioventricular canal defects (AVCD). The “com-
plete” AVCD features large primum ASD and inlet VSD components 
with a truly single common AV valve orifice. The “intermediate” form 
is similar to the complete form, but the AV valves have separate orifices, 
even though there remains a “cleft” in the mitral valve. The “transi-

tional” AVCD is similar to the intermediate form, but the AV valves 
have separate orifices, there is a mitral valve cleft, and there is a rela-
tively smaller VSD component. In the “partial” form of AVCD, there is 
no VSD component, the tricuspid valve is normal, and the mitral valve 
is cleft. ASD atrial septal defect, VSD ventricular septal defect, AV 
atrioventricular

P. Renella and J. P. Finn



69

a b

Fig. 4.9 Unbalanced right-dominant AVCD. (a) SSFP MR imaging in 
the horizontal long axis (“four chamber”) view of a right-dominant 
AVCD. Clearly shown is the primum ASD, the large inlet VSD, and the 
common AV valve which spans across the cardiac crux and separates 
the ASD superiorly and the VSD inferiorly. Note the size discrepancy 

between the ventricles with the RV being dominant. (b) SSFP MR 
imaging in the short axis plane. The common AV valve is disproportion-
ately aligned with the RV, thus resulting in LV hypoplasia. SSFP steady- 
state free precession, ASD atrial septal defect, VSD ventricular septal 
defect, AV atrioventricular, RV right ventricle, LV left ventricle

increased risk of associated coarctation. In approximately 
15% of cases, the great arteries are oriented normally, the 
so-called Holmes heart, with the aorta arising from the LV 
and the pulmonary artery from the outflow chamber. It is also 
possible to encounter a double inlet right ventricle (DIRV), 
but this lesion is considerably rarer.

Physiologically, all types of “functionally single ventri-
cle” exhibit total mixing of venous and arterial blood at the 
atrial and/or ventricular levels. Depending on the balance of 
pulmonary versus systemic blood flow, the patient may be 
deeply cyanotic, less cyanotic but in congestive heart failure 

from a large left-to-right shunt, or have relatively well- 
balanced systemic and pulmonary circulations with mild 
cyanosis but not in congestive heart failure.

Management of patients with single ventricle anatomy 
consists of a staged surgical strategy with the goal of separat-
ing the systemic venous circulation from the heart. First, the 
superior vena cava is anastomosed directly to the branch pul-
monary arteries. Later, this strategy culminates in the Fontan 
surgery where the inferior vena cava is also redirected to the 
branch pulmonary arteries using an artificial conduit (see 
Fig. 4.11 and Movie 4.2).
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Fig. 4.10 Double inlet left ventricle (DILV) [28]. (a) SSFP MR imag-
ing in the horizontal long axis (“four chamber”) view of a patient with 
DILV. Both the left AV or “mitral” (MV) and right AV or “tricuspid” 
valves (TV) are aligned with the single left ventricle (LV). (b) SSFP MR 
imaging in the short axis plane. Note that both atrioventricular valves 

are clearly aligned with the left ventricle (LV). The aortic valve (AoV) 
arises from the anterior and leftward diminutive “outflow chamber” 
(asterisk), as there is no true right ventricle in this lesion. AV 
atrioventricular
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Fig. 4.11 Fontan circulation in two adult patients with single ventricle 
anatomy who have undergone surgical Fontan completion. (a) 
Ferumoxytol-enhanced MR angiogram 3D multiplanar reconstruction 
in the coronal plane demonstrating connections of the superior vena 
cava (SVC) and the inferior vena cava (IVC) to the branch pulmonary 
arteries. The extracardiac artificial Fontan conduit connecting the IVC 

to the pulmonary circulation is noted by the black asterisk. The native 
SVC was directly anastomosed to the branch pulmonary arteries during 
a prior surgery. (b) Posterior projection of a 3D volume rendered 
ferumoxytol- enhanced MR angiogram in a different patient with situs 
inversus who required a left-sided Fontan connection. The black aster-
isk again denotes the Fontan conduit

4.5  Ventriculo-Arterial Connections

Embryologically, both the aortic and pulmonary valves 
become associated with a “pedestal” of tissue known as the 
conus arteriosus overlying the morphologically 
RV. According to one prominent theory, beginning at approx-
imately 30–34 days of gestation, the conus under the aortic 
valve begins to resorb. This allows for the aortic valve to 
move into its conventional position posterior and rightward 
of the pulmonary valve. When the subaortic conus persists 
and the sub-pulmonary conus resorbs instead, the aortic 
valve position is anterior and rightward of the pulmonary 
valve and becomes associated with the RV, leaving the pul-
monary valve to connect to the LV. If the ventricles are nor-
mally looped, this “dextro-transposition” of the aortic valve 
may lead to a condition known as d-loop or complete trans-
position of the great arteries (TGA) (see below) [29]. 
Alternatively, when both sides of the conus fail to resorb, 
association of both the aortic and pulmonary valves with the 
RV occurs and is termed “double outlet right ventricle.”

4.5.1  D-Loop Transposition of the Great 
Arteries (D-Loop TGA, Complete TGA)

In d-loop TGA, the aorta is positioned anterior and rightward 
of the pulmonary artery and is connected to the morphologi-
cally RV, while the pulmonary artery arises more posteriorly 
and leftward from the LV (Fig. 4.12 and Movie 4.3). It is the 
most commonly encountered type of “discordance” of the 
ventriculo-arterial connections, occurring in approximately 
2.4 in 10,000 live births [30]. D-loop TGA is often found in 
isolation with no other associated cardiac or extracardiac 
pathology. The most common subtype is “simple” d-loop 
TGA. That is, the ventricles are normally looped, and there 
are no associated ventricular septal defects (VSD) or other 
cardiac abnormalities. A VSD may be present in approxi-
mately one-half of patients and has been termed “complex” 
d-loop TGA. With a VSD present, there may be associated 
pulmonary valve stenosis/atresia, sub-valvar pulmonary ste-
nosis, or coarctation of the aorta [31].
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Fig. 4.12 D-loop transposition of the great arteries (d-TGA) in a neo-
nate. Ferumoxytol-enhanced MR angiogram 3D multiplanar recon-
struction in the axial and sagittal planes (a, b). (a) The pulmonary artery 
(red arrow) arises posteriorly from the left ventricle (LV). There is a 
ventricular septal defect (VSD) present as noted by the red asterisk. (b) 

The aorta (red arrow) arises anteriorly from the right ventricle (RV). (c) 
Anterior projection of a colorized 3D volume rendering in the same 
patient demonstrating the anterior aorta arising from the RV (both col-
ored in red). The more posterior pulmonary artery is shown colored in 
gold

Physiologically, deoxygenated blood from the RV is dis-
tributed to the systemic circulation via the transposed aorta. 
Oxygenated blood is sent back to the lungs, resulting in inef-
ficient gas exchange. As a result, profound cyanosis may 
occur, particularly in the absence of adequate intermixing 
between the two circulations. Mixing usually occurs via an 
atrial septal defect, VSD, and/or patent ductus arteriosus. 
Inadequate mixing will eventually lead to worsening cyano-
sis and death if not promptly addressed.

4.5.2  L-Loop Transposition of the Great 
Arteries (“Congenitally Corrected” 
Transposition)

In contrast to d-loop TGA, the l-loop variety is considerably 
less common, occurring in approximately 2–7  in 100,000 
live births or 0.5% of all CHD [30, 32]. L-loop TGA is char-
acterized by “doubly discordant” atrioventricular and 
ventriculo- arterial connections. As the name implies the ven-
tricles are l-looped. This allows for the alignment of the mor-
phologically RV with the morphologically left atrium and 
vice versa for the right atrium and LV. The aortic valve in this 
condition is most often positioned anterior and leftward of 

the pulmonary valve and is connected to the right ventricle. 
As such, patients are not typically cyanotic because oxygen-
ated blood from the left atrium courses to the aorta, albeit via 
a “systemic” right ventricle. It is for this reason that l-loop 
TGA has been referred to as “congenitally corrected” or 
“physiologically corrected” transposition.

The vast majority of l-loop TGA patients have associated 
cardiac structural abnormalities. These include VSD, left 
ventricular outflow tract (sub-pulmonary) stenosis, Ebstein’s 
malformation of the tricuspid valve, mitral valve dysplasia, 
and a 2% per year incidence of spontaneous complete heart 
block [32]. In addition, dextrocardia or mesocardia may be 
seen in association with l-loop TGA [33].

4.6  Arterial Malformations (Vascular 
Rings and Slings)

Certain malformations of the aorta and pulmonary arteries 
exist that may lead to external tracheal and/or esophageal 
compression [34]. The most common types are presented in 
Table 4.4. A complete vascular “ring” occurs when various 
components of the aortic arch and ligamentum arteriosum 
completely encircle the trachea and esophagus causing vari-

P. Renella and J. P. Finn



73

Table 4.4 Most common vascular malformations causing external tra-
cheal and/or esophageal compression

Left aortic arch with aberrant right subclavian artery (incomplete 
vascular ring)
Double aortic arch (complete vascular ring)
Right aortic arch with aberrant left subclavian artery (from a 
diverticulum of Kommerell) and left ligamentum arteriosum 
(complete vascular ring)
Left pulmonary artery sling

Adapted from Kussman et al. [35]

Fig. 4.13 Edwards’ hypothetical “double aortic arch with bilateral 
ductus arteriosus” model [34]

able degrees of external compression of these structures. 
With incomplete vascular rings, and in the case of a vascular 
“sling,” tracheal and/or esophageal compression can occur, 
but the involved vascular components do not completely 
encircle the trachea and esophagus.

Vascular rings and slings arise from aberrations in the 
complex sequence of formation and regression of the six 
pairs of embryonic aortic arches that connect the truncus 
arteriosus and aortic sac with the paired dorsal aortae. This 
process has been well described elsewhere [34, 36]. Edwards 
proposed a simplified model of the various types of vascular 
rings and slings by way of a conceptual “hypothetical double 
arch with bilateral ductus arteriosus” model (Fig. 4.13) [37]. 
The Edwards model may be further simplified into a series of 
line drawings, as shown in Fig. 4.14 [34]. By imagining the 
regression of specific segments of this double arch, one may 
arrive at the various types of existing aortic arch anomalies 
(Fig. 4.14).

Although aortic arch anomalies consist of less than 1% of 
all CHD, they may cause varying degrees of tracheal and/or 
esophageal compression and can be diagnosed early in life. 
Some cases are not diagnosed until adulthood and others 
may never be diagnosed at all. In the patient with significant 
wheezing, stridor, feeding intolerance, and/or recurrent air-
way obstruction, it is important to maintain a high index of 
suspicion for vascular malformations, particularly when 
other more common causes have been ruled out [35].

4.6.1  Complete Vascular Rings

The most common complete vascular ring is the double aor-
tic arch. In this lesion, the two aortic arches persist and sur-
round the trachea and esophagus (Fig. 4.14a). In only 5% of 
cases are both arches patent, however. In up to 80% of the 
time the right arch is patent and the left arch is atretic. The 
left arch is patent and the right arch atretic in the remainder 
of cases [38]. It is important to remember that atretic arch 
segments are not usually visualized by imaging techniques 

and must be inferred based upon the appearance of vascular 
outpouchings or based on knowledge of their typical loca-
tion. This also holds true for the ductus arteriosus portion of 
vascular rings.

The second most common complete vascular ring is 
formed by a right aortic arch with aberrant left subclavian 
artery and a left ductus arteriosus (Fig. 4.14c and Movie 4.4). 
In this lesion, the ring is formed by the left common carotid 
artery, the transverse aortic arch, a posterior aberrant left 
subclavian artery, and the left-sided ductus arteriosus. The 
left subclavian artery arises from a remnant of the left fourth 
arch called the diverticulum of Kommerell, which encircles 
the esophagus posteriorly [38].

4.6.2  Incomplete Vascular Ring

A left aortic arch with an aberrant right subclavian artery is 
the most common aortic arch variant with an incidence of 
approximately 0.5% in the general population (Fig. 4.14b) 
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Fig. 4.14 Vascular rings [34, 38]. Line diagram illustrating the origin 
of various types of vascular rings and slings (derived from Edwards’ 
double arch model shown in Fig. 4.13). (a) The double aortic arch is the 
most common type of vascular ring. In this lesion, neither of the dorsal 
aortae regresses. The right most panel is a 3D volume rendered MR 
angiogram of a double aortic arch with an atretic left arch. The atretic 

arch does not fill with contrast, and thus its presence must be inferred. 
(b) Left aortic arch with aberrant right subclavian artery is an incom-
plete ring and, as such, infrequently causes symptoms. (c) Right aortic 
arch with aberrant left subclavian artery is the second most common 
type of vascular ring. The right most panel is a 3D volume rendered MR 
angiogram of this lesion
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[39]. This variation of aorta anatomy forms an incomplete 
vascular ring as the aberrant right subclavian compresses the 
esophagus posteriorly as it traverses toward the right arm. 
This anatomic variant only rarely has any clinical 
consequences.

4.6.3  Left Pulmonary Sling

In left pulmonary artery sling, the left branch pulmonary 
artery arises more distally than normal, branching directly 
off of the right pulmonary artery. The left pulmonary artery 
then courses around the right bronchus and then between the 
trachea and esophagus in order to reach the left lung hilum 
(Fig. 4.15). Approximately half of patients may have associ-
ated complete tracheal rings rather than the normal “C-” 
shaped tracheal rings. Posterior tracheal compression from 
the left pulmonary artery in conjunction with tracheal lumi-
nal narrowing by the complete tracheal rings often manifests 
as stridor, wheezing, and recurrent pneumonia in the neona-
tal period [40].

4.6.4  Coarctation of the Aorta

Narrowing of the aortic isthmus is termed coarctation of the 
aorta and occurs in 6–8% of infants born with CHD [41]. 
Severe coarctation most often presents in the first 1–2 weeks 
of life. After the patent ductus arteriosus closes, there may be 
inadequate blood flow to the lower body leading to circula-
tory shock. The typical location of the narrowing is “juxta-
ductal,” which is the area of the aortic isthmus opposite the 

insertion of the ductus arteriosus (Fig. 4.16). There is often 
an associated long-segment narrowing of the transverse aor-
tic arch proximal to the area of coarctation. Other associated 
defects include bicuspid aortic valve, ventricular septal 
defects, and mitral valve abnormalities.

Oesophagus

Trachea

MPA

LPA

RPA

Fig. 4.15 Left pulmonary artery sling [38]. The left pulmonary artery 
arises more distally off the right pulmonary artery and makes an acute 
turn, coursing in between the trachea and esophagus to reach the left 
lung hilum. This causes the classic anterior compression of the esopha-
gus seen on conventional upper GI imaging
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Fig. 4.16 Coarctation of the aorta. (a) MR contrast-enhanced angiogram 3D multiplanar reconstruction in the sagittal plane demonstrating a 
juxtaductal coarctation of the aorta (red arrow) in a neonate. (b) 3D volume rendered MR contrast-enhanced angiogram of the same

4.7  Conclusion

CMR imaging is ideally suited for the characterization of 
congenital anatomic and physiologic aberrations of the car-
diovascular system. The advantages of CMR over other 
imaging modalities include its noninvasive nature, absence 
of ionizing radiation, the use of a non-iodinated contrast 
agent, comprehensive view of both the intracardiac struc-
tures and extra-cardiac vasculature, quantification of blood 
flow, and myocardial tissue characterization. Continuing 
technical developments in the areas of image processing 
speed, increased spatial resolution, and machine learning 
will ensure CMR’s integral role in the comprehensive assess-
ment of patients with congenital heart disease [42, 43].

Practical Pearls

• CMR imaging allows for a comprehensive assessment of 
intracardiac structures, extra-cardiac vasculature, and 
blood flow.

• The noninvasive nature of CMR and the lack of ionizing 
radiation and iodinated contrast make CMR imaging 
advantageous for congenital heart disease patients who 
require serial lifelong imaging studies.

• In the initial diagnosis and serial evaluation of congenital 
heart disease, CMR should be considered complimentary 
to other traditional imaging techniques such as echocar-
diography and cardiac catheterization.

• CMR in congenital heart disease is ideally performed and 
interpreted in concert with specially trained radiologists, 
cardiologists, and cardiothoracic surgeons.
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5Venoatrial Abnormalities

Henryk Kafka and Raad H. Mohiaddin

5.1  Introduction

Congenital venous anomalies of the thorax may be encoun-
tered in patients with documented congenital heart disease, 
those patients with abnormal echocardiographic findings 
(e.g., dilated right ventricle or pulmonary hypertension), or, 
unexpectedly, in patients having CT scan or magnetic reso-
nance examination of the thorax for other reasons. These 
anomalies can range from the clinically important (partial 
anomalous pulmonary venous connection) to the clinically 
inconsequential (persistent left superior vena cava), and it is 
essential for the physician to be able to identify these anoma-
lies (plus associated intracardiac and extracardiac defects) in 
order to decide whether further imaging and investigation are 
warranted.

Cardiac magnetic resonance imaging can detect the sim-
ple and the complex thoracic venous anomalies. It has the 
advantages of wide field of view, multiplanar capability 
without being restricted by anatomic limitations, ability to 
assess both structure and function, ability to reliably measure 
flow through the use of phase-contrast mapping, the ability 
to rapidly acquire 3-D imaging with MR angiography [1], 
and the lack of ionizing radiation. There are some disadvan-

tages of cardiac magnetic resonance imaging to consider, 
and these include metal-related artifact (an important factor 
in patients with treated congenital heart disease), the amount 
of time required for imaging, the cost of cardiac magnetic 
resonance imaging, concerns about claustrophobia, and 
patient sedation. Even though pacemakers and ICDs had 
been a contraindication to MR imaging in the past, newer 
implantable devices and scanning protocols have now per-
mitted the use of MR imaging in many of these patients.

There have also been concerns about the use of gado-
linium and nephrogenic systemic fibrosis (NSF), but 
recently introduced agents appear to carry smaller risks of 
NSF (Chap. 2). Nevertheless, gadolinium-enhanced MR 
angiography may not be necessary in all cases. Adequate 
visualization of anomalous veins has been demonstrated 
to be possible without the use of gadolinium [2, 3], and 
there have been recent reports of novel techniques without 
the use of intravenous contrast agent that image the pul-
monary veins and arteries just as well as contrast-enhanced 
MRA [4].

Congenital thoracic venous anomalies are classified as 
pulmonary venoatrial anomalies (Table  5.1) or systemic 
venous anomalies (Table  5.2). The pulmonary venoatrial 
anomalies are the more likely to be of clinical significance 
and to have associated cardiac defects. It is, nevertheless, 
still important to identify the systemic venous anomalies 
because they may be confused with more important pulmo-
nary venous anomalies and may lead to unnecessary further 
imaging and investigation.
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Table 5.1 Pulmonary venoatrial anomalies

1. Partial anomalous pulmonary venous connection
   (a) Right-sided veins
    • Superior vena cava or right atrium
    • Scimitar
    • Azygos
   (b) Left-sided veins
    • Left innominate
    • Inferior vena cava, superior vena cava, azygos
2. Total anomalous pulmonary venous connection
   (a) Supracardiac
    • Left innominate vein
    • Right atrium/right superior vena cava
    • Coronary sinus
   (b) Infradiaphragmatic
    • Portal vein
    • Inferior vena cava
3. Pulmonary vein number anomalies
4. Cor triatriatum
   (a) Classic
   (b) Subtotal
5. Central and peripheral pulmonary vein stenosis
   (a) Central
   (b) Peripheral

Table 5.2 Anomalies of systemic thoracic veins

1. Superior vena cava
   (a) Persistent left superior vena cava
   (b) Absent right superior vena cava
   (c) Superior vena cava to left atrium
2. Inferior vena cava
   (a) Interrupted inferior vena cava
   (b) Duplicate inferior vena cava
   (c) Inferior vena cava to left atrium
3. Anomalous left innominate vein
   (a) Retroaortic
   (b) Duplicated
4. Azygos system
   (a) Absent azygos vein
   (b) Azygos lobe

5.2  Pulmonary Venoatrial Anomalies

5.2.1  Pulmonary Vein Development 
and Anatomy

In humans, the lungs, larynx, and tracheobronchial tree are 
derived from the foregut. In early stages of development, the 
lungs are enmeshed by the splanchnic plexus. As pulmonary 
differentiation progresses, part of the splanchnic plexus 
forms the pulmonary vascular bed. Initially, there is no direct 
connection between the heart and the pulmonary vascular 
bed, with the pulmonary vascular bed draining through the 
splanchnic plexus via the umbilicovitelline and cardinal sys-
tem of veins. Eventually, the pulmonary veins connect with 

the left atrium by establishing connection with the common 
pulmonary vein which arises from the left atrium, while the 
initial connection between the pulmonary portion of the 
splanchnic plexus and the cardinal and umbilicovitelline sys-
tems involutes. The pulmonary vascular bed then drains by 
four individual major pulmonary veins into the common pul-
monary vein which drains into the left atrium. Eventually, 
the common pulmonary vein becomes part of the left atrium 
resulting in the anatomic arrangement that we recognize 
with four individual pulmonary veins connected directly to 
the left atrium. Defects in the development of the common 
pulmonary vein provide the basis for most anomalies of the 
pulmonary veins [5]. Pulmonary venous anomalies can be 
classified as anomalies in number of pulmonary veins; 
anomalies in the connections of the pulmonary veins; and 
stenotic pulmonary vein connections. Atresia of the common 
pulmonary vein, while the pulmonary to systemic venous 
connections are still present, can give rise to total anomalous 
pulmonary venous connection or partial anomalous pulmo-
nary venous connections. Stenosis of the common pulmo-
nary vein would result in cor triatriatum, whereas abnormal 
absorption of the common pulmonary vein into the left 
atrium will give rise to stenosis of the individual pulmonary 
veins or lead to an abnormal number of pulmonary veins [5].

5.2.2  Partial Anomalous Pulmonary Venous 
Connection (PAPVC)

Partial anomalous pulmonary venous connection involves 
one or more of the pulmonary veins (but not all) connected 
to a systemic vein. The common types of PAPVC are right- 
sided pulmonary veins to the superior vena cava and/or right 
atrium; right-sided pulmonary veins to the inferior vena 
cava; and left-sided pulmonary veins to the left innominate 
vein (Fig. 5.1). There have been reports of unusual sites of 
connection, such as to the azygos vein or the coronary sinus 
[5–7]. Patients may even have combinations of connections 
with a right pulmonary vein to the right superior vena cava 
and the left pulmonary vein to the left innominate [3]. 
PAPVC results in a left to right shunt with volume loading 
of the right ventricle. The hemodynamic importance of any 
PAPVC is linked to the amount of lung draining anoma-
lously into the systemic venous circulation. Patients with a 
small shunt may never develop symptoms or any hemody-
namic consequence. Patients with larger shunts may present 
with dyspnea and echocardiographic evidence of a dilated 
right ventricle and pulmonary hypertension. MRI is ideally 
suited to assess right ventricular size and function with 
SSFP cine imaging and to provide a reliable measure of the 
left to right shunting through the use of phase-contrast 
mapping.

H. Kafka and R. H. Mohiaddin



81

a

RPA

RPV

RPA RPA

RPV

RPV

LPVs

LPA

Ao

IV

IVC

RA
LA

b

SVC

RPVs

LPVs

RPA

LPA

Ao

VV

IV

RA

LA

Fig. 5.1 Partial anomalous pulmonary vein connections. (a) Depicts 
the commonest locations of anomalous right pulmonary vein (RPV) 
connections into the superior vena cava (SVC), right atrium (RA), or 
inferior vena cava (IVC). (b) Demonstrates the commonest type of 
anomalous left pulmonary vein (LPV) connection with the LPV drain-

ing to a vertical vein (VV) which is connected to the innominate (IV) or 
brachiocephalic vein and thence to the SVC. Ao aorta, LA left atrium, 
LPA left pulmonary artery, RPA right pulmonary artery. (From Ammash 
et al. JACC 1997 [6], with permission)

5.2.2.1  Right Partial Anomalous Pulmonary 
Venous Connection

Right PAPVC to the Superior Vena Cava or Right 
Atrium
The most common type of partial anomalous pulmonary 
venous connection encountered clinically is that where one 
or more pulmonary veins from the right lung attach into the 
superior vena cava and/or the right atrium. This type of 
PAPVC is frequently associated with the sinus venosus 
defect (see Chap. 6), reported in 42–87% of patients with 
right PAPVC [3, 6, 8, 9]. The sinus venosus defect is an 
interatrial communication due to the unroofing of the com-
mon wall between the right superior vena cava and the right 
upper pulmonary vein (Fig. 5.2). Patients with sinus venosus 
defect have been reported to have as high as a 95%  prevalence 
of a right-sided PAPVC of the right pulmonary vein [3]. The 
relationship between sinus venosus defects and PAPVC from 
the right lung is so strong that the finding of one on echocar-
diography, transesophageal echocardiography, CT, or MRI 
mandates a careful search for the other. Although sinus veno-
sus defect is the most common association with PAPVC, 

secundum atrial septal defect has been described with 
PAPVC as well [2, 3], and it may be worthwhile to consider 
imaging for PAPVC in such patients before device closure of 
the secundum ASD [2, 3, 10]. Less frequent associated 
anomalies include tetralogy of Fallot and double outlet right 
ventricle.

5.2.2.2  Scimitar Syndrome
There may be anomalous connection of the pulmonary veins 
from the right lung (occasionally just those from right mid-
dle lobe and right lower lobe) into the inferior vena cava, 
above or below the diaphragm. Connections into the hepatic 
vein have been described. The drainage pattern of the pulmo-
nary veins in the right lung is changed and has been described 
as having a “fir tree” configuration [5]. This anomalous right 
pulmonary venous connection is referred to as the scimitar 
syndrome (Fig. 5.3) and is associated with other anomalies: 
hypoplasia of the right lung; anomalies of the bronchial sys-
tem; anomalous arterial connection to the right lung; hypo-
plasia of the right pulmonary artery; and pulmonary 
sequestration. There is no association with sinus venosus 
defect, and the atrial septum is frequently intact. Unlike the 
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a b

c d

Fig. 5.2 PAPVC with sinus venosus defect. Forty-six-year-old woman 
with partial anomalous pulmonary venous connection and sinus veno-
sus defect. LA left atrium. Asterisk indicates superior vena cava (SVC). 
(a) Turbo spin-echo image shows connection of right upper pulmonary 
vein (arrow) to SVC. (b) Slice 20 mm caudad to (a) clearly shows sinus 
venosus defect (arrow). (c, d) Steady-state free precession cine still 

images at same levels as (a) and (b) also show sinus venosus defect 
(arrow, d). Arrow in (c) indicates anomalous connection of upper pul-
monary vein to the SVC. (Reprinted with permission from the American 
Journal of Roentgenology 2009; 192: 259–266 Kafka H and Mohiaddin 
RH [3])

other previously described PAPVC, the scimitar syndrome 
more likely represents developmental abnormality of the 
right lung [5]. A pseudo-scimitar syndrome has been 
described where there is a single pulmonary vein, draining 
the entire right lung that follows a meandering course toward 
the diaphragm but then turns cephalad and connects to the 
left atrium. Although the course is aberrant, there is an 
appropriate connection back to the left atrium, and so there is 
no clinical consequence to this lesion. There may be lung 
hypoplasia with this pseudo-scimitar syndrome as well [9, 

11]. The significance of the pseudo-scimitar syndrome lies in 
its differentiation from a true anomalous connection and 
avoidance of additional imaging and intervention.

5.2.2.3  Azygos Vein
Anomalous connection of a right pulmonary vein to the azy-
gos vein has been described [5, 7, 9] and is uncommonly 
seen (Fig. 5.4). Even anomalous connection of an upper left 
pulmonary vein to the azygos vein has been reported. These 
reports stress the importance of imaging the more cephalad 
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a b c

Fig. 5.3 PAPVC CE-MRA.  Contrast-enhanced MR angiography 
maximum- intensity-projection coronal images in three patients with 
partial anomalous pulmonary venous connection. Ao aorta, RA right 
atrium. (a) 18-year-old woman with anomalous connection of right pul-
monary vein (arrow) to superior vena cava (SVC) (asterisk). PA pulmo-
nary artery. (b) 63-year-old woman with anomalous connection of left 
upper pulmonary vein to vertical vein (arrow) that drains into brachio-

cephalic vein (BV) and from there into SVC (asterisk). RPA right pul-
monary artery. (c) 45-year-old woman with anomalous scimitar vein. 
Image shows that all right pulmonary veins are connected to an anoma-
lous vein (arrow) that, in turn, drains into inferior vena cava (IVC). 
(Reprinted with permission from the American Journal of 
Roentgenology 2009; 192: 259–266 Kafka H and Mohiaddin RH [3])

aspect of the SVC to avoid missing an anomalous connection 
to the azygos vein or a high connection to the SVC in the 
region of the azygos.

5.2.2.4  Left Pulmonary Vein Anomalous 
Connection

The partial anomalous connection of left pulmonary veins, 
the vein from the left upper lobe or from the entire left lung, 
is usually through a vertical vein up to the left innominate 
vein (Figs. 5.1 and 5.3). The left PAPVC has been reported 
less commonly in the clinical situation but may be more 
common in the asymptomatic adult [9]. This surprising result 
may simply reflect the fact that patients with left PAPVC 
tend to have a smaller hemodynamic burden from the left to 
right shunting and are less likely to present clinically and 
only be detected incidentally during scans for other indica-
tions. Left PAPVC is not associated with sinus venosus 
defects, but secundum atrial septal defects are frequently 
seen [2, 3]. Left PAPVC can be an isolated incidental finding 
[9], and if the anomalous drainage involves just the left upper 
lobe, there may not be enough of a left to right shunt to be of 
any clinical significance, and no treatment would be required. 
Less frequent sites of left PAPVC are to the coronary sinus, 
inferior vena cava, right superior vena cava, left subclavian 
vein, and azygos vein [5].

5.2.2.5  Imaging for PAPVC
Transthoracic echocardiography can detect sinus venosus 
defect and anomalous pulmonary venous connections in the 
young. However, in the older patient, transthoracic echocar-

diography cannot reliably detect sinus venosus defect or 
anomalous pulmonary venous connections. Transesophageal 
echocardiography is better capable of detecting the sinus 
venosus defect and most of the anomalous venous connec-
tions. Even so, several reports have indicated that even in the 
best of hands, transesophageal echocardiography may not 
detect all the anomalous pulmonary venous connections that 
were noted at surgery [6]. Furthermore, reliance on vein 
counting with two pulmonary veins on each side connected 
to the left atrium to rule out any anomalous connection is 
fraught with error since 40% of patients do not have this 
typical configuration (see Sect. 5.2.4). Cardiac magnetic 
resonance imaging enjoys the advantage of a wide field of 
view that allows it to detect anomalous connections in the 
upper superior vena cava that may not be visible to trans-
esophageal echocardiography. Furthermore, the cardiac 
magnetic resonance imaging is not limited to any prespeci-
fied planes, allowing it to detect anomalous connections 
above and below the diaphragm and follow these connec-
tions along their course. In fact, the scan coverage should be 
extended superiorly to include the supraclavicular veins and 
inferiorly to the kidney level in order to detect all the anoma-
lous veins [9]. In addition to the spin-echo images, SSFP 
cine imaging produces better delineation of blood-tissue bor-
ders (Fig.  5.2) and is able to demonstrate turbulent flow. 
Contrast-enhanced magnetic resonance angiography pro-
vides a rapid 3D image of the anomalous veins (Fig. 5.4). 
Phase-contrast mapping provides reproducible measurement 
of systemic and pulmonary flow, as well as measurement of 
differential flow to the lungs. These significant advantageous 
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Fig. 5.4 PAPVC azygos vein connection. 3D contrast-enhanced 
MRA.  Surface-rendered image in the posteroanterior view. (1) 
Descending thoracic aorta. (2) Anomalous right middle and lower pul-
monary vein. (3) Dilated azygos vein. (Adapted from International 
Journal of Cardiology 135 (2009), Locca D, Hughes M, Mohiaddin R 
[7]. With permission from Elsevier)

of cardiac magnetic resonance imaging make it the preferred 
imaging modality in these patients [2, 3, 12, 13]. Multislice 
CT with contrast will demonstrate the anomalous pulmonary 
venous connections, but it does not provide the same func-
tional information about the degree of shunting or ventricu-
lar performance available from cardiac magnetic resonance 
imaging, and it does require the use of radiation and iodin-
ated contrast [9].

5.2.2.6  Image Guided Management Decision- 
Making in Patients with PAPVC

The management of patients with these partial anomalous 
pulmonary venous connections depends primarily on the 
symptoms, the presence of associated defects, and the degree 
of hemodynamic consequence of the shunts, both those aris-
ing from the anomalous pulmonary venous connection and 
those due to associated sinus venosus defects or atrial septal 
defects. Imaging will help determine the presence of 

 associated defects and can assess the presence of right ven-
tricular volume overload with a dilated right ventricle and 
abnormal interventricular septal motion. Specifically, phase-
contrast MR mapping will be able to accurately calculate the 
flow through the pulmonary artery and the aorta in order to 
determine the degree of left to right shunting [2, 3]. 
Furthermore, in patients with a single PAPVC and secundum 
ASD, phase- contrast MR mapping will be able to calculate 
the individual flow through the PAPVC compared to the 
ASD in order to determine the contribution of each in the left 
to right shunt [10]. If the preponderance of the left to right 
shunt is through the ASD, device closure of just the ASD 
may be sufficient for the patient [10]. In the patient with 
scimitar syndrome and no interatrial connection, phase- 
contrast MR mapping will be able to determine the relative 
pulmonary blood flow to each lung in order to determine the 
hemodynamic consequence of the anomalous pulmonary 
venous connection. Often, the flow to the right lung may rep-
resent only a quarter or third of total pulmonary blood flow 
because of the other associated pulmonary defects [5].

For years, the only definitive therapy for clinically signifi-
cant PAPVC was surgical repair, but recent advances in 
transcatheter techniques have provided nonsurgical options 
for closure of PAPVC, both with and without SVD [10, 14]. 
The type of surgical repair depends on the anatomy of the 
connection [8]. For the right PAPVC to the superior vena 
cava with sinus venosus defect, the superior vena cava is 
divided above the anomalous pulmonary vein(s), and the tip 
of the right atrial appendage is anastomosed to the superior 
vena cava. A pericardial patch is sutured to the margin of the 
sinus venosus defect in order to channel blood flow from the 
anomalous pulmonary vein(s) into the left atrium through the 
sinus venosus defect. The sinus venosus defect may need to 
be enlarged in order to accommodate the pulmonary venous 
flow. Another approach is to make an incision into the supe-
rior vena cava over the insertion of the anomalous pulmonary 
veins and to create an atrial septal defect, if none is already 
present. A pericardial patch is used to baffle the blood from 
the anomalous pulmonary veins into the left atrium through 
the sinus venosus defect or newly created atrial septal defect. 
The superior vena cava incision is repaired with a patch of 
pericardium in order to minimize the superior vena cava nar-
rowing at that site [8]. For the patient with a left PAPVC 
requiring surgery, the vertical vein between the innominate 
vein and the pulmonary vein is divided and implanted into 
the left atrial appendage. For the patient with the scimitar 
type of right PAPVC to the inferior vena cava, the surgery is 
more complex. An atrial septal defect is created, and a long 
baffle of pericardium is placed into the lumen of the inferior 
vena cava to channel the flow from the anomalous pulmo-
nary vein to the right atrium and through the newly created 
atrial septal defect into the left atrium. Often it is necessary 
to enlarge the inferior vena cava with a pericardial patch in 
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an effort to prevent vena cava obstruction [8]. These opera-
tions can be generally carried out with very low mortality 
and morbidity risks and good long-term outlook [8]. 
However, the repair of the anomalous pulmonary venous 
connection in scimitar syndrome is associated with a high 
incidence of late postoperative pulmonary venous obstruc-
tion. The value of MR imaging postoperatively is to look for 
stenotic lesions at anastomosis sites [15], assess for narrow-
ing in the superior vena cava or inferior vena cava, and rule 
out any baffle leaks or residual interatrial communication. 
Cardiac magnetic resonance imaging will be especially valu-
able in the assessment of obstruction along the extensive 
baffle used in scimitar syndrome repair.

For the transcatheter closure of PAPVC, it is necessary to 
have a connection to the left atrium, either in the common 
situation of SVD [14], less common situation of secundum 
ASD, or in the rare situation of dual drainage to both the 
vena cava and the left atrium [10]. Detailed imaging is 
 critical in preparation for such a procedure in order to pro-
vide a map of all the pulmonary venous connections. The 
procedure is performed under TEE guidance and involves 
the use of a covered stent. Early case reports of transcatheter 
closure have been positive, and it has been used in an increas-
ing number of cases with suitable anatomy [10, 14]. 
Follow-up with cardiac MR can detect any residual shunting 
and confirm successful reduction of right ventricular size.

5.2.3  Total Anomalous Pulmonary Venous 
Connection (TAPVC)

In total anomalous pulmonary venous connection, the pul-
monary veins have no direct connection with the left atrium. 
The pulmonary veins connect to a systemic vein, and, there-
fore, an interatrial communication is mandatory in order to 
maintain life. Usually, TAPVC is an isolated anomaly, but it 
has been associated with other defects, such as tetralogy of 
Fallot, transposition of the great arteries, truncus arteriosus, 
and tricuspid atresia. Patients with asplenia have a high inci-
dence of TAPVC.

5.2.3.1  Supracardiac and Infradiaphragmatic 
TAPVC

The anomalous connections can be generally classified as 
those which are supracardiac (left innominate vein, right 
superior vena cava, coronary sinus, right atrium) without 
pulmonary venous obstruction and those which are infradia-
phragmatic (to portal vein or IVC) with pulmonary venous 
obstruction (Fig. 5.5) and those which are mixed with pul-
monary veins draining to at least two different locations [12]. 
The most common site of connection is to the left innomi-
nate vein. In this situation, the pulmonary veins from both 
lungs connect into a pulmonary venous confluence that is 

posterior to the left atrium. A vertical vein from this chamber 
courses cephalad, passing anterior to the aortic arch and 
joins the left innominate vein which continues in its usual 
course to the right-sided superior vena cava. In another 
supracardiac variant, the anomalous vessel arises from the 
right side of the pulmonary venous confluence and passes 
cephalad to enter the superior vena cava posteriorly. There 
can also be a direct connection between the pulmonary 
venous confluence and the coronary sinus which will be sig-
nificantly dilated because of the increased flow or a direct 
connection to the right atrium [12]. Infradiaphragmatic 
anomalous connections involve the vein from the common 
vessel posterior to the left atrium descending through the 
diaphragm and then connecting to the portal vein. It may 
connect to a hepatic vein or connect directly to the inferior 
vena cava. Such infradiaphragmatic connections usually 
have some component of obstruction [5].

5.2.3.2  Management of Patients with TAPVC
Total anomalous pulmonary venous connection will result in 
significant right ventricular volume overload with signs and 
symptoms related to that, and the imaging needs to differen-
tiate it from other causes of right heart overload such as atrial 
septal defect and PAPVC. There will be decreased left ven-
tricular volume and decreased systemic output. In the cases 
with pulmonary venous obstruction (usually subdiaphrag-
matic), the elevated pulmonary venous pressure may lead to 
pulmonary edema. Diagnosis is usually made in the first 
months of life. The only long-term effective therapy for 
TAPVC involves a surgical repair. Essentially, a side-to-side 
anastomosis is made between the pulmonary venous conflu-
ence and the left atrium. The anomalous connection is then 
closed, as is the interatrial connection. Postoperative compli-
cations have involved the late stenosis of the left atrial- 
pulmonary venous confluence anastomosis [15] and residual 
patch leaks.

5.2.3.3  Imaging for TAPVC
In these patients, echocardiography will show features of 
right ventricular volume overload, and there will be diffi-
culty in demonstrating the pulmonary veins. The pulmonary 
venous confluence can be identified as a chamber posterior 
to the small left atrium, and the course of the pulmonary 
veins should be tracked.

Cardiac magnetic resonance imaging has the advantage of 
the wider field of view and can provide a comprehensive 
assessment of the pulmonary venous confluence and its con-
nections (Fig.  5.6). It is especially of benefit to define the 
level of obstruction in patients with infradiaphragmatic con-
nection. However, in infants, the windows available to echo-
cardiography are such that a comprehensive and diagnostic 
study can usually be undertaken in TAPVC. The major role of 
MRI in total anomalous pulmonary venous connection is to 
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Fig. 5.5 Diagram of common types of totally anomalous pulmonary 
venous connection (TAPVC). (a) Supracardiac TAPVC to the left 
innominate vein. The individual pulmonary veins form a horizontal pul-
monary venous confluence (HVC) that connects to the left innominate 
vein by way of a vertical vein. (b) Infradiaphragmatic TAPVC to the 
portal vein. The pulmonary veins form a vertical confluence that 
descends below the diaphragm and typically joins the portal vein (PV). 
Pulmonary venous blood then drains into the inferior vena cava (IVC) 
via the ductus venosus or the hepatic sinusoids. The individual pulmo-

nary veins may join the vertical vein at different levels. (c) TAPVC to 
the coronary sinus (CS). (d) Mixed-type TAPVC.  In the example 
shown, the left pulmonary veins (LPV) connect to the left innominate 
vein (LIV), and the right pulmonary veins (RPV) connect with the CS. 
HV hepatic vein, LA left atrium, RA right atrium, SMV superior mesen-
teric vein, SV splenic vein. (Adapted with permission from Chapter 37 
(Figure  37.15) Tal Geva and Stella Van Pragh in Moss and Adams’ 
Heart Disease in Infants, Children and Adolescents. 7th Edition 
Philadelphia Lippincott Williams & Wilkins; 2008 [5])
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Fig. 5.6 One-month-old girl with total anomalous pulmonary venous 
connection, asplenia, complete atrioventricular septal defect, double- 
outlet right ventricle, and bilateral superior venae cavae. Contrast- 
enhanced volume-rendered MR image in posterior view confirms 
drainage of all pulmonary veins into a common pulmonary vein (white 
asterisks) that drains into a markedly dilated left superior vena cava 
(LSVC). Small right superior vena cava (RSVC) and inferior vena cava 
(IVC) drain into right atrium. Note portions of distal aortic arch and 
descending thoracic aorta have been removed on posterior image. Black 
asterisks show hepatic veins. LSVC left superior vena cava, LSPV left 
superior pulmonary vein, RSPV right superior pulmonary vein, RIPV 
right inferior pulmonary vein, LIPV left inferior pulmonary vein, RPA 
right pulmonary artery, LPA left pulmonary artery, AA aortic arch. 
(Reprinted with permission from the American Journal of 
Roentgenology 2009; Dillman et al., 192: 1272 [12])

assess the patient following surgical repair for follow-up, 
assess for associated conditions, and rule out late complica-
tions (Fig. 5.7). SSFP imaging can track the connections as 
well as quantifying chamber size and ventricular perfor-
mance, assessing the dimensions of the orifice connecting the 
left atrium to the pulmonary venous confluence, and detecting 
any residual patch leaks. Phase-contrast mapping can help in 
the search for evidence of any persistent shunting.

5.2.4  Variation in the Number of Pulmonary 
Veins

The typical distribution of pulmonary veins of two pulmo-
nary veins on the right and two pulmonary veins on the left 
is seen in 60–70% [16]. Recently, because of increased 
imaging by cardiac magnetic resonance imaging and CT 

angiography in preparation for radiofrequency ablation, sig-
nificant variations in pulmonary vein number and course 
have been noted [16]. On the left, the most common variant 
is a common trunk that drains into the left atrium in 15%. 
This can be a short or long left common trunk, the former 
being more common. The variations on the right are less fre-
quent but more complex, comprising accessory veins in 
addition to the superior and inferior right pulmonary veins. 
These variations have included an accessory middle lobe 
vein connected directly to the left atrium, two accessory mid-
dle lobe veins connected directly to the left atrium, accessory 
right upper pulmonary vein, and a right top pulmonary vein 
[16]. Although abnormal number of pulmonary veins and 
variations of connection to the left atrium should not lead to 
any hemodynamic impairment, variations in the anatomy are 
important to document in preparation for pulmonary vein 
isolation procedures in the treatment of atrial fibrillation.

5.2.5  Cor Triatriatum

5.2.5.1  Cor Triatriatum and Subtotal Cor 
Triatriatum

Failure of incorporation of the common pulmonary vein into 
the left atrium will give rise to cor triatriatum. In the classic 
form of cor triatriatum, all the pulmonary veins enter an 
accessory atrial chamber that is attached to the left atrium 
through a narrowed orifice. There are variants where the 
accessory chamber receives all the pulmonary veins and does 
not communicate with the left atrium. In that case, there may 
be total anomalous pulmonary venous connection or an 
anomalous connection directly to the right atrium. In subto-
tal cor triatriatum, the accessory atrial chamber does not 
receive all of the pulmonary veins. The other pulmonary 
veins either connect normally or there is a partial anomalous 
pulmonary venous connection [5, 7].

5.2.5.2  Management of Patients with Cor 
Triatriatum

Cor triatriatum will give rise to pulmonary venous hyperten-
sion because of the obstruction to the pulmonary venous 
flow, and patient presentation will mimic that of mitral steno-
sis with symptoms of dyspnea and evidence of pulmonary 
hypertension or even pulmonary edema. The only long-term 
effective treatment for clinically significant cor triatriatum 
involves surgical excision of the left atrial membrane. This is 
done through a right atrial approach with a high success rate, 
and there have been no reports of recurrence of the left atrial 
membrane after successful surgical excision.

5.2.5.3  Imaging for Cor Triatriatum
Expected findings associated with cor triatriatum would 
include right ventricular hypertrophy and dilatation as well as 
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Fig. 5.7 Twenty-year-old woman who had repair of a supracardiac 
TAPVC in infancy and is assessed for increasing dyspnea and X-ray 
evidence of heart failure. (a) Single-shot turbo spin-echo axial image 
demonstrating the posterior location of the horizontal pulmonary 
venous confluence (HVC). (b) Contrast-enhanced magnetic resonance 
angiography: maximum intensity projection (mip) coronal image. This 
demonstrates the connections of the four pulmonary veins into the 

HVC. (c) Sagittal still image from SSFP cine confirming the superior 
location of the HVC and stenosis of the orifice between the HVC and 
the left atrium (LA). Note the hypertrophied right ventricle (RV). (d) 
Coronal still image from SSFP cine demonstrating the stenotic orifice 
and the turbulent flow into the LA (arrow) from the HVC. SSFP cines 
for (c) and (d) are available as supplemental files Movies 5.1 and 5.2
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Fig. 5.8 Cor triatriatum. Cine MRI images (balanced steady-state free 
precession sequences) acquired in transaxial plane through the left 
atrium (left) and in the left ventricular outflow tract (right). Arrow indi-
cates cor triatriatum membrane. Note the anomalous right pulmonary 
venous connection to the azygos vein (asterisk). The movement of the 

membrane and the flow through the membrane can be better appreci-
ated in the cine loops (supplemental Movies 5.3 and 5.4). (Adapted 
from International Journal of Cardiology 135 (2009), Locca D, Hughes 
M, Mohiaddin R. With permission from Elsevier [7])

right atrial enlargement. Echocardiography will be able to 
detect dilated right ventricle and dilated pulmonary artery as 
well as right ventricular hypertrophy. The apical four- chamber 
view may be able to delineate the cor triatriatum membrane, 
and transesophageal echocardiography should be able to 
clearly demonstrate the membrane and the orifice size.

Cardiac magnetic resonance imaging will be able to dem-
onstrate the membrane, the size of the orifice, and right-sided 
consequences of the stenosis within that membrane leading 
to right ventricular hypertrophy and a dilated right atrium. 
SSFP cine imaging will demonstrate the membrane and can 
be used to assess right-sided hypertrophy and dilatation 
(Fig. 5.8). SSFP cine imaging will detect the jet through the 
membrane, and phase-contrast mapping can be used to better 
delineate the stenosis and gradient. Magnetic resonance 
angiography will confirm pulmonary venous connections 
and rule out anomalous connections.

5.2.6  Pulmonary Vein Stenosis

Stenosis in the pulmonary veins at their junction with the left 
atrium may be a consequence of abnormal incorporation of 

the common pulmonary vein. Congenital pulmonary vein 
stenosis is of two general types: a localized stenosis where 
the pulmonary vein has a narrowing at its junction with the 
left atrium or a diffuse narrowing of the lumen of the pulmo-
nary vein for some distance. This latter more peripheral ste-
nosis can be considered a hypoplasia of the pulmonary vein 
[5]. Pulmonary vein stenosis, depending on the amount of 
lung drained by the stenotic vein(s), can give rise to pulmo-
nary hypertension. Echocardiography will be useful to docu-
ment the pulmonary hypertension but may have difficulty in 
adequately characterizing the region of stenosis. Cardiac 
magnetic resonance imaging and MR angiography, as well 
as CT angiography [9], will be able to localize the stenosis 
and allow careful measurement of the residual lumen 
(Fig.  5.9). In the adult patient, pulmonary vein stenosis is 
more likely to be an acquired lesion, as a late complication of 
repair of PAPVC with stenosis at the site of pulmonary vein 
reimplantation [15] or due to scarring at the site of radiofre-
quency ablation used for pulmonary vein isolation in the 
treatment of atrial fibrillation. It must be kept in mind that 
malignancy and fibrosing mediastinitis may cause acquired 
pulmonary vein stenosis [16] and complete imaging of 
adjoining structures will be necessary in such cases.
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Fig. 5.9 Pulmonary vein stenosis. (a) 25-year-old woman with dys-
pnea. Still axial image from a SSFP cine demonstrates stenosis (arrow) 
at the connection of the left lower pulmonary vein to the left atrium. 
This can be better appreciated on the SSFP cine and corresponding 
phase-contrast flow study (supplemental files Movies 5.5 and 5.6). (b) 

34-year-old woman with dyspnea and dilated pulmonary artery on 
echocardiography. Contrast-enhanced MR angiography coronal image. 
Arrows point to the stenoses of the right lower and right upper pulmo-
nary veins at the left atrium. Ao aorta

5.2.7  CMR Sequences and Protocols 
for Pulmonary Venous Imaging

Our standard approach to the imaging of thoracic venous 
anomalies has been previously described [2, 3]. We use mul-
tislice single-shot spin-echo images (HASTE) in three 
orthogonal planes to define the cardiac anatomy and supple-
ment this with SSFP multislice images that provide a better 
definition of the blood-tissue borders. Turbo spin-echo imag-

ing can often better delineate edges of atrial septal defects or 
sinus venosus defects (Fig. 5.2). Right and left ventricular 
volumes and systolic function are evaluated by using ECG- 
gated SSFP cine images. These SSFP cine images also can 
demonstrate turbulent flow and help better focus the next 
imaging plane. The cine phase-contrast velocity flow maps 
are used to enhance and define the anomalous flow patterns 
(Fig. 5.10) and provide the calculation of differential flows 
and the pulmonary to systemic blood flow ratio. Contrast- 
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Fig. 5.10 PAPVC flow studies. Fifty-seven-year-old man with sinus 
venosus defect and right partial anomalous pulmonary venous connec-
tion. LA left atrium, RA right atrium, RPA right pulmonary artery, RV 
right ventricle. (a, b) Oblique axial steady-state free precession cine 
image (a) shows anomalous connection of right upper pulmonary vein 
(arrowhead). Sinus venosus defect (arrow) is also evident at this level. 
Bright white signal in this velocity flow map (b) confirms flow from 
pulmonary vein into RA. (c, d) Coronal steady-state free precession 

cine image (c) shows connection of right pulmonary vein to RA–supe-
rior vena cava junction (arrowhead). Dark signal in this velocity flow 
map (d) shows flow (arrowhead) from anomalous pulmonary vein into 
RA.  The cines from which these stills are derived can be viewed as 
supplemental files (Movies 5.7 and 5.8). (Reprinted with permission 
from the American Journal of Roentgenology 2009; 192: 259–266 
Kafka H and Mohiaddin RH [3])
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enhanced MR angiography is obtained in the coronal plane 
during breath-hold at end inspiration before and after the IV 
administration of gadolinium. We time the bolus to the 
arrival of the contrast agent in the ascending aorta. Alternative 
3D imaging approach is navigator echo and ECG-gated 
3D-SSFP sequence. However, there is usually a drop of oxy-
genated blood signal in the pulmonary veins, and this 
approach is less robust for depicting pulmonary venous anat-
omy unless it is acquired post-contrast where a good blood 
signal is maintained. Our standard imaging parameters for 
the protocol are summarized in Table 5.3.

Transverse imaging is well suited to detect the connec-
tions between anomalous pulmonary veins and the right 
atrium, the superior vena cava or the inferior vena cava, 
because of the excellent cross-sectional visualization of the 
caval veins and the right atrium. The ascending vein of a left 
PAPVC or supracardiac TAPVC will be identified in the 
axial view. Once these have been identified, optimal imaging 
planes can be selected and enhanced with cine SSFP imaging 
in order to better visualize the actual areas of connection. 
Contrast-enhanced magnetic resonance angiography can be 
used to confirm the course and connections of the anomalous 
veins. Finally cine phase-contrast velocity flow mapping 
allows the calculation of the pulmonary systemic shunt ratio 
(Qp:Qs). Once the presence of an anomalous pulmonary 

venous connection is established, it is necessary to perform 
complete cardiac imaging, not only to assess the hemody-
namic burden on the right ventricle but also to look for asso-
ciated defects, especially the sinus venosus defect. The best 
views for the sinus venosus defect are transverse and sagittal 
planes because they are perpendicular to the border between 
the superior vena cava and the left atrium. Specifically, SSFP 
cine imaging in these planes will provide a better delineation 
of blood tissue borders (Fig. 5.11).

Table 5.3 Imaging parameters

TE 
(ms)

TR 
(R-R) 
(ms)

FOV 
(mm)

Pixel size 
(mm)

Slice 
thickness 
(mm)

HASTE 42 700–
1000

340–
400

2.7 × 1.7 6.0

SSFP 1.13 40 340–
400

1.7 × 1.7 7.0

TSE 29 700–
1000

340–
400

2.2 × 1.3 6.0

CE-MRA 1.19 2.85 360–
400

1.1 × 0.9 1.3

Phase-contrast 
velocity flow 
mapping

3.9 75 340–
400

2.5 × 1.3 6.0

SSFP steady-state free precession, TSE turbo spin echo, CE-MRA 
contrast- enhanced magnetic resonance angiography
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Fig. 5.11 Sinus venosus defect with PAPVC—velocity flow maps. (a, 
b) Transverse images in 32-year-old man with sinus venosus defect. 
Steady-state free precession cine image (a) shows sinus venosus defect 
(black arrow) between left atrium (LA) and superior vena cava (SVC) 
(asterisk). Corresponding in-plane velocity flow map (b) shows dark 
inflow from pulmonary vein (white arrow) into LA crossing sinus veno-
sus defect and entering the SVC. (c, d) Sagittal images in 35-year-old 
woman with sinus venosus defect. Steady-state free precession cine 
frame (c) shows superior nature of sinus venosus defect (arrow) 
between LA and SVC (asterisk). Corresponding in-plane velocity flow 

map (d) shows dark inflow from LA across sinus venosus defect (arrow) 
into right atrium (RA). (e, f) Coronal images in 18-year-old woman 
with sinus venosus defect. FLASH image (e) shows bright flow distur-
bance in SVC (asterisk) related to flow through sinus venosus defect. 
Through-plane velocity flow map (f) in same position as (e) shows 
sinus venosus defect as dark region of flow (arrow) from LA. Ao aorta. 
(f) is available to be viewed as a cine in the supplemental files (Movie 
5.9). (Reprinted with permission from the American Journal of 
Roentgenology 2009; 192: 259–266 Kafka H and Mohiaddin RH [3])
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5.3  Thoracic Systemic Vein Anomalies

5.3.1  Thoracic Systemic Vein Development 
and Anatomy

The superior vena cava (SVC) courses from the junction of 
the right and left innominate veins to the right atrium. It is 
developed from the most proximal portion of the right ante-
rior cardinal vein and the right common cardinal vein. The 
left innominate vein develops at the seventh week of gesta-
tion, with the involution of the left superior vena cava [5]. 
The left horn of the sinus venosus and the adjacent part of the 
left common cardiac vein go on to form the coronary sinus. 
The right posterior cardinal vein gives rise to the root of the 
azygos vein.

The azygos vein is formed by the suprarenal segment of 
the right supracardinal vein and the cephalic remnant of the 
right posterior cardinal vein [5]. The azygos and hemiazygos 
systems can be thought of as forming an H-shaped network 
of veins, with the azygos providing the right-sided aspect of 
the H while the hemiazygos provides the left lower segment 
and the accessory hemiazygos provides the left upper seg-
ment [17]. The azygos vein starts in the right lumbar region 
and passes through the aortic opening of the diaphragm to 
enter the thorax on the right of the aorta as it continues to 
receive drainage from the right lower ten intercostal veins. At 
the level of T4, it passes anteriorly to form a right-sided arch 
that joins to the posterior aspect of the SVC. The hemiazygos 
vein starts at the left lumbar region and ascends along the left 
side of the spine to the level of T8. Then, turning right, it 

passes behind the aorta and terminates in the azygos vein. 
The accessory hemiazygos (left upper hemiazygos) collects 
the left intercostal veins that did not drain into the left supe-
rior intercostal vein and either connects to the lower hemia-
zygos or crosses over to the right to join the azygos vein. 
Where there is no connection to the hemiazygos or to the 
azygos vein, the accessory hemiazygos may connect directly 
to the left innominate vein.

The inferior vena cava (IVC) is the largest vein in the 
body. The inferior vena cava starts at the junction of the com-
mon iliac veins (the infrarenal IVC) and travels cephalad, 
receiving the drainage from the renal veins, and courses pos-
terior to the liver (hepatic IVC) where the hepatic veins join 
to form the suprahepatic IVC with direct drainage into the 
right atrium. The development of the IVC is a complex pro-
cess of five venous systems involving the posterior cardinals, 
the right supracardinals, the subcardinals, the hepatic seg-
ment of the inferior vena cava, and the hepatic veins.

In the normal systemic venous system, all systemic 
venous blood enters the right atrium via the right-sided infe-
rior vena cava and the right-sided superior vena cava which 
are connected to the left side by the left common iliac vein, 
the left renal vein, the hemiazygos vein, and the left innomi-
nate vein. In general, the anomalies of the systemic thoracic 
veins are unlikely to be of hemodynamic consequence. 
However, their identification is important because of associ-
ated cardiac and noncardiac anomalies and to differentiate 
the systemic venous anomalies from the more important pul-
monary venous anomalies that may require more imaging 
and investigation.

fe

Fig. 5.11 (continued)
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5.3.2  Superior Vena Cava

5.3.2.1  Persistent Left Superior Vena Cava
A persistent left superior vena cava is the most common con-
genital thoracic venous anomaly and results from the failure 
of the involution of the left anterior and left common cardi-
nal veins. In the vast majority of cases, the persistent left 
superior vena cava drains into the right atrium through the 
coronary sinus. In a small number, it may drain into the left 
atrium by means of an unroofed coronary sinus. In many 
cases, the left innominate vein may still be present to connect 
the left superior vena cava to the right superior vena cava [5]. 
The size of the left superior vena cava has been noted to vary 
greatly and appears to be related to the presence and size of 
the left innominate vein. The left superior vena cava is com-
monly found in conjunction with other defects such as tetral-
ogy of Fallot and atrioventricular septal defects but can be 
often present as an isolated finding. The left superior vena 
cava descends anterior to the aortic arch and to the left pul-
monary artery, running along the posterior wall of the left 
atrium and into the left atrioventricular groove to drain 
through the coronary sinus and into the right atrium. Because 
of its drainage through the coronary sinus into the right 
atrium, there is enlargement of the coronary sinus. In fact, 
the echocardiographic finding of a dilated coronary sinus 
may often be the first indication of a persistent left superior 
vena cava and can be confirmed with an injection of agitated 
saline into the left arm to demonstrate bubble contrast in the 
dilated coronary sinus on echocardiography. No treatment is 
necessary for persistent left superior vena cava, but, once 
identified, it will be necessary to ensure that there are no 
other associated congenital defects and that there is clear 
documentation of a left superior vena cava. The presence of 
left superior vena cava will have future implications for the 
patient if consideration is ever given to insertion of a pace-
maker or ablation catheter through the left subclavian vein 
[18]. There have been rare reports of a persistent left superior 
vena cava communicating with the left atrium by connection 
to the left atrial appendage or left pulmonary vein or through 
an unroofed coronary sinus. Such right to left shunts are 
rarely of hemodynamic consequence and are unlikely to be a 
cause of cyanosis. However, there is the potential for right to 
left thromboembolism, and it will be necessary to identify 
and document such a finding in order to limit any instrumen-
tation of the left neck and upper limb veins [11, 19].

Cardiac MRI can quickly identify the presence and the 
course of the left superior vena cava (Fig.  5.12). On axial 
imaging, a persistent left superior vena cava can be confused 
with an anomalous left pulmonary vein (Fig. 5.13). Phase- 
contrast velocity flow maps will demonstrate that the flow is 
directed caudad with a persistent left superior vena cava and 
cephalad with an anomalous left pulmonary vein draining 
into the left innominate vein. The simple presence of a left 

superior vena cava cannot account for a dilated right ventri-
cle or other features of right-sided volume overload. In such 
a situation, it is important to seek out associated defects and 
especially to rule out the presence of an unroofed coronary 
sinus.

5.3.2.2  Absent Right Superior Vena Cava
This is a rare anomaly and has been reported with equal fre-
quency in the presence of associated cardiac defects or with 
a normal heart. The right innominate vein drains, via the left 
innominate vein, to the left superior vena cava, and the azy-
gos vein is connected to the left superior vena cava. There is 
no clinical consequence to this finding, but it is important to 
document the absent right superior vena cava in order to pre-
vent problems at cardiac catheterization or with central line 
placement.

5.3.2.3  Superior Vena Cava to Left Atrium
There have been rare reports of the right superior vena cava 
draining to the left atrium [5] and can be a cause of unex-
plained cyanosis, with right to left shunting. This connection 
is due to a sinus venosus defect in conjunction with atresia of 
the superior vena cava orifice. If there is a patent but stenotic 
SVC orifice, then the superior vena cava would drain into 
both the right atrium and the left atrium. The standard imag-
ing approach used to detect sinus venosus defect will demon-
strate the sinus venosus defect and the SVC stenosis or 
atresia in this situation.

5.3.2.4  Inferior Vena Cava

Interrupted Inferior Vena Cava
The term interrupted inferior vena cava usually refers to the 
situation with the absence of the hepatic segment of the infe-
rior vena cava. The infrahepatic venous drainage continues 
via the azygos vein and drains into the superior vena cava, 
either right or left sided. The hepatic veins drain separately 
into the right atrium. Rarely, the IVC may continue to bilat-
eral superior venae cavae through bilateral azygos veins [5, 
20]. Another variant may involve atresia of the suprahepatic 
vena cava. In that case, the hepatic veins must drain into the 
hepatic inferior vena cava and up through the azygos system. 
Interrupted left-sided IVC has been described with a dilated 
hemiazygos vein draining normally into the azygos at T8, or 
draining into a persistent left superior vena cava, or draining 
to the upper hemiazygos vein and from there into the left 
innominate vein following its usual course to the right supe-
rior vena cava [11]. Interrupted IVC will not result in any 
physiologic abnormality because abdominal venous return is 
assured. Its significance lies in its frequent association with 
other findings such as persistent left SVC, but especially 
with the heterotaxy syndrome and polysplenia. In fact, inter-
rupted IVC is considered one of the features of the polysple-
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Fig. 5.12 Left superior vena cava. (a) Still image from SSFP cine 
LVOT view demonstrating dilated coronary sinus (white arrow) poste-
rior to the left atrium (LA). (b) Still image from SSFP cine transverse 
view. The left superior vena cava (LSVC) is seen anterior to the left 
pulmonary artery. (c) Still image from SSFP cine sagittal oblique dem-

onstrates the LSVC entering the dilated coronary sinus (white arrow) 
and flowing into the right atrium (RA). The cine from which this still is 
derived is available as a supplemental file (Movie 5.10). Ao ascending 
aorta, DA descending aorta, RSVC right superior vena cava, PA main 
pulmonary artery
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Fig. 5.13 Left-sided vertical vein. Single-shot turbo spin-echo axial 
images from three different patients illustrating three different causes of 
a left-sided vein (arrow). (a) Persistent left superior vena cava is the 
cause of the left-sided vein in this patient—see Fig. 5.12. (b) Partial 
anomalous pulmonary venous connection with a vertical vein (arrow) 

connecting upper left pulmonary vein with the innominate vein. Note 
the large size of the SVC (*)—see Fig. 5.3. (c) Retroaortic innominate 
vein (arrow) along its vertical course before crossing under the aortic 
arch to join the superior vena cava. Note the right aortic arch—see 
Fig. 5.16. Ao aorta. * superior vena cava

nia syndrome. It may be found in the absence of other 
anomalies [20], and it may complicate cardiac catheteriza-
tion via the route from the femoral veins. Obviously, this 
anomalous anatomy will have an effect on cardiac interven-
tions such as Fontan procedure that involves surgical diver-
sion of IVC flow [5].

Cardiac magnetic resonance imaging will reveal that the 
intrahepatic segment of the IVC is absent but there may be 
hepatic veins attached to the suprahepatic IVC, draining into 
the right atrium. The most striking feature will be that of the 
markedly dilated azygos vein and the appearance of two vas-
cular arches, the aortic arch and the azygos arch (Fig. 5.14). 
The finding of an interrupted IVC requires careful scrutiny to 
detect associated cardiac and extracardiac lesions.

Duplicated IVC
As previously postulated by Geva, the bilateral nature of the 
development of the IVC with five venous systems that con-
tribute to the formation of the IVC can explain the presence 
of bilateral inferior venae cavae above and below the liver 
[5]. Bilateral suprahepatic inferior venae cavae can be fre-

quently found in cases of visceral heterotaxy with asplenia 
(Fig. 5.15). There is no clinical significance to this finding, 
except for its association with other defects.

Inferior Vena Cava Connection to the Left Atrium
Although cases of IVC connection to the left atrium have 
been reported in previous reviews [1], the IVC probably was 
connected to a left sided, but morphologically right atrium 
with the absence of the septum secundum, resulting in drain-
age of the inferior vena cava into the pulmonary veins [5]. 
This right to left shunting gives rise to cyanosis and to the 
risk of paradoxical embolization. Treatment requires surgi-
cal diversion of the inferior vena caval blood into the right 
atrium.

5.3.3  Azygos Vein Anomalies

The absence of the azygos vein is rare [11] and has been 
described with the hemiazygos vein draining most of the 
right and left intercostal veins. The most common congenital 
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c d

Fig. 5.14 Interrupted IVC with azygos continuation. Adult female pre-
sented with PSVT. She was referred for ablation, but the right atrium 
could not be accessed via the femoral vein route. On MR imaging, she 
was found to have an interrupted IVC with azygos continuation. (a) 
SSFP bright blood sagittal image demonstrating the dilated azygos vein 
(arrow) and azygos arch connecting to the superior vena cava (*). Note 
the absence of the intrahepatic IVC. (b) SSFP bright blood coronal 

image demonstrating the double arch appearance with the dilated azy-
gos vein (arrow) on the right of the aorta (Ao). (c) SSFP bright blood 
axial image at the level of the pulmonary artery (PA) bifurcation dem-
onstrating the dilated azygos vein (arrow) and superior vena cava (*). 
(d) SSFP bright blood axial image caudal to plane of (c), demonstrating 
the azygos arch and the aortic arch. SSFP sagittal plane cine is available 
as supplemental file (Movie 5.11)

H. Kafka and R. H. Mohiaddin



99

a

b

Fig. 5.15 Duplicated IVC. Sixteen-year-old woman with double outlet 
right ventricle, right atrial isomerism, and asplenia. (a) Single-shot 
turbo spin-echo axial image at the level of the aortic arch demonstrating 
both a right superior vena cava (RSVC) and a persistent left superior 
vena cava (LSVC). (b) Single shot turbo spin-echo axial image below 
the diaphragm demonstrating both a right inferior vena cava (RIVC) 
and a left inferior vena cava (LIVC). Note the liver on the left extending 
across the abdomen

lesion directly affecting the azygos vein is the azygos lobe. 
The azygos lobe is a small accessory lobe above the hilum of 
the right lung. This occurs due to failure of the azygos vein 
to migrate over the apex of the lung during embryologic 
development. It is present in 1% of people and results in no 
venous impairment. Its only significance is to identify it as a 
normal variant and to not proceed to further imaging when it 
is detected [11]. The most striking congenital anomalies 
affecting the azygos vein are linked to interrupted IVC (see 

above). More commonly, in the patient with congenital heart 
disease, the finding of a dilated azygos vein will be due to 
impaired drainage through the inferior vena cava or superior 
vena cava as a result of dilated pulmonary artery [21] or post-
operative complications following Mustard repair, Fontan 
procedure, or repair of PAPVC.

5.3.4  Anomalous Course of the Left 
Innominate Vein

The normal left innominate vein courses from left to right, 
anterior to the aortic arch, joining the right innominate to 
form the superior vena cava. In retroaortic innominate vein, 
after the left subclavian and left common jugular veins form 
the innominate vein, it turns to run inferiorly and then makes 
a right turn behind the ascending aorta and reaches the supe-
rior vena cava below the insertion of the azygos vein 
(Fig. 5.16). This is a rare anomaly and has no direct clinical 
consequence but is usually associated with cardiac defects 
such as tetralogy of Fallot, atrioventricular septal defect, 
and coarctation of the aorta [5]. It is important to identify a 
retroaortic innominate vein in these patients because it may 
interfere with planned surgery for correction of the other 
defects. Care needs to be taken not to confuse the appear-
ance of a persistent left SVC or anomalous connection of 
the pulmonary vein to the left innominate vein with that of a 
retroaortic innominate vein (Fig. 5.13). A duplicated innom-
inate vein has been described. This has both an anterior and 
a retroaortic component and forms a ring that encircles the 
aorta [5].

5.3.5  CMR Sequences and Protocols 
for Thoracic Systemic Vein Imaging

The approach and imaging parameters described in Sect. 
5.2.7 for pulmonary venous imaging apply equally to CMR 
imaging of thoracic systemic veins. Careful attention to the 
initial transverse images will provide clues to anomalies of 
the SVC, IVC, innominate vein, and azygos vein. Those 
transverse images can then be used for choosing the optimal 
planes for better visualization of the identified anomalies and 
to instigate a search for associated anomalies.

5 Venoatrial Abnormalities



100

ca

SVC RAIV

RAA

b

Fig. 5.16 Retroaortic innominate vein. (a) Diagram showing a ret-
roaortic innominate vein (RAIV) associated with a right aortic arch 
(RAA). (b) Coronal view demonstrating the RAIV passing under the 
aortic arch (AA) to connect to the superior vena cava (SVC). (c) Axial 
single-shot turbo spin echo showing the RAIV posterior to the ascend-

ing aorta (Ao). Note the descending aorta (DA) on the right. (a is 
adapted with permission from Chapter 38 (Figure 38.15) Geva T and 
Van Praagh S in Moss and Adams’ Heart Disease in Infants, Children 
and Adolescents. 7th Edition Philadelphia Lippincott Williams & 
Wilkins; 2008 [5])

5.4  Conclusion

Venoatrial anomalies comprise a diverse set of abnormalities 
affecting both the pulmonary venous and the systemic tho-
racic venous systems. One standard cardiac magnetic reso-
nance imaging approach (Sect. 5.2.7) can be used for the 
evaluation of these anomalies and has the additional advan-
tage of being able not only to assess for associated intracar-
diac and extracardiac anomalies but also to provide 
physiologic information about cardiac function and the 
extent of intravascular shunting, all during one cardiovascu-
lar examination. Although echocardiography still forms the 
basis of imaging in congenital heart disease, cardiac mag-
netic resonance imaging is especially of value in the imaging 
of these venous anomalies because the anatomic constraints 
of echocardiography do not apply to MR imaging and its 
ability to encompass a wide field of view and visualize 
venous structures and their course in multiple planes.

Practical Pearls

• Every patient with unexplained pulmonary hypertension 
or dilated right ventricle needs to have cardiac magnetic 
resonance imaging to rule out PAPVC, sinus venosus 
defect, unroofed coronary sinus, cor triatriatum, and pul-
monary vein stenosis.

• Every patient with a right-sided PAPVC needs careful 
evaluation for sinus venosus defect. Every patient with 
sinus venosus defect needs careful evaluation for 
PAPVC. Consider evaluation for PAPVC in patient with 
secundum ASD who is being proposed for ASD closure.

• A persistent left SVC will cause a dilated coronary sinus 
but not a dilated right ventricle. The presence of a dilated 
right ventricle in the setting of a persistent left SVC 
requires a careful search for an unroofed coronary sinus, 
or other sources of right ventricular volume overload.

• A left-sided vertical vein is not always a persistent left 
SVC. The presence of a left-sided vertical vein requires 
sufficient imaging to differentiate it from a left PAPVC.
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6Septal Defects

Inga Voges and Sylvia Krupickova

6.1  Introduction

Atrial septal defects (ASD) are the second most common 
congenital heart anomalies and account for approximately 
15% of all congenital heart defects worldwide [1]. Children 
and young adults are often asymptomatic; however, in the 
long term, many patients develop symptoms typically includ-
ing dyspnea, reduced exercise capacity, and atrial rhythm 
disturbances [2]. Recent studies have also shown an increased 
mortality compared to a general population with improved 
survival if the ASD is closed earlier in life [3]. In this con-
text, early detection of these septal defects is of great 
importance.

Ventricular septal defects (VSD) are the most common 
congenital cardiac defects with a global birth prevalence of 
about three per thousand (35% of all congenital heart defects 
worldwide) [1]. Large defects are closed surgically in the 
first year of life to avoid irreversible vascular changes from 
pulmonary overcirculation [4, 5]. Smaller and restrictive 
ventricular defects can be closed later in life depending on 
their hemodynamic relevance and associated findings.

Transthoracic and transesophageal echocardiography are 
the imaging modalities of choice to detect defects of the 
interatrial and interventricular septum but have well-known 
limitations. Cardiovascular magnetic resonance (CMR) has 
several advantages for the assessment of septal defects. 
Beside its ability to visualize cardiac structures in any view, 
it allows a quantification of the shunt and is able to clearly 
depict associated anomalies [6–8].

6.2  Definition and Morphology

6.2.1  Atrial Septal Defects

Five different ASD types are described: (1) patent foramen 
ovale, (2) secundum ASD, (3) primum ASD, (4) coronary 
sinus defect, and (5) superior and inferior sinus venosus 
defect.

Patent foramen ovale is a small communication between 
the left and right atrium that is nearly universally found dur-
ing fetal life and in neonates after birth. In older and other-
wise healthy children and adults, it is often an incidental 
finding with a decreasing incidence with age [9].

The secundum ASD is the most common ASD type and 
describes a defect that is located in the fossa ovalis (Fig. 6.1). 

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/978- 3- 031- 29235- 4_6.

I. Voges (*) 
Department of Congenital Heart Disease and Pediatric Cardiology, 
University Hospital Schleswig-Holstein, Kiel, Germany 

DZHK (German Centre for Cardiovascular Research),  
Kiel, Germany
e-mail: inga.voges@uksh.de 

S. Krupickova 
Department of Paediatric Cardiology, Royal Brompton Hospital, 
Guy’s and St Thomas’ NHS Foundation Trust, London, UK 

Imperial College, London, UK 

CMR Unit, Royal Brompton Hospital, Guy’s and St Thomas’ NHS 
Foundation Trust, London, UK
e-mail: s.krupickova@rbht.nhs.uk

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
M. A. Syed, R. H. Mohiaddin (eds.), Magnetic Resonance Imaging of Congenital Heart Disease, 
https://doi.org/10.1007/978-3-031-29235-4_6

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-29235-4_6&domain=pdf
mailto:inga.voges@uksh.de
mailto:s.krupickova@rbht.nhs.uk
https://doi.org/10.1007/978-3-031-29235-4_6


104

Fig. 6.1 Secundum atrial septal defect. The right figure shows a cine image with a small defect in the area of the Fossa ovalis (white arrow). The 
left figure shows a phase image from phase-contrast CMR acquired in the same plane with left-to-right shunt across the interatrial septum

a b c

Fig. 6.2 Primum atrial septal defect and mitral valve cleft. (a) In the 4ch-view, the defect (white arrowhead) is well seen and located directly 
above the atrioventricular valve. (b, c) Short axis images showing the mitral valve cleft in systole and diastole

In some patients, the defect can reach out beyond the fossa 
ovalis, and more than one defect can be found. In extreme 
cases, the atrial septum can be missing (so-called 
monoatrium).

A primum ASD involves the free margin of the atrial sep-
tum and the atrial surface of the conjoined leaflets of the 
common atrioventricular valve [10]. This type of ASD is 
typically associated with a mitral valve cleft (Fig. 6.2) [11].

The inferior and superior sinus venosus are located out-
side the fossa ovalis (Fig. 6.3). The superior sinus venosus 
defect is more common and occurs when the superior vena 

cava overrides the atrial septum above the fossa ovalis with 
drainage of venous blood into both atria [11, 12]. An inferior 
sinus venosus defect can be found below the fossa ovalis at 
the orifice of the inferior vena cava [11, 12]. Both defects can 
be associated with an abnormal drainage of pulmonary veins.

The coronary sinus defect describes a defect at the site of 
the coronary sinus orifice that creates a direct communica-
tion between the right and left atrium (Fig. 6.4) [10–12]. It 
can also be located on the posteroinferior wall of the left 
atrium [11]. These defects can be associated with persistent 
left superior vena cava.
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a b

c

d

Fig. 6.3 Superior sinus venosus defect (a,*) with right heart volume overload in a 9-year-old girl. Phase-contrast flow measurement in the main 
pulmonary artery (b) and the ascending aorta (c) revealed a Qp/Qs of 2.15 L/min (d)

6.2.2  Ventricular Septal Defects

In the past, there was controversy regarding the classifica-
tion of VSDs; however, the International Society for 
Nomenclature of Paediatric and Congenital Heart Disease 
has introduced a terminology that allows a detailed and 
standardized description of all types of VSDs [13]. This 
classification system takes into account the normal anatomy 
of the interventricular septum and divides the VSDs in four 
large groups by using a geographic approach: (1) central 
perimembranous defects, (2) inlet defects, (3) trabecular 
muscular defects, and (4) outlet defects [13].

Central perimembranous defects are the most common 
types of VSDs and are located in the area of the membranous 
septum. They are also known under the names perimembra-
nous, membranous, subaortic, or infracristal VSDs. Central 
perimembranous defects are typically found at the antero-
septal commissure behind the septal leaflet of the tricuspid 

valve and below the commissure between the right and non-
coronary cusps of the aortic valve [13].

Inlet defects open into the right ventricle (RV) and can be 
further subdivided into four different types according to their 
geography and borders [13, 14]. Another term to describe 
inlet defects is atrioventricular canal type of septal defect 
[15]. Inlet defects have distinct and separate right and left AV 
junctions that make them different to atrioventricular septal 
defects [13].

Trabecular muscular defects are located in the trabecular 
muscular septum with muscular borders [13]. Depending on 
their location within the septum, they can be further divided 
into midseptal, apical, posteroinferior, and anterosuperior 
defects [13]. These types of defects often close spontaneously.

Outlet defects open in the outlet of the RV and are cradled 
between the two limbs of the septal band [13, 16]. The 11th 
iteration of the international classification of diseases distin-
guishes further between outlet defects without malalignment, 
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outlet defects with anteriorly malaligned outlet septum, and 
outlet defects with posteriorly malaligned outlet septum [13].

6.3  Associated Anomalies

The indication for a CMR scan in patients with a secundum 
ASD is often to rule out an associated partial anomalous pul-
monary venous return that might be otherwise missed [17]. 
The pulmonary veins can be well visualized on transaxial 
and coronal cine stacks and additional cross-cut cine images 
(Fig.  6.5). Contrast angiography is another useful way of 
delineating the pulmonary venous anatomy. In patients with 
a primum ASD, a cleft of the mitral valve is a typical associ-
ated finding that can cause significant mitral valve regurgita-
tion with enlargement of the left atrium and left ventricle 
(LV). A volume overload of the right-sided heart chambers 
can lead to tricuspid valve regurgitation that, however, is 
commonly only mild. The coronary sinus ASD is often asso-
ciated with a left persistent superior vena cava.

An isolated VSD can be associated with diverse cardiac or 
extracardiac anomalies as well as syndromes. Common car-

Fig. 6.4 Coronary sinus defect (*) in an adult patient who underwent 
cardiac surgery in childhood with closure of small secundum ASD and 
ligation of persistent left superior vena cava

Fig. 6.5 Patent foramen ovale (black arrow) and partial anomalous pulmonary venous drainage in a toddler. The entire right pulmonary veins 
drain into the right atrium (middle and right-sided image)
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diac anomalies include aortic leaflet prolapse, aortic regurgi-
tation, infundibular pulmonary stenosis, as well as ostium 
secundum ASD [18]. In addition, double-chamber RV is a 
well-known association, and the occurrence of infective 
endocarditis is relatively common [19]. Features of pulmo-
nary hypertension such as enlarged pulmonary arteries can 
be found in patients with large VSDs.

6.4  Clinical Presentation

The clinical presentation of patients with an ASD can include 
a wide range of symptoms. Significant left to right shunt 
across the defect leads to right heart volume overload and 
increased pulmonary blood flow. In adults, this can result in 
heart failure, atrial arrhythmias due to right atrial enlarge-
ment, and pulmonary hypertension [20–22]. In children, 
heart failure is rarely seen, but pulmonary overcirculation 
can promote recurrent airway infections and dyspnea. 
Patients with a coronary sinus ASD and left persistent supe-
rior vena cava can present with reduced oxygen saturation 
due to right to left shunt across the defect.

Large ventricular septal defects are hemodynamically 
relevant and clinically present in the first weeks of life after 
pulmonary vascular resistance decreases. Typical symp-
toms and clinical findings are sweating during feeding, dys-
pnea, slow weight gain, and hepatomegaly. These large 
defects should be closed in the first months of life (nor-
mally in the first 6 months) to avoid pulmonary hyperten-
sion (Eisenmenger syndrome). Small defects normally do 
not cause any symptoms. However, a recent study has 
shown that a significant number of patients may develop 
left atrial and LV dilatation as well as LV dysfunction [19].

6.5  CMR Imaging

6.5.1  Indications

CMR imaging complements other imaging techniques and 
invasive hemodynamic assessments.

In patients with ASDs, CMR is of particular value for the 
assessment of the size of the right heart and for visualization 
of the pulmonary veins [23]. Beside detailed anatomical 
descriptions, CMR is able to accurately measure volumes 
and function of the dilated right heart structures and to quan-
tify the degree of shunt [24].

In patients with VSDs, CMR allows an exact assessment 
of the potentially enlarged size of the LV and left atrium. 
Shunt quantification might help in the process of decision- 
making if the defect needs to be closed. Additional findings 
such as a double-chambered RV can anatomically be clearly 
described by CMR.  Functional parameters derived from 

CMR might have prognostic value in patients with post- 
tricuspid defects and Eisenmenger syndrome [25].

General indications for CMR in atrial and ventricular sep-
tal defects include poor echocardiographic acoustic win-
dows, need to evaluate surrounding structures and associated 
vasculature which may be incompletely visualized by echo-
cardiography (in particular, the pulmonary veins), and need 
for noninvasive quantification of pulmonary and systemic 
blood flow for shunt quantification. Goals for imaging 
include accurate assessment of ventricular volumes and 
function, the relationship of the defect to surrounding struc-
tures and resulting pathology, evaluation of associated anom-
alies, and assessment of intracardiac shunting.

CMR might be helpful for the presurgical or pre- 
interventional planning of closure of muscular VSDs 
(Fig. 6.6). However, CMR is less suitable for defects with 
thinner rims such as ASDs and perimembranous VSDs [26]. 
3D imaging can be applied and used for 3D printing in com-
plex cases [27].

6.5.2  Imaging Protocols

6.5.2.1  CMR Techniques for the Anatomical 
Description of Septal Defects 
and Associated Findings

CMR is well suited to visualize defects of the atrial and ven-
tricular septum. Spin-echo and 2-dimensional (2D) steady- 
state free precession (SSFP) pulse sequences are usually 
used for anatomical imaging. In complex cases, 3D imaging 
with ECG- and respiratory-navigated 3D SSFP or modified 
Dixon sequences might be useful for a detailed anatomical 
description [28]. Conventional contrast-enhanced magnetic 
resonance angiography and time-resolved dynamic contrast- 
enhanced magnetic resonance angiography give good infor-
mation about the thoracic vessels including the pulmonary 
veins [29].

A secundum ASD can often be well visualized in the area 
of the fossa ovalis on a transaxial cine stack covering the 
entire heart. Furthermore, an atrial short axis stack with the 
use of a thin slice thickness (4–6 mm) should be applied to 
delineate the defect (Fig. 6.7c). Sometimes it can be difficult 
to distinguish between an ASD and a thin-walled but intact 
middle part of the interatrial septum. In those cases, it might 
be helpful to know that patients with an ASD have thickened 
edges of the septum adjacent to the defect (Fig. 6.7), whereas 
otherwise the septum thins gradually toward the thin-walled 
but intact septal part [31].

The primum ASD, sinus venosus defects, and coronary 
sinus ASD are also seen on transaxial stacks of 2D SSFP 
cine or spin-echo images as well as on an atrial short axis 
stack. As mentioned, the primum ASD defect is commonly 
associated with a mitral valve cleft that can be seen on short 
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Fig. 6.6 Large muscular ventricular septal defect (*) in a male with unrepaired tetralogy of Fallot. There are is a lack of septal rims toward the 
anterior and apical walls

a b

c d

Fig. 6.7 Female with a secundum ASD. (a) 2D phase-contrast image showing an en-face view of the defect [30]. (b–d) SSFP cine images illustrat-
ing the defect

axis stacks covering the atrioventricular valves (Fig.  6.2). 
The atrial short axis stack should include the entire atrial 
septum including the orifices of the caval veins. An addi-
tional coronal cine stack can be helpful in patients with a 
coronary sinus defect. In all situations, cross-cut images 

through the defect using 2D SSFP pulse sequences can help 
for anatomical definition.

Ventricular septal defects are often well seen on trans-
axial cine stacks. However, it might be of use to acquire 
images of the interventricular septum in a second plane 
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because small defects can be difficult to visualize. In addi-
tion, large defects can anatomically be better described. 
Dedicated 2D SSFP cine images can confirm the presence 
of a VSD.

Associated lesions, particularly aortic regurgitation and a 
double-chambered RV, can be visualized be acquiring LV and 
RV outflow tract views as well as aortic valve cine images.

For visualization of septal defects, it may be also helpful to 
use in-plane phase-contrast cine techniques that have longer 
repetition times than SSFP imaging. Additionally and care-
fully planned through-plane imaging might allow to acquire a 
direct en-face image of septal defects (Fig. 6.7a) [30].

CMR imaging in patients with septal defects is typically 
successful if information from previous imaging studies, in 
particular echocardiographic examinations, is available. 
Together with this information and a systematic scanning 
approach with thorough evaluation of the interventricular 

and interatrial septum, the defect can typically be anatomi-
cally evaluated.

Late gadolinium enhancement (LGE) CMR may add 
valuable information in some occasions such as in patients 
with arrhythmias after surgical VSD closure to plan electro-
physiology studies. LGE imaging is able to locate previous 
surgical areas and can give information about the extent of 
scar tissue and VSD patch material. An apical scar can some-
times be detected in older congenital heart disease patients 
and may suggest apical venting during a previous surgery. 
Nowadays, apical venting is typically not performed any-
more. Other surgical approaches have been used and might 
be detected by LGE imaging (Fig. 6.8). Dark blood and gray 
blood LGE are newer techniques and might help to detect 
scar tissue adjacent to the blood pool in certain cases [32, 
33]. Imaging atrial scar requires specialized sequences for 
the visualization of scar tissue in the thin atrial wall [34, 35].

Fig. 6.8 Adult patient after surgical VSD closure in childhood. The 
upper row of images shows LGE in the surgical areas (RV free wall and 
interventricular septum; white arrows). The lower row of images shows 

a thin-walled area in the RV free wall corresponding to the area of LGE 
(white arrowhead)
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6.5.2.2  CMR Techniques for the Hemodynamic 
Assessment of Septal Defects

The intracardiac shunt in patients with an ASD or VSD is 
typically a left-to-right shunt. This results in volume over-
load and enlargement of the right atrium and RV in patients 
with an ASD and in left heart volume overload in patients 
with a VSD. Ventricular volumetry should be performed in 
all patients from short axis or transaxial cine stacks to quan-
tify the biventricular size and systolic function. Atrial size 
can be calculated from short axis cine images cutting the 
interatrial septum in an orthogonal plane similar to those 
views used for ventricular volumetry [36]. Another option 
for the measurement of atrial volumes is the monoplane or 
biplane-area-length method [37].

CMR allows to measure the shunt across the interatrial 
and interventricular septum. Shunt calculation can be per-
formed by subtracting the LV stroke volume (LVSV) from 
the RV stroke volume (RVSV), both derived from ventricular 
volumetry: Shunt volume = RVSV − LVSV [38]. There are, 
however, several limitations with this method. The aortic or 
pulmonary regurgitant volume will increase the end-diastolic 
volume which will affect the calculation of the stroke vol-
ume and, in turn, calculation of the shunt (Qp:Qs). If this 
method is used to calculate the Qp:Qs in the setting of valvu-
lar regurgitation, the regurgitant volume must be taken into 
account and the stroke volume adjusted appropriately. This 
method is also not useful in the setting of large unrepaired 
ventricular septal defects in which there is equalization of 

RV and LV pressures and, in turn, equalization of stroke vol-
ume. As with any volumetric technique, accurate assessment 
of the endocardial borders during ventricular volumetry is 
crucial to obtain correct measurements which impact clinical 
decision-making.

Another option that should be used in all patients with 
septal defects is the calculation of the ratio of pulmonary to 
systemic blood flow (Qp/Qs) from 2D or 4D phase-contrast 
cine imaging (Fig. 6.3) [6, 38, 39]. Typically defects with a 
Qp/Qs ≥1.5 should be considered for interventional or surgi-
cal closure.

Generally, phase-contrast cine imaging uses velocity- 
induced phase shifts to distinguish flowing blood from sta-
tionary tissue. Protons moving in the direction of a magnetic 
field gradient acquire changes in phase or phase shifts, and 
this phase shift is proportional to its velocity. In clinical rou-
tine, 2D phase-contrast cine imaging is more commonly 
applied than 4D flow imaging. This sequence produces two 
sets of data: magnitude images providing the anatomic 
information and phase images including the velocity infor-
mation [37].

When using 2D phase-contrast cine imaging, image plan-
ning should be performed on cine images perpendicular to 
each other. For aortic flow measurement, the scanning plane 
should be placed at the level of the sinotubular junction and 
for pulmonary flow measurements slightly above the pulmo-
nary valve (Fig. 6.9). Aortic flow measurements at the level 
of the sinotubular junction exclude the coronary blood flow 

Fig. 6.9 The upper row of images shows the planning of the pulmonary flow measurement, and the lower row demonstrates the scanning planes 
of aortic flow measurements
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which may slightly impact the Qp:Qs measurement (coro-
nary blood flow: ~5% of LV output). Apart from the correct 
planning of the scanning planes, the setting of the so-called 
velocity encoding value (VENC) is of importance. Ideally, 
the VENC should only be slightly higher than the velocity in 
the examined vessel. Peak velocities that are higher than the 
VENC cause aliasing (wrapping around of velocity informa-
tion within a voxel), whereas VENC settings that are much 
higher than the peak velocity can result in small phase differ-
ences, low contrast to stationary tissue, and low signal-to- 
noise ratio [40, 41]. For aortic and pulmonary artery flow 
measurements in patients without aortic or pulmonary valve 

disease, a VENC of 150–200 cm/s is typically used. For in- 
plane interatrial flow, the VENC is set up lower due to low 
velocities of the shunt (less than 100 cm/s).

4D flow CMR is an extension of the conventional 2D 
phase-contrast cine imaging technique. It has been developed 
to obtain a more comprehensive access to blood flow. Unlike 
2D phase-contrast cine imaging, 4D flow CMR measures all 
three directional components of blood flow velocities relative 
to 3D dimensions of a specific volume throughout the cardiac 
cycle. Studies have shown that 4D flow CMR allows an accu-
rate and highly reproducible measurement of Qp:Qs [42]. It 
also allows a visualization of the septal defect (Fig. 6.10).

a b

c d

Fig. 6.10 Visualization of a secundum ASD using 4D flow. (a, b) Direct en-face view of the defect (navigation crosshair). (c, d) Left to right shunt 
across the defect (navigation crosshair)
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6.6  Discussion

CMR imaging has established its place in the noninvasive 
evaluation of patients with congenital heart disease. In 
patients with septal defects, CMR normally complements 
echocardiography and can give important information on the 
hemodynamic relevance of a defect by providing exact mea-
surements of the ventricular size and the amount of shunt. 
This is reflected by the typical referral indications which 
include the measurement of biventricular volumes and ejec-
tion fraction as well as calculation of Qp:Qs by 2D and 4D 
phase contrast CMR. In addition, the assessment of associ-
ated findings such as a mitral valve cleft or an abnormal pul-
monary venous drainage in patients with ASDs can be easily 
performed by CMR.

CMR is often used in adult patients in whom echocar-
diographic windows are poor and additional hemodynamic 
and quantitative data are needed. However, CMR is not 
only well suited for adults with septal defects but is 
increasingly used in children to investigate the hemody-
namic relevance of a defect and its potentially associated 
anomalies.

In summary, CMR is an appealing technique because it 
can be crucial in clinical decision-making by allowing a 
detailed anatomic delineation of the defect from 2D- and 3D 
data sets together with accurate hemodynamic data.

6.7  Limitations and Pitfalls

When assessing patients with septal defects, a standard 
protocol should be used and should be available in advance 
(please see Table 6.1). Ideally, information of the clinical 
evaluation and previous imaging studies should be pro-
vided before the CMR scan for an accurate image planning 
and acquisition. Small defects can sometimes be missed on 
anatomical images; in those cases, previous data can be 
crucial. For shunt calculation, physicians should be aware 
of potential pitfalls and limitations of phase-contrast imag-
ing to avoid errors in flow measurements [43]. In small 
children and uncooperative patients, sedation or general 
anesthesia may be necessary to complete CMR 
examination.

6.8  Conclusions

Septal defects are the most common congenital heart defects 
in children and adults, and CMR has become an established 
technique for evaluating those patients. With the growing 
number of adults with congenital heart disease, it is of impor-
tance that physicians performing and interpreting CMR stud-
ies have a good understanding of CMR techniques to examine 
these patients [44]. Standard imaging protocols together with 
an interdisciplinary approach between imaging specialists, 
technicians, and cardiologists should ensure that the 
requested information for each specific lesion can be 
detected.

Practical Pearls

• Clinical information and data from previous imaging 
studies should be available prior to the CMR scan

Table 6.1 CMR sequence list for the assessment of patients with sep-
tal defects

Localizer scans Transaxial, coronal, sagittal, short axis, 
HLA, VLA, and 3ch stacks and planes

Black blood imaging 
(e.g., TSE, HASTE)

Transaxial, coronal, and sagittal planes

Cine imaging Transaxial cine stack, HLA, VLA, 3ch, SA 
stack including the atria (in patients with 
ASD), LVOT, RVOT, RV-VLA, additional 
planes to localize the defect, aortic valve 
(in patients with VSD and AI)

Phase-contrast cine 
imaging

Through-plane flow measurement through 
aortic root or sinotubular junction and 
main pulmonary artery; serial in-plane 
velocity-encoded and through plane 
velocity-encoded acquisitions along 
regions of interest to localize defects and 
quantify size and flow

First-pass perfusion 
imaging

Not routinely performed

Late gadolinium 
enhancement

Typically in the same planes as cine 
imaging, can be of additional use

Three-dimensional (3D) 
whole heart techniques 
(e.g., bSSFP, mDixon) 
or contrast-enhanced 
angiography

Coronal or transaxial plane to visualize the 
pulmonary veins and other thoracic vessels
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• A structured scanning protocol should guide technicians 
and physicians during the CMR examination

• Combinations of pulse sequences used for anatomical 
imaging (spin-echo sequences, 2D SSFP, 3D SSFP) 
should be used for delineation of the defect and to visual-
ize associated anomalies

• Angiographic techniques with and without contrast (3D 
SSFP, 3D mDixon, CE-MRA) can help to detect anoma-
lous pulmonary venous drainage

• 2D- or 4D phase-contrast CMR should be used for shunt 
calculation
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7Right Ventricular Anomalies

Frédérique Bailliard

7.1  Introduction

In congenital heart disease, the right ventricle (RV) plays a 
disproportionately important role in pathophysiology. 
Unfortunately, the right ventricle has notoriously been diffi-
cult to image functionally and structurally by echocardiogra-
phy for the following reasons:

• The anterior position of the RV in the chest can result in 
poor acoustic echocardiographic windows, preventing 
accurate assessments of the RV free wall, or of an unusu-
ally positioned outflow tract.

• The right ventricular outflow tract (RVOT) formed by the 
outlet septum, the ventriculo-infundibular fold, and the 
septomarginal trabeculations can be difficult to conceptu-
alize, particularly when malformed, and even more so 
when the great arteries are malpositioned.

• The complex anatomy of the RV cavity precludes simple 
mathematical models for providing quantitative func-
tional data that is accurate and reproducible.

Cardiovascular magnetic resonance (CMR) imaging, not 
limited by the location of the RV in the chest, nor by its anat-

omy, has the ability to provide high-resolution anatomical 
and functional data for morphologically abnormal right ven-
tricles, or those affected by abnormal pressure or volume 
loading conditions.

In this chapter, an overview of CMR imaging of the 
abnormal right ventricle is provided, with reference to spe-
cific lesions. We will provide a methodical, fundamental 
imaging protocol (Table 7.1), with appropriate modifications 
guided by the pathophysiology and surgical techniques for 
individual lesions. We will discuss four principal subtypes of 
“abnormal RV”:

• The RV with abnormal great artery position: double- 
outlet RV

• The RV with abnormal division of the trabeculations: 
double-chambered RV

• The RV with abnormal pulmonary outlet: pulmonary atre-
sia with intact ventricular septum

• The RV with abnormal afterload: pulmonary arterial 
hypertension and Eisenmenger syndrome
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Table 7.1 Example of the standard sequences and views of a routine congenital cardiac scan with additional images (marked with an asterisk) to 
complete a comprehensive “RV assessment,” in the order of workflow

Sequence Planning 1° purpose 2° purpose
Scout Single-shot bSSFP 

images
Contiguous slices in all three 
radiological planes covering all 
relevant anatomy

Isocentering of the heart in the 
scanner

Preview of thoracic anatomy
May be used for planning 
should other images be unable 
to be obtained

Axial stack Respiratory-navigated, 
ECG-gated, “black- 
blood” images (HASTE 
or TSE)

Coverage from liver to neck Planning subsequent cine 
imaging planes

Provides a map of thoracic 
anatomy

Contiguous axial slices Include aortic arch and 
proximal head and neck vessels
Include systemic and pulmonary 
veins

Ventricular long 
axis (RVLA, 
LVLA)

Breath-held, ECG-gated, 
bSSFP cine images

From axial stack Planning the true four-chamber 
image

Assessment of anterior and 
inferior myocardium, AV 
valves, ventricular sizes

Place perpendicular plane 
through long axis of ventricle, 
from mid-atrioventricular (AV) 
valve to ventricular apex

AV valves Breath-held, ECG-gated, 
bSSFP cine image

From axial stack Planning the four-chamber and 
LV outflow tract (LVOT) 
images

Subjective evaluation of AV 
valve morphology and 
function

Place perpendicular plane 
parallel to, and on apical side of 
AV valve
Check orientation is parallel to 
the vertical axis of the AV 
valves on RVLA and LVLA 
views
The image should include base 
of aortic valve in systole

Four-chamber 
view

Breath-held, ECG-gated, 
bSSFP cine image

From AV valves and VLA views Subjective assessment of atrial 
volumes, biventricular volumes 
and function, ventricular wall 
motion, AV valve regurgitation

Planning short axis (SA) stack
Place perpendicular plane 
across both AV valve orifices
From LVLA cine check that this 
plane passes through mid-mitral 
valve and LV apex
From RVLA check that the 
plane passes through mid- 
tricuspid valve and RV apex

Short-axis (SA) 
stack

Breath-held, ECG-gated, 
bSSFP cine image

From end-diastolic frame of 
four-chamber cine

Provides the images required 
for segmentation of ventricular 
volumes

Assessment of the ventricular 
septum, ventricular 
myocardial morphology, wall 
motion abnormalities, and 
outflow tracts

Place perpendicular plane at 
hinge points of both AV valves, 
with special care to include the 
entire basal ventricular blood 
pool
From VLA views, check the 
first slice is perpendicular to AV 
valve hinge points
Contiguous slices are then 
placed to cover the entire 
ventricular mass to the apex

(continued)
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Table 7.1 (continued)

Sequence Planning 1° purpose 2° purpose
MR angiogram Breath-held, not 

ECG-gated
Isotropic voxels Angiographic views of large 

and small thoracic vessels. 
Images less subject to artifact 
caused by low velocity or 
turbulent flow

Subjective determination of 
preferential blood flow

Planned on axial TSE stack, for 
sagittally orientated raw data

The second pass acquisition 
allows assessment of systemic 
and pulmonary venous 
anatomy

Can be expanded to perform 
time-resolved angiography or 
four-dimensional angiographyInclude anteroposterior chest 

wall, lung fields
Image acquisition triggered with 
bolus-tracking to ensure 
maximum signal in structure of 
interest
Two acquisitions routinely 
acquired

3D bSSFP Free breathing, 
respiratory navigated, 
ECG-gated

Planned on axial TSE stack for 
sagitally oriented raw data

Provides high-resolution 
images of intracardiac 
anatomy, including coronary 
arteries

Planning further imaging 
planes in patients with 
complex anatomy

Data acquisition 
optimized to occur 
during cardiac standstill

Include entire heart, pulmonary 
arteries and veins, aortic arch

Allows multiplanar 
reformatting

Signal improved 
following gadolinium 
injection
Signal improved in 
tachycardic patients by 
triggering acquisition 
with every second 
heartbeat

Respiratory navigator placed 
mid-right dome of diaphragm, 
avoiding cardiac region of 
interest

Delayed 
enhancement

Free breathing, 
single-shot true-FISP 
inversion recovery 
images

Copy image position and 
parameters of the SA stack

Screen for myocardial fibrosis 
or scar

Determine if segmented, 
breath-held delayed 
enhancement should be 
performed

Adjust inversion time (TI) to 
null normal myocardium

LV outflow tract Breath-held, ECG-gated, 
bSSFP cine image

From the AV valves cine Outflow tract morphology, 
subjective assessment of 
semilunar valve function

Planning phase contrast 
velocity mapping

Place a perpendicular plane 
through both basal aortic valve 
and mid-mitral valve orifice

Planning “en-face” view of 
semilunar valve

Check orientation passes 
through LV apex using LVLA 
cine
Cross-cut this view to obtain 
two orthogonal cine views of 
LVOT

RV outflow tract Breath-held, ECG-gated, 
bSSFP cine image

From axial stack Outflow tract morphology Planning phase contrast 
velocity mapping

Place perpendicular plane 
through the pulmonary trunk

Subjective assessment of 
semilunar valve function

Planning “en-face” view of 
semilunar valve

Cross-cut this view to obtain 
two orthogonal cine views of 
RVOT

RV in/out Breath-held, ECG-gated, 
bSSFP cine image

From four-chamber cine and 
RVOT sagittal cine

Assess RV free wall motion

Place a perpendicular plane 
across the TV in four-chamber 
cine

Additional profile of 
infundibulum

Ensure the plane crosses the 
RVOT in the RVOT sagittal cine

(continued)
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Table 7.1 (continued)

Sequence Planning 1° purpose 2° purpose
Branch PA Breath-held, ECG-gated, 

bSSFP cine images
Images 1 and 2: From MRA, 
create MPR of the sagittal and 
coronal view of the RPA and of 
the LPA

Assess the dynamic nature of 
the branch PAs

Image 3: From images 1 and 2, 
plan the axial image of the 
confluence of the branches

Assess the PA confluence

Great artery 
flow

Non-breath-held, 
ECG-gated, through- 
plane phase contrast 
flow velocity mapping

From the orthogonal outflow 
tract images

Vessel flow volume Calculate pulmonary blood 
flow to systemic blood flow 
ratio (Qp:Qs)

Place a perpendicular plane 
across the vessel of interest

Calculate regurgitant fractions 
(RF%)

Evaluate the presence and 
location of shunts

Place plane just distal to valve 
leaflets in systole, to avoid 
turbulent areas of flow

Validate ventricular stroke 
volume measurements

Calculate flow velocity

Optimize velocity encoding to 
maximize accuracy and prevent 
aliasing

Branch PA flow Non-breath-held, 
ECG-gated, through- 
plane phase contrast 
flow velocity mapping

From orthogonal views of the 
branch PA

Assess the ratio of net forward 
branch PA flow

Calculate flow velocity

Place perpendicular plane 
across the RPA and the LPA

Assess regurgitant fraction of 
each PA

Validate MPA flow

7.2  Right Ventricular Imaging 
and Analysis

With any anatomic or functional assessment of the RV, the 
accuracy and reproducibility of imaging critically depend on 
image position, the technical quality of the images (temporal 
and spatial resolution), and the post-processing techniques. 
Much subjectivity, and therefore poor reproducibility, can be 
introduced by imprecise or non-systematic methods of post- 
processing and measurement, even in the setting of excellent 
image quality.

Planning the slice positions for acquisition of a short-axis 
stack of images to cover the RV begins with careful acquisi-
tion of long-axis images utilized to plan the stack. The RV 
long-axis view must transect the right-sided atrioventricular 
valve (AVV) and the RV apex. The short-axis stack is subse-
quently planned in a plane parallel to the right-sided atrioven-
tricular valve (AVV) and perpendicular to the ventricular 
septum in order to minimize partial-volume effects caused by 
the myocardial-blood pool interface. In cases of dilated right 
ventricles, one must take care to acquire sufficient slices into 
the right atrium to obtain the entire basal ventricular volume, 
particularly in diastole. Inaccurate interpretation of ventricu-
lar volumes at the basal slices is frequently responsible for 
observer variation in short-axis stack volumetric analysis [1] 
and must not be overlooked at the time of image acquisition.

Post-processing of cine images to calculate ventricular 
volumes and systolic function is usually performed off-line, 
using commercially available software. The segmentation of 
the blood pool and myocardial border can be performed man-
ually or by using a variety of automated signal thresh- holding 
techniques. A fundamental issue, particularly for the RV in 

patients with congenital heart disease, is that of inclusion or 
noninclusion of the trabeculae in the blood pool. This is illus-
trated in Fig. 7.1. If a simple endocardial contour is drawn 
ignoring the trabeculae and therefore including them in the 
blood pool, the manual segmentation process is more efficient 
and more reproducible [2]. However, this leads to erroneously 
large volume estimates for the ventricles and prohibits inter-
nal validation of stroke volumes using great arterial flow vol-
umes [3]. Calculation of the difference between stroke 
volumes and great arterial flow to quantify tricuspid regurgi-
tation and the presence or absence of intracardiac shunts will 
therefore also be inaccurate. Including major trabeculae in the 
blood pool volume rather than myocardial volume eliminates 
one of the benefits of performing CMR.

Although the plane of image acquisition for volumetric 
analysis has conventionally been the short-axis stack [4, 5], 
there may be limitations when using this imaging plane. In 
complex congenital heart disease, conventional anatomic 
landmarks used for planning of the short axis stack may be 
lost, making axial stacks much simpler to acquire. Another 
limitation arises in right ventricles impaired by excessive 
afterload (e.g., pulmonary arterial hypertension) (see Sect. 
7.6.2) when the loss of systolic contraction in the radial plane 
often exceeds that in the longitudinal plane [6]. In these 
severely depressed ventricles, the small changes between end-
systolic and end-diastolic volumes may be more readily 
detected in the longitudinal plane than in the short-axis plane. 
Finally, in the short-axis plane, suboptimal visualization of the 
valvular attachments in the RV inflow and outflow tracts may 
make it difficult to distinguish atrial from ventricular volumes. 
These issues could all impair the accuracy and reproducibility 
of volumetric analysis using short-axis images [7, 8].
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Fig. 7.1 A diagrammatic illustration of the varying modes of manual segmentation of the right and left ventricles, for volumetric analysis, using 
a representative mid-short-axis cine view

Conversely, in the axial image plane, through-plane motion 
of the myocardium, with loss of clarity of the myocardial–
blood pool interface, can render the inferior border of the right 
ventricle difficult to accurately identify [7]. Moreover, any 
inconsistency in the patient’s breath-holding position during 
acquisition of an axial stack will alter diaphragmatic position 
and therefore increase the likelihood that slices are not con-
tiguous, significantly impairing accuracy. Although the repro-
ducibility of volumetric analysis from axial stacks of images 
has been portrayed in groups of normal patients, and in a 
group of patients with repaired tetralogy of Fallot, it has not 
been evaluated in more complex congenital heart disease nor 
has it been directly compared to measurement reproducibility 
from meticulously planned and segmented short-axis images.

The post-processing software used greatly influences the 
accuracy and reproducibility of ventricular volumetric assess-
ment, particularly for the right ventricle. This applies to the 
issue of manual segmentation versus thresh-holding tech-
niques [9]. Viewing software permitting the display of multi-
ple cines simultaneously that also allows the relative position 
of each cine (or slice) to be marked in relation to the other is 
disproportionately important [10]. This slice- positioning tool 
enables the exact position of any short- or long-axis slice to 
be visualized in relation to the inflow and outflow tract in 
systole and diastole. While this technique greatly improves 

accuracy, there remains individual subjectivity with manual 
segmentation techniques. One method to minimize inter-
observer variability is to actively archive images that include 
the manually drawn regions of interest to allow comparison 
with future manual segmentation in serial studies.

Published standard protocols [4, 5] endorse the use of a 
short-axis stack for ventricular volumetric analysis. However, 
for isolated clinical scenarios such as pulmonary arterial 
hypertension (Sect. 7.6.2), an axial stack is used for volumet-
ric analysis.

7.3  The RV with Abnormal Great Artery 
Position: Double-Outlet Right 
Ventricle (DORV)

7.3.1  Definition of DORV

Although patients with double-outlet right ventricle (DORV) 
can exist in the setting of heterotaxy, single ventricles, and 
atrioventricular septal defects, the following discussion will 
be limited to those patients with situs solitus and balanced 
ventricles and atrioventricular valves.

The term DORV describes congenital malformations in 
which greater than 50% of the circumference of both of the 
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great arteries arises from the RV in the presence of a ventricu-
lar septal defect (VSD). It accounts for 1–1.5% of all con-
genital heart disease. Echocardiography establishes the 
commitment of the great arteries to the right ventricle in the 
more extreme forms of DORV.  In more subtle cases, with 
even slight deviation from the traditional imaging planes, the 
two-dimensional images of echocardiography can be mis-
leading and give the appearance of DORV when in fact only 
one great artery arises from the RV [11]. Clinicians have 
therefore used other morphologic criteria such as the absence 
of atrioventricular to semilunar valve continuity and/or the 
presence of bilateral infundibulum to solidify the diagnosis of 
DORV. Unfortunately, these criteria do not equivocally estab-
lish the diagnosis: DORV with subpulmonary VSD may exist 
with mitral-pulmonary continuity and thus without bilateral 
infundibulum [12]. It is this relationship of the ventricular 
septal defect to the great arteries that defines the physiology 
of patients with DORV and is the basis for the most com-
monly used classification of DORV, first described by Lev 
et al. [13]. It is important to note that in spite of the Lev clas-
sification, DORV is a continuum of anomalies with physiol-
ogy of tetralogy of Fallot on one end and physiology of 
transposition of the great arteries on the other end. Lesions in 
the middle of the spectrum may not easily be described by the 
Lev classification, complicating the surgical decision- making 
[14]. In the past, the diagnosis of the more difficult cases of 
DORV could only be confirmed by surgical inspection.

Today, multiplanar reconstructions (MPRs) of intracar-
diac anatomy provided by CMR imaging have provided cli-
nicians with a tool to accurately determine not only the 
relationship of the great arteries to the RV but also to describe 
the location of the ventricular septal defect. More recently, 
three-dimension printing has provided yet an additional rep-
resentation of the heart, solidifying diagnoses and optimiz-
ing surgical planning [15]. The major variations of DORV 
are discussed below.

7.3.2  DORV with Subaortic Ventricular Septal 
Defect (VSD) and Pulmonary 
Stenosis(PS)

7.3.2.1  Anatomy
DORV with a subaortic VSD accounts for two thirds of cases 
of DORV and is part of the continuum of tetralogy of Fallot 
(TOF). The great arteries lie side by side with the aorta right-
ward of the pulmonary artery (PA) and slightly posterior, 
thus similar to a normal heart. The rarely restrictive VSD sits 
between the limbs of the septomarginal trabeculations with 
the outlet septum attached to the anterior limb of the septo-
marginal trabeculations, which isolates the pulmonary artery 
from the left ventricle (LV) [12]. As in patients with TOF, the 
severity of pulmonary stenosis will determine the degree of 
hypoxemia and therefore both the type and timing of surgical 

repair. Associated lesions, easily identified even in the neo-
nate by echocardiography, include arch anomalies, addi-
tional ventricular septal defects, branch pulmonary artery 
hypoplasia, and anomalous coronary arteries.

7.3.2.2  Surgery
Surgical intervention consists of closing the VSD with a 
patch incorporating the aorta into the left ventricle. If the 
aorta is significantly rightward and/or anterior, the distance 
between the tricuspid and pulmonary valve may be less than 
the aortic root diameter. In this case, a baffle from the LV to 
the aorta passing between the tricuspid valve and pulmonary 
valve will be compromised [14]. Depending on the degree 
and location of the pulmonary stenosis, repair will also com-
prise of a combination of infundibular resection, right ven-
tricular outflow tract (RVOT) patch augmentation, pulmonary 
valvotomy, transannular patch, and branch pulmonary artery 
augmentation.

7.3.2.3  Imaging
Most infants with DORV/subaortic VSD/PS will not require 
preoperative CMR imaging in addition to echocardiography. 
Rarely, a patient with an unexpected or complex preopera-
tive course will prompt CMR imaging. This may be a focused 
exam guided by the preoperative course and query with 
examples as follow.

 1. If the feasibility of an intracardiac repair is questioned, 
the essential sequence is the three-dimensional balanced 
steady-state free precession (3D bSSFP) whole-heart 
sequence. By acquiring data with isotropic voxels and 
using MPRs, the distance between the tricuspid and pul-
monary valves can be measured, thereby allowing an 
assessment of the likelihood of successful intracardiac 
baffling. MPRS are created to prescribe complex nontra-
ditional imaging planes for bSSFP cine images depicting 
the dynamic relationship of the VSD, the aorta, and the 
pulmonary and tricuspid valves.

 2. In patients who have mild pulmonary stenosis, in whom 
deferring surgical repair is favored, documenting the pul-
monary blood flow, and therefore risk of developing pul-
monary hypertension, may be desirable. In these patients, 
the exam should focus on obtaining an accurate measure 
of the ratio of pulmonary to aortic blood flow (Qp:Qs) 
and of ventricular volumes. Branch pulmonary artery 
flow should be obtained as validation of values obtained 
from the main pulmonary artery flow.

 3. In the event that the branch pulmonary artery anatomy is 
questioned, if only one 3D sequence may be obtained due to 
time constraints, magnetic resonance angiography (MRA) 
is the preferred sequence over the 3D bSSFP whole-heart 
sequence. In the setting of significant pulmonary stenosis, 
the 3D bSSFP whole heart is at risk of dephasing artifact 
from turbulent flow in the pulmonary trunk.

F. Bailliard



121

When performing MRA in patients with DORV, a prior 
understanding of the physiology and shunting across the VSD 
is necessary to anticipate the path of contrast and allow appro-
priately timed triggering of image acquisition. For example, 
in patients with near-critical pulmonary stenosis, contrast in 
the RV will fill the ascending aorta prior to the pulmonary 
arteries, and branch PA imaging may be best obtained on the 
second pass of the MRA sequence. Should a patent ductus 
arteriosus (PDA) be present, a delayed triggering of image 
acquisition in the ascending aorta will be optimal.

Although coronary artery anatomy may be shown by the 
3D bSSFP whole-heart sequence, CMR imaging cannot reli-
ably define coronary arteries in neonates. Neonatal coronary 
imaging is best attained with cardiac catheterization or CT 
angiography.

In the older child or adult, CMR plays an important role in 
the long-term assessment of patients with DORV/subaortic 
VSD/PS. There is the potential for residual pulmonary steno-
sis, pulmonary regurgitation, and branch pulmonary artery ste-
nosis. Serial, systematic evaluation of residual lesions and their 
hemodynamic consequence should utilize a “RV assessment” 
protocol obtained by addition of certain relevant images to a 
basic protocol (Table 7.1). The RV inflow/outflow cine profiles 
the tricuspid valve and the RV free wall. It also provides an 
additional dynamic view of the RVOT. This view often portrays 
aneurismal motion of the RVOT, as defined by systolic expan-
sion of the outflow tract. Cine imaging of the branch pulmo-
nary arteries in orthogonal planes defines the cyclic pulsatility 
of the vessels and areas of focal narrowing. Through-plane 
phase-encoded flow velocity mapping of each of the branch 
pulmonary arteries allows evaluation of the net ratio of forward 
flow to each lung. Of note, in the presence of turbulent flow in 
a pulmonary artery due to stenosis, phase-encoded velocity 
mapping will be unreliable. In this situation, flow volume 
quantification is more accurately ascertained by summing 
through- plane flow volumes in the four pulmonary veins.

The remainder of a basic congenital heart disease proto-
col should be followed, assessing the findings in the context 
of past surgical intervention and the current pathology. 
Ventricular compliance can be assessed by the flow pattern 
across the pulmonary valve. A noncompliant right ventricle 
becomes a conduit for blood flow during atrial systole, and 
through-plane phase-encoded velocity mapping of the pul-
monary artery may demonstrate antegrade flow in late dias-
tole. As ventricular compliance decreases, the pulmonary 
regurgitant fraction may decrease.

With abnormal RV loading, the hemodynamic effect on 
the LV must be considered. Patients with severe pulmonary 
regurgitation exhibit smaller left ventricular volumes as a 
result of decreased right ventricular output [15]. LV filling 
has been shown to improve after percutaneous pulmonary 
valve implantation [16]. Thus one should not ignore the clin-
ical implication of RV abnormalities on left-sided hemody-
namics which must be followed just as meticulously.

7.3.3  DORV with Subaortic VSD Without 
Pulmonary Stenosis

7.3.3.1  Imaging
Infants with DORV and a subaortic VSD without pulmonary 
stenosis rarely have indications for preoperative CMR imag-
ing. The anatomy is straightforward and can be delineated by 
echocardiography. The physiology is that of a large 
VSD.  Uncomplicated surgical closure of the defect is 
expected to result in normal physiology and anatomy with-
out significant residua.

Postoperative assessments using CMR would be indi-
cated if clinical and echocardiographic screening suggested 
hemodynamic compromise. The protocol suggested above 
would apply.

7.3.4  DORV with Subpulmonary VSD

7.3.4.1  Anatomy
DORV with subpulmonary VSD accounts for one quarter of 
cases of DORV.  It is frequently referred to as the “Taussig- 
Bing” variety of DORV, although this term has also been used 
to describe complete transposition of the great arteries with 
subpulmonary VSD [12]. The aorta and pulmonary artery lie 
side by side with the aorta rightward of the pulmonary artery 
or may lie in anterior-posterior orientation with the aorta ante-
rior and slightly rightward [17]. The VSD sits between the 
limbs of the septomarginal trabeculations, but in contrast with 
the subaortic VSD, the outlet septum attaches to the ventri-
culo-infundibular fold or to the posterior limb of the septomar-
ginal trabeculations therefore isolating the aorta from the left 
ventricle. Associated findings include a constellation of left 
heart anomalies: coarctation of the aorta, straddling of the 
mitral valve, and subaortic stenosis. Pulmonary stenosis is 
rare. As many as 27% of patients with DORV and subpulmo-
nary VSD have coronary artery anomalies [17]. The streaming 
effect of oxygenated blood from the left ventricle into the pul-
monary artery results in physiology resembling that of trans-
position of the great arteries. Depending on the size of the 
VSD and associated mixing lesions (atrial septal defect, PDA), 
patients will present with varying degrees of cyanosis.

Echocardiography is expected to provide sufficient infor-
mation for operative planning during early infancy. Rarely, a 
patient will require preoperative CMR imaging to further 
delineate the degree of aortic arch anomalies and subaortic 
stenosis. The relevant images will be obtained by following 
the basic protocol with additional images as necessary 
(Table 7.2). MR angiography will demonstrate focal or tubular 
narrowing of the aortic arch. Additional long-axis cine images 
of the aortic arch may be useful to demonstrate areas of flow 
acceleration. These may be planned from MPRs using the 3D 
data set or by prescribing a perpendicular plane through the 
ascending and descending aorta from axial images.
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Table 7.2 Preoperative images often obtained in addition to the “RV 
assessment” protocol given in Table 7.1, for patients with DORV/−sub-
pulmonary VSD

Sequence Planning Purpose
Aortic 
outflow 
tract

Breath-held, 
ECG-gated, 
bSSFP cine 
images

Image 1: From axial 
stack, place 
perpendicular plane 
through the aorta and 
angle this toward apex 
of the RV

Replaces the LV 
outflow tract 
view

Image 2: Cross-cut 
image 1 with a 
perpendicular plane

Assessment of 
subaortic 
stenosis if 
present
Allows planning 
of aortic flow

Aortic 
arch

Breath-held, 
ECG-gated, 
bSSFP cine 
image

From TSE axial stack Subjective 
assessment of 
degree of 
obstruction

Place a perpendicular 
plane across the 
ascending aorta and 
ensure it passes through 
the descending aorta

Assessment of 
area of flow 
acceleration

Atrial 
septal 
defect 
flow

Non-breath- 
held, 
ECG- gated, 
through-plane 
phase contrast 
flow velocity 
mapping

From four-chamber and 
short-axis stack

Profiles the size 
of the atrial 
septal defectPlace a perpendicular 

plane on the right atrial 
side of the atrial 
septum, parallel to the 
septum
Ensure the plane is 
parallel to the septum 
in the short-axis plane

7.3.4.2  Surgery
The preferred surgical repair in some centers consists of an 
arterial switch operation (ASO) with closure of the VSD by 
baffling the native pulmonary trunk, now neo-aorta, into the 
LV [18]. Alternatively, patients may undergo oversewing of 
the pulmonary trunk, baffling of the LV to the aorta incorpo-
rating the pulmonary trunk in the LV, with an RV to PA  conduit 
completing the repair (Rastelli procedure) [19]. Patients with 
great arteries in the anteroposterior relationship have greater 
mortality when undergoing ASO than those with side-by-side 
great arteries. It is postulated to be due to a higher prevalence 
of coronary artery anomalies in patients with anteroposterior 
great arteries and, for some centers, results in a greater number 
of patients undergoing the Rastelli procedure [18].

7.3.4.3  Imaging
The long-term assessment of patients with DORV/subpul-
monary VSD is guided by the past surgical intervention and 
associated residual lesions. Patients with a history of ASO 
and Rastelli procedure should be assessed routinely for the 
development or progression of branch pulmonary artery or 
RV-PA conduit stenosis, respectively (see Fig. 7.2a, b, and 
Movies 7.1 and 7.2). An RV assessment protocol as described 

above should be followed. Reimplantation of the coronary 
arteries carries a risk of coronary dysfunction as demon-
strated by abnormal coronary flow reserve in patients after 
ASO [20, 21]. Short- and long-axis cine images of the LV 
should be closely evaluated for wall motion abnormalities. If 
found, segmented, breath-held delayed enhancement imag-
ing, to optimize spatial resolution and sensitivity for detec-
tion of myocardial fibrosis or scar, should be performed.

7.3.5  DORV/Noncommitted VSD (ncVSD)

7.3.5.1  Anatomy
A noncommitted VSD is a more unusual location for a VSD 
in DORV and accounts for approximately 10% of patients 
with DORV [12]. The noncommitted VSD may be restrictive 
and does not sit between the limbs of the septomarginal tra-
beculations as in other types of DORV. Instead, the VSD may 
be perimembranous, with inlet extension, or may be muscu-
lar [11, 22]. The great arteries generally lie side by side with 
the aorta slightly posterior. Associated anomalies include 
pulmonary stenosis, straddling atrioventricular valves, sub-
aortic stenosis, LV hypoplasia, and coarctation of the aorta 
[22, 23]. Depending on the size of the VSD and degree of 
great artery obstruction, patients can present with cyanosis 
or pulmonary overcirculation.

7.3.5.2  Surgery
The remoteness of the VSD from both of the great arteries 
complicates the surgical repair. The aorta is located not only 
rightward of the pulmonary artery but high in the right ventri-
cle, and in the past, these patients were committed to a single-
ventricle palliation [22]. Nowadays, patients successfully 
undergo biventricular repair by enlargement of the VSD and 
tunneling the left ventricle to the aorta or ASO with tunneling 
the left ventricle to the native pulmonary artery [22–24]. In 
centers which prefer the intracardiac repair to the ASO, as 
many as 50–100% of patients will require VSD enlargement 
[23, 24]. Straddling atrioventricular valves and the location of 
chordal attachments play an important role in the surgical man-
agement of these patients. Attachments to the crest of the ven-
tricular septum complicate VSD enlargement but do not always 
preclude it. In contrast, attachments of the tricuspid valve 
crossing the subaortic pathway are more likely to prevent 
biventricular repair [23]. The complexity of either surgical 
option frequently results in patients undergoing repair at an 
older age predisposing patients to the need for palliative proce-
dures such as pulmonary artery band for overcirculation and 
aortopulmonary shunts for hypoxemia as neonates [11, 23, 24].

7.3.5.3  Imaging
Preoperative CMR imaging in patients with DORV/ncVSD 
will focus on the feasibility of intracardiac repair which can 
be determined by following the “RV assessment” protocol. 
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a

b

Fig. 7.2 (a) From the raw data described in Movie 7.1, this is a represen-
tative view using 3D image viewing software. The three planes focus on 
the severely stenotic left pulmonary artery, and the image demonstrates 
the value of isotropic data for assessing complex anatomy. (b) Three 
views from different aspects of a 3D volume-rendered model, using data 

derived from the MR angiogram of the above patient; an infant following 
repair of DORV with subpulmonary VSD, involving arterial switch oper-
ation with Le Compte maneuver and VSD closure. This image demon-
strates the pertinence of 3D data, allowing visualization of the RV outflow 
tract, the narrowed branch pulmonary arteries and the aortic arch

The distance between the tricuspid and pulmonary valves 
may be measured from the 3D bSSFP whole-heart sequence. 
The VSD will be seen in the same sequence and will addi-
tionally be profiled by the short-axis cine images. The atrio-
ventricular valve apparatus should carefully be evaluated for 
chordal attachments to the crest of the septum, using long- 
and short-axis bSSFP cine views. Critical attention must be 
focused on the technical quality of the images to achieve 
optimal spatial resolution in order to sensitively visualize the 
fine fibrous structures of the chordae tendinae. The degree 

and location of aortic and pulmonary stenosis will be seen in 
both 3D datasets and bSSFP cine images.

Postoperatively, patients who have undergone tunneling of 
the LV to the aorta will likely have an elongated, akinetic left 
ventricular outflow tract (LVOT). Up to 30% of these patients 
are at risk of developing subaortic stenosis [23, 25]. The pre-
ferred method of imaging the LV outflow tract involves a 
combination of cine imaging and 3D datasets. Cine images in 
orthogonal planes will demonstrate the contractility of the 
LVOT and the 3D bSSFP sequence by allowing multiplanar 
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reconstructions that will profile the length and narrowing of 
the outflow tract. Patients who undergo repair by ASO and 
tunneling of the LV to the native pulmonary trunk will need to 
be imaged to evaluate the potential for branch pulmonary 
artery stenosis and for evidence of coronary artery anomalies. 
As above, concerns regarding coronary artery integrity and/or 
wall motion abnormalities should prompt segmented, breath-
held delayed enhancement imaging.

7.3.6  DORV/Doubly Committed VSD

A doubly committed VSD in DORV occurs in approximately 
10% of patients with DORV [12]. A thin, fibrous raphe sepa-
rates the rightward aorta from the pulmonary trunk. Patients 
present with early signs of congestive heart failure due to 
unrestricted pulmonary blood flow. Surgical repair consists 
of closing the VSD to the aorta. Preoperatively, there are 
rarely indications for CMR.

Uncomplicated surgical closure of the defect is expected 
to result in normal physiology and anatomy without signifi-
cant residua. Postoperative assessments using CMR would 
be indicated if clinical and echocardiographic screening sug-
gested hemodynamic compromise. The protocols suggested 
above would apply.

7.4  The RV with Abnormal Division 
of the Trabeculations: Double- 
Chambered Right Ventricle (DCRV)

7.4.1  Anatomy

The double-chambered RV (DCRV) is a rare anomaly cre-
ated by hypertrophied muscle bundles that divide the trabec-
ulated apex of the RV. Various origins of the muscle bundles 
have been described including a hypertrophied moderator 
band with a high insertion site on the septal surface and 
anomalous muscle bundles arising from the supraventricular 
crest [26]. Others describe DCRV as occurring from hyper-
trophied septoparietal trabeculations that create a muscular 
shelf, either in a high and horizontal position or in a low and 
oblique plane [27]. In all cases, the resultant physiology is of 
a high-pressure proximal chamber and a low-pressure distal 
chamber, both containing apical trabeculations, thus distin-
guishing the obstruction of DCRV from the infundibular 
obstruction of tetralogy of Fallot [27]. DCRV, in 70–90% of 
patients, is associated with an existing or preexisting peri-
membranous VSD [26–28].

7.4.2  Imaging

In small children with pristine echocardiographic acoustic 
windows, the diagnosis may easily be made using modified 

subcostal right ventricular views. In older children and 
adults, limited views of the right ventricle may result in poor 
detection of obstructive right ventricular muscle bundles, 
particularly when the high-velocity jet of the obstruction is 
mistaken for shunting across the VSD. In a recent retrospec-
tive review of 32 adult patients with DCRV, transthoracic 
echocardiography correctly identified a DCRV in only 5% of 
patients [28]. Missed diagnoses have been reported in mul-
tiple patients, leading to inappropriate surgical and medical 
management [29]. Suspicion of the presence of DCRV, based 
on physical exam and on an unexpectedly hypertrophied RV 
on echocardiography, should prompt additional imaging by a 
modality that provides unrestricted views of the right ven-
tricle such as CMR or transesophageal echocardiography. 
The degree of obstruction across the hypertrophied muscle 
bundles will determine timing of surgical intervention. 
Progression of the obstruction occurs at a highly variable 
rate; patients have required surgical resection anytime 
between infancy and adulthood [26, 27].

CMR imaging should follow the “RV assessment” proto-
col with additional images focused on the intracavitary anat-
omy (Table  7.3). Cine imaging of the right ventricular 
obstruction will identify the location of maximal obstruction 

Table 7.3 Images often obtained in addition to the “RV assessment” 
protocol given in Table 7.1, for patients with double-chambered RV

Sequence Planning Purpose
RV cavity Breath-held, 

ECG-gated, 
“black-blood” 
images (HASTE 
or TSE). 
Contiguous, 
high-resolution 
slices

From scouts Define location 
of muscle 
bands including 
attachments

Stacks covering 
the RV in sagittal, 
axial, and coronal 
planes

Help plan cine 
imaging of 
obstruction

RV 
obstruction 
cine

Breath-held, 
ECG-gated, 
bSSFP cine 
images

Image 1: From 
TSE axial stack. 
Place 
perpendicular 
plane through the 
RV outlet by 
scrolling through 
axial stack

Obtain dynamic 
profile of area 
of obstruction

Image 2: 
Orthogonal view 
through image 1

Help plan phase 
contrast 
velocity 
mapping of 
obstruction

RV 
obstruction 
flow

Non-breath- 
held, ECG- 
gated, 
through-plane 
phase contrast 
flow velocity 
mapping

From orthogonal 
cine views of the 
RV obstruction

Obtain peak 
velocity to 
estimate 
gradient across 
the obstruction, 
with Bernoulli 
equation

Place a 
perpendicular 
plane just distal to 
point of maximal 
jet acceleration
Venc at least 
4 m/s, or greater 
based on estimate 
of gradient
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Fig. 7.3 A segmented, bSSFP cine, showing a skewed sagittal view of 
the right ventricle that includes both inflow and outflow tracts. This 
adult patient has unoperated, double-chambered right ventricle, associ-
ated with a perimembranous ventricular septal defect. Persistent, native, 
septoparietal fibromuscular bands occupy a high horizontal position, 

proximal to the infundibular region, and give rise to dynamic obstruc-
tion. The level of the obstruction is shown with a white arrow; the level 
of the pulmonary valve is shown with a black arrow. The unobstructed 
infundibular region lies between these levels

and may need to be obtained from nontraditional oblique 
planes through the RV cavity (Fig. 7.3 and Movies 7.3, 7.4 
and 7.5). The peak gradient across the area of greatest 
obstruction can be obtained by applying the Bernoulli equa-
tion to velocity data obtained from phase contrast velocity 
mapping of the area, potentially obviating the need for car-
diac catheterization. In the presence of a VSD, the size and 
extension of the defect should be profiled by a short-axis or 
axial stack through the ventricles. The 3D bSSFP dataset will 
allow multiplanar reconstruction of the obstruction and of 
the VSD. MR angiography will unlikely provide additional 
preoperative information and may be removed from the 
protocol.

Surgical repair consists of an atrial approach, although in 
more complicated cases, a ventriculotomy may be necessary. 
Resection of the muscle bundles carries excellent mid- and 
long-term outcomes [26, 30]. Nonetheless, the potential for 
postoperative residual or recurrent obstruction requires long- 
term follow-up [26]. CMR imaging should be performed as 
described above with a focus on profiling the anatomy of the 
resected area and quantifying the right ventricular pressure 
gradient.

7.5  The RV with Abnormal Pulmonary 
Outlet: Pulmonary Atresia with Intact 
Ventricular Septum (PA/IVS)

7.5.1  Anatomy

Accounting for less than 2.5% of congenital heart disease 
[31] PA/IVS presents a spectrum of right ventricular anoma-
lies from a severely hypoplastic RV to a near-normal volume 
RV. Bull et al. classified patients with PA/IVS based on the 
tripartite nature of the RV that consists of an inlet, a trabecu-
lar apex, and an infundibulum [32]. It is myocardial over-
growth of one or more of these components that results in the 
characteristic hypoplastic and thick-walled RV.  Muscular 
overgrowth of the infundibulum only occurs in the setting of 
apical overgrowth; thus, patients with muscular pulmonary 
atresia will likely have unipartite ventricles. Valvar atresia, 
which occurs in 75% of patients with PA/IVS [33], is associ-
ated 50% of the time with a well-developed infundibulum. 
The remainder of patients will have some degree of stenosis 
[34]. It has been postulated that the embryological insult in 
PA/IVS occurs later in development than in tetralogy of 
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Fallot with pulmonary atresia (TOF/PA). As a result, and in 
contrast to patients with TOF/PA, the pulmonary valve, 
branch pulmonary arteries, and ductus arteriosus in patients 
with PA/IVS will frequently be of near normal size and mor-
phology [35]. Occasionally, one may find discontinuous pul-
monary arteries supplied by bilateral ducti and, more 
infrequently, multiple aortopulmonary collateral vessels. 
Other associated findings include an obligatory right to left 
shunt at the atrial septum, which if absent results in fetal 
death. The tricuspid valve is frequently both hypoplastic and 
dysplastic, but only the degree of hypoplasia correlates with 
right ventricular size. In fact, patients may have a severely 
dysplastic valve in the setting of a normal-sized RV [31]. In 
addition to nonspecific tricuspid valve dysplasia, up to 10% 
of patients will have true Ebstein’s anomaly [33].

There is a high prevalence of important coronary artery 
abnormalities in patients with PA/IVS.  From two large 
population- based studies, between 8 and 23% of patients with 
PA/IVS have right ventricular-dependent coronary circulation 
(RVDCC) at presentation [34, 36]. RVDCC is defined as atre-
sia or severe stenosis of a coronary artery at its orifice or 
along its course, with coronary perfusion maintained by com-
munication of the distal coronary to the RV cavity. Coronary 
perfusion pressure is therefore dependent on elevated right 
ventricular pressure. In these patients, any procedure that 
results in a decrease in right ventricular pressure, such as 
relief of the right ventricular outflow tract obstruction, results 
in reduced coronary perfusion. In addition to RVDCC, as 
many as 45–55% of patients with PA/IVS have RV to coro-
nary artery fistulae, defined as communications between the 
epicardial coronary arteries and the right ventricular cavity 
but without stenosis. In 80% of the time, both coronary arter-
ies are involved [34, 36]. Over time, the elevated right ven-
tricular systolic pressure promotes myointimal thickening of 
the fistulous connections and can progress to clinically sig-
nificant stenosis or interruption of the coronary artery from 
the aortic origin, therefore developing RVDCC [37]. For this 
reason, patients with coronary artery fistulae should undergo 
relief of the elevated RV pressure in a timely fashion in order 
to prevent the development of RVDCC.

7.5.2  Surgery

The options and timing of interventions are varied and may 
be staged, depending on the functionality of the RV and its 
potential for growth. Patients with valvar atresia and mild 
infundibular hypoplasia will likely undergo an RV decom-
pression procedure such as percutaneous catheter-based pul-
monary valvotomy or a combination of surgical procedures 
such as RVOT patch augmentation, transannular patch 
 placement, and/or infundibular resection. In the event that 

the RV remains unable to sustain adequate forward pulmo-
nary blood flow, an aortopulmonary shunt may be placed. 
The goal is to promote right ventricular growth and eventu-
ally complete a biventricular repair. Patients in this pathway 
that fail to develop adequate RV stroke volume will undergo 
a bidirectional cavo-pulmonary connection and remain with 
“one and a half ventricle” physiology (Fig. 7.4 and Movie 
7.6). The principle of the one and a half ventricle is to unload 
an RV inadequate to maintain full cardiac output while at the 
same time avoiding the dreaded complications of the Fontan 
physiology. Patients with a tripartite ventricle, without sig-
nificant tricuspid valve dysplasia, may successfully undergo 
biventricular repair in the neonatal period. Patients with uni-
partite ventricles and those with RVDCC, regardless of RV 
size, will begin single-ventricle palliation. It is important to 
realize that patients with RVDCC, until completion of the 
Fontan, will have coronary blood flow supplied by deoxy-
genated blood from the RV. These patients therefore have an 
additional risk of developing myocardial dysfunction, and 
Fontan completion will be performed as early as technically 
possible.

Overall 5-year survival in the modern era is 80%, with 
only 55–72% of patients having reached a definitive surgi-
cal endpoint by that time [38]. In a prospective study of 408 
patients with PA/IVS from 33 institutions between 1987 
and 1997, 60% were predicted to undergo biventricular 
repair based on preoperative imaging, but only 30% were 
able to do so. The authors found a statistically significant 
increased mortality of 54 versus 31% in those neonates 
who did not follow their predicted clinical course, thus 

Fig. 7.4 A segmented, bSSFP cine, showing a four-chamber view 
from an adult patient following “one and a half ventricle” repair of PA/
IVS. This patient has a pulmonary valve homograft and a bidirectional 
cavo-pulmonary anastomosis. The right ventricle is hypoplastic with 
impaired systolic function (RV ejection fraction 47%) and severe dia-
stolic dysfunction. Note the sharp shift of the interventricular septum 
toward the left during diastole
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emphasizing the need for accurate preoperative imaging 
and planning [38].

7.5.3  Imaging

7.5.3.1  Neonatal Period
Echocardiography establishes the diagnosis of PA/IVS in 
infancy. In the extremely severe cases of RV hypoplasia, and 
in patients with a very mildly hypoplastic RV with normal 
tricuspid valve, choosing the appropriate surgical interven-
tion may be straightforward. In contrast, in borderline cases, 
determining the ability of a RV to eventually sustain sys-
temic venous return can be extremely difficult. Complicated 
formulas utilizing the variables of right-sided structures, 
such as tricuspid valve area, RV end-diastolic volume (EDV), 
RV length, and RV outflow diameter, have been created in 
attempts to predict the optimal surgical management [39]. 
Others have relied on tricuspid valve annulus Z-score to esti-
mate the potential for RV growth and successfully assign 
patients to a univentricular or biventricular repair. 
Unfortunately, there traditionally has been significant over-
lap between patient groups classified by tricuspid valve 
Z-scores and type of successful surgical intervention. To 
date, there is no unifying Z-score that can be utilized to pre-
dict the appropriate surgical course [38, 40, 41].

One of the difficulties in isolating a tricuspid valve Z-score 
as a predictor of outcome has been the significant inter-
observer and intra-observer variability in the method of 
obtaining tricuspid valve measurements by echocardiography 
[41]. CMR imaging has the potential to overcome the limita-
tions of echocardiography that have negatively impacted 
studies of predictors of outcome but has not been studied in 
this setting. It is conceivable that by providing CMR-derived, 
reproducible measurements of tricuspid valve area, RV vol-
umes, ejection fraction, and atrial shunting, multicenter trials 
could arrive at a more robust management algorithm.

In the current era, CMR would therefore unlikely alter 
planning in the neonatal period and is usually not performed. 
Patients suspected of having coronary anomalies will 
undergo cardiac catheterization to identify coronary artery 
blood supply and obtain a risk assessment of right ventricu-
lar decompression prior to intervention.

7.5.3.2  CMR After RV Decompression
CMR will provide more useful information in patients who 
have undergone RV decompression followed by a period of 
RV growth. In these patients, measurements of tricuspid 
valve area, RV volumes and forward pulmonary blood flow 
may be useful to document progression of RV output and 
function (Fig. 7.4). The “RV assessment” protocol should be 
followed, with RV volume assessment using a short axis or 

axial long axis stack (for centers not using slice positioning 
tools during post-processing), of 2D cine images. Ventricular 
segmentation with exclusion of trabeculations from the ven-
tricular volumes should be performed consistently and 
meticulously and indexed to body surface area to provide 
accurate comparisons of volumes over time. The tricuspid 
valve should be adequately profiled both in the long axis and 
short axis. Valve orifice area can be planimetered at the tips 
of leaflets from an “en-face” view. The volume of pulmonary 
blood flow can be quantified and the contribution from mul-
tiple sources (e.g., both forward flow across the RVOT and 
via a cavo-pulmonary connection) defined, using through- 
plane phase contrast flow volumetry. Pulmonary venous flow 
volumes can be ascertained to estimate total pulmonary flow 
and to quantify any collateral flow. Should the atrial septal 
communication need to be imaged, the 3D bSSFP whole- 
heart sequence may provide adequate delineation of the sep-
tal defect, but because the atrial septum is thin, the image 
resolution is not always sufficient. Instead, an “en-face” 
view of the atrial septum imaged by through-plane phase- 
encoded velocity mapping will demonstrate the defect size, 
the direction of shunt through the cardiac cycle and the esti-
mated net shunt through the defect (Fig.  7.5). The image 
plane can be planned from the four-chamber cine view and 
atrial short axis cine views by prescribing a perpendicular 
image plane, parallel to the atrial septum. The image plane is 
best prescribed on the left atrial side of the defect when net 
shunting is right to left and on the right atrial side when net 
shunting is left to right.

7.5.3.3  CMR After Biventricular Repair
It is expected that 50% of patients with PA/IVS will success-
fully undergo biventricular repair [38], although most series 
to date have reported at most, one third of patients with PA/
IVS completing a biventricular pathway [25, 36, 39]. CMR 
is a valuable tool for routine, serial RV assessment. It has 
been shown that restrictive RV physiology persists in patients 
with PA/IVS after biventricular repair [42], which can be 
demonstrated by the presence of antegrade diastolic pulmo-
nary flow on phase contrast flow mapping (Fig.  7.6). 
Additional support for restrictive physiology can be demon-
strated with abnormal tricuspid valve inflow pattern, a dilated 
right atrium and vena cavae, and RV fibrosis assessed by 
delayed-enhancement imaging. Branch PA size, particularly 
at the site of previous aortopulmonary shunts or surgical 
arterioplasties should be assessed.

7.5.3.4  CMR in the Single Ventricle (Table 7.4)
CMR imaging provides valuable clinical information prior to 
completion of a bidirectional cavo-pulmonary connection 
(BCPC) or total cavo-pulmonary connection (TCPC). Prior 
to BCPC, the basic imaging protocol (Table 7.1) should be 
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Fig. 7.5 This is the 
magnitude and matching 
phase contrast flow velocity 
image, planned perpendicular 
to the atrial septum in order to 
measure the through-plane 
flow through a small residual 
ASD in an adult following 
biventricular repair of PA/
IVS. The region of interest 
(ASD) is circled (white 
arrow). The flow data is 
illustrated and shows phasic, 
but net right atrial to left atrial 
flow

followed paying particular attention to LV function (particu-
larly in the setting of RVDCC), the patency of the atrial com-
munication, the size of the branch pulmonary arteries, and 
the presence of bilateral superior vena cavae. The atrial sep-
tum can be profiled by cine imaging or phase-encoded veloc-
ity mapping with an “en-face” view as described above. Prior 
to completion of a TCPC, to assess pulmonary hemodynam-
ics, a jugular venous pressure, reflective of pulmonary artery 
pressure, can be obtained under general anesthetic at the 
time of CMR.

Although 3D imaging using a bSSFP sequence may pre-
clude the need for MRA, angiographic views can identify 
significant collateral vessels and further delineate the surgi-
cal anastomoses. MRA acquisition early after bolus adminis-
tration in the upper extremities will likely be confounded by 
signal loss from a T2* effect in the superior vena cava and 
pulmonary arteries. In this case, the T1 shortening effects of 
the contrast will only be useful for imaging during the sec-
ond pass acquisition. Administration of gadolinium contrast 
for MRA should therefore ideally be administered in a lower 
extremity vein and triggered in the LV to opacify the inferior 

vena cava and the aorta during the first acquisition. The sec-
ond pass acquisition of the MRA will then provide imaging 
of the BCPC.

Through-plane phase-encoded velocity mapping of the 
pulmonary arterial flow volume, compared to total pulmo-
nary venous flow volume, can be obtained to calculate the 
degree of systemic arterial to pulmonary collateral flow [43, 
44]. An acceptable alternative method of measuring the 
amount of systemic arterial to pulmonary collateral flow is 
by measuring the discrepancy between ascending and 
descending aorta flow [43]. Should there be suspicion of 
supradiaphragmatic systemic venous to pulmonary venous 
collaterals, which can develop in patients after the BCPC in 
patients with elevated PA pressure, both methods could be 
performed to quantify the contribution of each group of col-
laterals (Table 7.4).

Routine, serial, surveillance CMR studies are valuable in 
patients with single-ventricle palliation of PA/IVS to ensure 
patency of the Fontan circuit, evaluate collateral flow, quan-
tify atrioventricular valve regurgitation, and follow ventricu-
lar systolic function.
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Fig. 7.6 Phase contrast flow velocity maps, measuring through-plane 
flow in both the pulmonary and tricuspid valves, with image planes 
marked in the neighboring cine image. This data is from an adult 
patient, with restrictive RV physiology, following biventricular repair of 
PA/IVS. There is forward flow in the pulmonary artery in late diastole, 

limiting the regurgitant fraction from the RV-PA homograft valve, 
marked with a black arrow. There is reversal of the usual E/A ratio, 
seen in the trans-tricuspid valve flow map, (red graph, superimposed on 
the black, trans-mitral flow map), marked with a red arrow

Table 7.4 Images often obtained in addition to the “RV assessment” protocol given in Table 7.1, for patients with PA/IVS undergoing single- 
ventricle palliation

Sequence Planning Purpose
Tricuspid valve Breath-held, ECG-gated, 

bSSFP cine images
Perpendicular plane from four-chamber and RVLA, parallel to TV En-face view
5 mm contiguous slices from right atrium into ventricle Identify dysplastic leaflets

Measure inflow and 
regurgitant orifices

SVC flow Non-breath- held, ECG-gated, 
through- plane phase contrast 
flow velocity mapping

From 3D whole heart Assessment of proportion 
of Qp supplied by BCPCEnsure orthogonal planes

Close to the SVC-RA junction to avoid exclusion of azygos 
flow

Pulmonary 
venous flow

Non-breath- held, ECG-gated, 
through- plane phase contrast 
flow velocity mapping

From 3D whole heart Assessment of collateral 
flowEnsure orthogonal planes of each of the pulmonary veins

Descending 
aorta flow

Non-breath- held, ECG-gated, 
through- plane phase contrast 
flow velocity mapping

From 3D whole heart Assessment of collateral 
flowEnsure orthogonal planes of aorta at the diaphragm

Atrial septal 
communication

Non-breath- held, ECG-gated, 
through- plane phase contrast 
flow velocity mapping

From four- chamber and short-axis stack Profiles the size of the 
atrial septal 
communication

Place a perpendicular plane on the left atrial side of the atrium 
septum, parallel to the septum
Ensure the plane is parallel to the septum in the short-axis plane
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7.6  The RV with Abnormal Afterload: 
Pulmonary Arterial Hypertension 
(PAH)

7.6.1  Classification and Diagnosis

The diagnosis of pulmonary arterial hypertension (PAH) is 
suspected by echocardiography based on tricuspid valve 
regurgitation velocity, a flattened ventricular septum in 
systole and right ventricular hypertrophy when long-stand-
ing. The diagnosis of PAH is confirmed by right heart cath-
eterization demonstrating a mean pulmonary artery 
pressure greater than or equal to 20 mmHg, as of the sixth 
World Symposium on Pulmonary Hypertension in 2019. 
Pulmonary vascular resistance and pulmonary artery 
wedge pressure are utilized to determine if pulmonary 
hypertension is pre- or postcapillary and therefore help 
identify an etiology [45].

As of 2019, the classification system defined by the sixth 
World Symposium on Pulmonary Hypertension comprises of 
five groups, each with its own subgroups, based on similar 
clinical presentations and historical response to treatment. 
Group 1 clusters patients with pulmonary arterial hyperten-
sion including patients with idiopathic pulmonary hyperten-
sion (IPAH) and patients with irreversible pulmonary arterial 
hypertension due to a chronic congenital systemic- pulmonary 
shunt or Eisenmenger syndrome. Patients with pulmonary 
hypertension owing to long-standing left heart disease, includ-
ing left-sided congenital heart disease, fall under Group 2. 
Group 3 encompasses pulmonary hypertension attributable to 
primary lung disease. Pulmonary hypertension in Group 4 is 
caused by pulmonary artery obstructions, and Group 5 com-
bines all multifactorial etiologies and unclear causes [46].

Committing a patient to the diagnosis of PAH is omi-
nous with the natural history predicting a 3-year survival of 
35–45% in IPAH and 77% in Eisenmenger syndrome [47]. 
Over the past 30 years, the routine use of anticoagulants 
and targeted therapies such as prostanoids, phosphodiester-
ase inhibitors, and endothelin-receptor antagonists, has 
resulted in an overall 40% decrease in mortality [48]. In 
most centers, various combinations of the 6-min walk dis-
tance test, New  York Heart Association Functional 
Classification, N-terminal prohormone of brain natriuretic 
peptide (NT-proBNP), echocardiography, and cardiac cath-
eterization are used every 3–6 months to escalate treatment 
when specific goals are not met, prior to irreversible clini-
cal deterioration. CMR focusing on the RV has more 
recently been included in routine evaluations.

7.6.2  Imaging

The frequency of evaluations of patients with PAH has 
prompted the need for noninvasive standardized modali-
ties that can provide reproducible diagnostic markers. As 
previously discussed, until CMR became more widely 
available, the geometry of the RV precluded the ability to 
accurately measure not only subtle but also significant 
changes in volume and function. As the chamber most 
directly affected by the pathophysiology of pulmonary 
hypertension, CMR has therefore become an invaluable 
tool for diagnosis and prognosis of children and adults 
with suspected pulmonary hypertension [49–51]. Many 
studies exist to identify variables predictive of pulmonary 
artery pressure measured by catheterization and identify 
prognostic factors. The most robust studies focus on volu-
metric analysis. A decrease in RV ejection fraction and 
LV stroke volume has been found to correlate with an 
increased risk of mortality in children [52]. An adult study 
demonstrated that increased RV volumes, decreased RV 
stroke volume, and decreased LV volume independently 
predict treatment failure and mortality [53]. A meta-anal-
ysis of 22 studies confirmed that RV function and ven-
tricular volumes predict both clinical worsening and 
mortality [54].

Additional variables have also been studied. The degree 
of pulmonary artery dilatation by CMR has been found to 
be proportional to the degree of pulmonary hypertension 
[55, 56]. But there are some controversies with respect to 
pulmonary artery size as Boerritger et al. [57] have shown 
that pulmonary arteries continue to dilate in PAH, even in 
the setting of resolving hypertension by cardiac catheter-
ization measurements (Fig. 7.8 and Movie 7.8). Similarly, 
an increase in pulmonary artery elastance coupled with a 
decrease in right ventricular contractility, or ventriculo-
arterial uncoupling, has been found in pediatric patients 
who fail to respond to nitric oxide [58]. Further findings 
such as myocardial fibrosis have also generated an interest 
in the prognosis of pulmonary hypertension [59, 60]. 
Finally, RV mechanics as evaluated by myocardial strain 
has provided insight into the progression of RV dysfunc-
tion in PAH and correlates with disease severity [61, 62] 
(Fig. 7.7 and Movie 7.7).

More innovative approaches have combined cardiac 
catheterization and CMR in the diagnosis and management 
of PHA. Cardiac catheterization relies on the Fick equation 
or thermodilution to estimate pulmonary blood flow which, 
with mean PA pressure, is then utilized to calculate pulmo-
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Fig. 7.7 This is a segmented, breath-hold bSSFP cine view in the mid- 
ventricular short-axis plane, from an 11-year-old patient with idiopathic 
pulmonary hypertension. There is severe hypertrophy and dilatation of 

the right ventricle. The right ventricular systolic function is globally, 
severely reduced. There is bowing of the septum toward the left ventri-
cle throughout the cardiac cycle and interventricular dyssynchrony

nary vascular resistance and cardiac output. Studies have 
shown that both methods of calculating pulmonary blood 
flow become less reliable in the setting of critically ill 
patients [63, 64]. In contrast, phase-encoded velocity map-
ping in CMR provides a direct measurement of vessel blood 
volume. When combined with near simultaneous measure-
ments of pulmonary artery pressure obtained by catheteriza-
tion, the two allow a very precise measure of pulmonary 
vascular resistance. Centers with the ability to perform 
hybrid procedures using simultaneous catheterization and 

CMR can use both modalities to evaluate pulmonary vasore-
activity and guide treatment management (Fig.  7.8 and 
Movie 7.8) [65].

The CMR study of a patient with severe PAH can be 
technically challenging since dyspneic patients will fre-
quently be unable to remain supine for extended periods 
and may be unable to breath-hold comfortably and reli-
ably. The essence of the CMR evaluation of these patients 
is rapid acquisition of critically relevant data. Real-time 
radial k-t SENSE imaging has been shown to provide 
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accurate volumetric data in abnormal right ventricles and 
can be extremely useful in this patient population [66]. As 
sequence development continues to steadily progress, 
approaches such as higher-resolution real-time imaging 
will allow CMR imaging of sicker and younger patients. 
A typical protocol in a lab performing hybrid procedures 
is detailed in Table  7.5 and, when performed routinely, 
can be completed in 15–20 min. Because a detailed ana-
tomical evaluation is unnecessary, the examination can 
focus on real-time imaging of biventricular function and 
on non-breath-held, phase-encoded velocity mapping to 
quantify pulmonary blood flow. As mentioned above, 
because longitudinal shortening is affected later than 
transverse shortening [61], axial stacks may potentially 
provide more accurate volumetric analysis and should be 
considered.

The role of CMR in patients with PAH is therefore 
developing. It enables accurate measurements of PVR in 
centers with the ability to perform hybrid procedures by 
providing direct measurements of pulmonary artery blood 
flow. CMR also offers reliable, objective markers of the 
progression of disease by allowing direct quantification of 
biventricular cardiac output and biventricular volumes over 
time.

Fig. 7.8 This is a segmented, breath-hold bSSFP cine, showing a sagit-
tal view of the RV outflow tract, dilated MPA and proximal LPA from 
16-year-old patient with Eisenmenger physiology, following chronic 
pulmonary overcirculation due to an ASD and a large muscular 
VSD. The spatial and temporal resolution of the image has been low-
ered to give a shorter breath-hold duration because of the poor breath- 
holding capacity of the patient

Table 7.5 Example of the standard sequences and views of a routine cardiac scan for assessment of PAH, in the order of workflow

Sequence Planning Purpose
Scout Single shot b-SSFP images Contiguous axial, sagittal, coronal slices. 

Coverage from liver to neck in all three 
radiological planes

Ensures isocentering of the heart in 
the scanner

RVLA, LVLA Single shot b-SSFP images. 
Non-breath-held

From scout images Planning the true four-chamber 
imagePlace a perpendicular image plane through the 

long axis of the ventricle from mid-AV valve to 
the ventricular apex

Four- chamber view Breath-held, ECG-gated, 
bSSFP cine image

From RVLA, LVLA Subjective assessment of atrial 
volumes, biventricular volumes and 
function, ventricular wall motion, AV 
valve regurgitation

Place perpendicular plane through both AV valve 
orifices in each image
From LVLA cine, check that the plane passes 
through mid-mitral valve and LV apex
From RVLA, check that the plane passes through 
the-mid tricuspid valve and RV apex

Axial cine stack Radial k-t SENSE From the sagittal and coronal scout images Alternative to short-axis cine stack. 
Provides the images required for 
segmentation of RV volumes

Non-breath-held Plan contiguous 7–10 mm thick slices in the axial 
plane, covering the entire ventricular mass from 
diaphragm to outflow tracts

Short axis cine stack Radial k-t SENSE From end-diastolic frame of four- chamber cine Alternative to axial cine stack. 
Provides the images required for 
segmentation of biventricular 
volumes

Non-breath-held Place perpendicular plane at hinge points of both 
AV valves, with special care to include the entire 
basal ventricular blood pool
Contiguous slices are placed to cover entire 
ventricular mass from base to apex
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Table 7.5 (continued)

Sequence Planning Purpose
LV outflow tract Radial k-t SENSE Image 1: From sagittal scout. Place a 

perpendicular plane through both basal aortic 
valve and mid-mitral valve orifice. Check 
orientation passes through LV apex on LVLA

Outflow tract morphology, subjective 
assessment of semilunar valve 
function

Non-breath-held Image 2: Cross-cut image 1 to obtain two 
orthogonal cine views of the LVOT

Plan AO flow

RV outflow tract Radial k-t SENSE Image 1: From axial scout. Place a perpendicular 
plane through the pulmonary trunk and angle 
toward apex on RVLA

Outflow tract morphology, subjective 
assessment of semilunar valve 
function

Non-breath held Image 2: Cross-cut image 1 to obtain two 
orthogonal views of the RVOT

Plan MPA flow

MPA flow Non-breath- held, ECG- 
gated, through-plane phase 
contrast velocity mapping

From the two orthogonal RVOT images Calculate regurgitant fractions 
(RF%)

Place a perpendicular plane across the MPA Validate ventricular stroke volume 
measurements

The plane should be just distal to the valve 
leaflets in systole and avoid turbulent areas of 
flow

Calculate PVR with simultaneous 
catheter-obtained pressure

Optimize velocity encoding to maximize 
accuracy and prevent aliasing

Aorta flow Non-breath- held, ECG- 
gated, through-plane phase 
contrast velocity mapping

From the two orthogonal LVOT images Validate ventricular stroke volume 
measurementsPlace a perpendicular plane across the proximal 

ascending aorta
The plane should be just distal to the valve 
leaflets in systole
Optimize velocity encoding to maximize 
accuracy and prevent aliasing

Branch PA cine Radial k-t SENSE. Non- 
breath held

From axial, sagittal, and coronal scout, optimize 
image plane to obtain two orthogonal planes of 
each branch pulmonary artery

Plan branch PA flow

Branch PA flow Non-breath- held, ECG- 
gated, through-plane phase 
contrast velocity mapping

Place perpendicular image plane on two 
orthogonal views of each of the branch 
pulmonary arteries

Validate ventricular stroke volume 
measurements
Calculate PVR with simultaneous 
catheter-obtained pressure
Validate MPA flow

7.7  Conclusion

The abnormal right ventricle is a highly variable entity, 
potentially posing diagnostic and management challenges to 
the clinician. Prior to the advent of CMR in the clinical 
arena, the anatomy and physiology of abnormal right ven-
tricles were difficult to define, and the pathophysiology was 
frequently underestimated.

However, clinicians with access to CMR possess a power-
ful resource for decision support, which is adaptable to vari-
ous RV abnormalities. The use of 3D balanced SSFP imaging 
is ideal to understand the complex anatomy and resultant 
physiology of abnormal RV, particularly DORV. The ability 
to quantify intracardiac shunts can help to stratify risk and 
optimize the timing of surgical interventions. The chronic 
postoperative management of patients with PA/IVS, DCRV, 
and DORV is guided by objective analysis of regurgitant 
valves, stenoses, RV size, and function. Patients with PAH 

may be evaluated noninvasively for disease progression and 
treatment response.

In nearly all cases, attaining the full clinical potential of a 
CMR examination requires the presence of a cardiologist 
experienced in congenital and acquired heart disease in order 
to assimilate knowledge of the natural history of disease and 
the details of interventions. During the scan, continuous 
assessment of images as they are acquired is necessary to 
guide a scan beyond a basic RV assessment protocol, based 
on the unique hemodynamic issues of the patient. The final 
key to a successful scan is systematic, consistent, and metic-
ulous post-processing to give accurate and reproducible 
assessment of RV volumes, vessel measurements, and flow 
analysis.

As CMR techniques evolve and a reliable body of RV 
data continues to develop, a greater understanding of the 
complex RV will ensue, allowing refinement of clinical and 
surgical management protocols.
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Practical Pearls

• Prepare carefully for the scan by reviewing and thor-
oughly understanding the patient’s entire past medical 
history and presenting query. This will minimize the risk 
of overlooking relevant findings and help explain unex-
pected findings that may require additional image 
acquisition.

• Pay close attention to patient comfort in the scanner and 
to communication, so that cooperation and breath-holding 
capability are maximized. There are no shortcuts to a 
comprehensive congenital scan.

• Patient comfort and behavior permitting always perform a 
comprehensive assessment protocol for the scan, aiming 
to acquire morphologic data in 3D, ventricular functional 
data and arterial flow data for every scan. Unexpected 
findings occur frequently with congenital disease and pre-
sumed “redundant” data may be necessary at the report-
ing stage to resolve these.

• Take care to optimize the sequences used, by maximizing 
the temporal and spatial resolution of the images, particu-
larly in images obtained for volumetric and flow analysis. 
Modify these resolutions for patient body size and heart 
rate.

• Carefully plan acquisition of cine image stacks for volu-
metric analysis. Include the whole ventricle in the stack in 
systole and diastole, and modify slice position to mini-
mize partial voluming of ventricular septum and free 
walls.

• Establish a consistent and systematic approach to post- 
processing to minimize inter-observer variability in serial 
studies.

• Use slice-positioning tools to accurately analyze basal 
slices for segmentation.

• Utilize arterial and venous flow volumes as well as left 
ventricular volumes for quality assurance and to improve 
the accuracy of right ventricular volumetric analysis. 
Ensure that all volumetric and flow data make hemody-
namic sense in the context of the patient’s history.

• Always look for non-RV causes of RV abnormality, such 
as anomalous pulmonary venous drainage, intracardiac 
shunts, and valvar regurgitation.
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8Pulmonary Hypertension

Daniel Knight and Vivek Muthurangu

8.1  Introduction

Pulmonary hypertension (PH) is a rare condition of elevated 
blood pressure in the pulmonary arteries. A diagnosis of PH 
is associated with a sevenfold increase in mortality, irrespec-
tive of aetiology [1]. There are numerous potential causes of 
PH which share similarities with respect to symptoms but 
not their prognoses and treatments. Whilst the abnormalities 
in pulmonary arterial haemodynamics are diagnostic and of 
modest prognostic significance, the impact on right ventricu-
lar function is ultimately the principal determinant of out-
come [2]. Thus, a comprehensive assessment of the right 
ventricle (RV) and the pulmonary vasculature is fundamental 
in the management of PH. Echocardiography is a first-line 
screening tool for PH and also provides useful information 
about right heart size and function. However, the complex 
geometries and position in the thorax of the RV and pulmo-
nary circulation confer difficulties for cardiac ultrasound. 
Cross-sectional imaging techniques overcome these limita-
tions, with cardiovascular magnetic resonance (CMR) imag-
ing being particularly well-placed for the assessment of 
patients with PH. Furthermore, the ability to acquire three- 
dimensional datasets is particularly advantageous for the 
investigation of patients with PH due to congenital heart dis-
ease (CHD). Accordingly, CMR has become an important 
tool for both clinical and research purposes in PH. The aim 
of this chapter is to provide an overview of how contempo-
rary CMR imaging can be used to assess PH.

8.2  Definition and Clinical Classification

Pulmonary hypertension is defined haemodynamically as a 
mean resting pulmonary artery pressure (mPAP) of greater 
than 20 mmHg [3]. However, abnormally raised mPAP alone 
is insufficient to identify pulmonary vascular disease as other 
causes of mPAP >20  mmHg include elevated pulmonary 
arterial wedge pressure (PAWP) or high cardiac output (CO) 
states. Therefore, both PAWP and CO are mandatorily mea-
sured on right heart catheterization (RHC) studies, enabling 
the calculation of pulmonary vascular resistance (PVR) and 
the distinction between pre-capillary PH, isolated post- 
capillary PH (IpcPH) and combined pre- and post-capillary 
PH (CpcPH) (Table 8.1).

Pathologically, pre-capillary PH (also called pulmonary 
arterial hypertension, PAH) is a disease of the vasculature 
with widespread pulmonary arterial remodelling character-
ized by excessive intimal proliferation, progressive distal 
pulmonary arterial luminal narrowing, occlusion, and prun-
ing, the consequence of which is elevated PVR. Hence, for a 
given amount of pulmonary arterial blood flow, a progressive 
increase in PVR causes increased mean pulmonary arterial 
pressure. Concomitantly, the central pulmonary arteries 
become stiff and dilated causing an increase in systolic PA 
pressure. This increased right ventricular afterload is accom-
panied by RV structural remodelling, including hypertrophy 
and dilatation with consequent RV dysfunction.

Clinically, PH is categorized into five groups based upon 
underlying aetiology [3]. These groups are (1) pulmonary 
arterial hypertension (PAH); (2) PH associated with left 
heart disease; (3) PH associated with lung diseases and/or 
hypoxia; (4) PH associated with pulmonary artery obstruc-
tions (including chronic thromboembolic PH (CTEPH) and 
other pulmonary artery obstructions); and (5) PH with 
unclear and/or multifactorial mechanisms. Pulmonary arte-
rial hypertension associated with congenital heart disease 
(PAH-CHD) is classified in group 1 and has several clinical 
subtypes, including PAH with congenital systemic-to- 
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Table 8.1 Haemodynamic definitions of PH

Definitions Characteristics
Clinical 
groupsa

Pre-capillary PH mPAP >20 mmHg
PAWP ≤15 mmHg
PVR >2 WU

1, 3, 4 and 5

Isolated post-capillary PH 
(IpcPH)

mPAP >20 mmHg
PAWP >15 mmHg
PVR ≤2 WU

2 and 5

Combined pre- and post-
capillary PH (CpcPH)

mPAP >20 mmHg
PAWP >15 mmHg
PVR >2 WU

2 and 5

Adapted from [3] and [4]
mPAP mean pulmonary arterial pressure, PAWP pulmonary arterial 
wedge pressure, PVR pulmonary vascular resistance, WU wood units
agroup 1, pulmonary arterial hypertension (PAH); group 2, PH associ-
ated with left heart disease; group 3, PH associated with lung diseases 
and/or hypoxia; group 4, PH associated with pulmonary artery obstruc-
tions; group 5, PH with unclear and/or multifactorial mechanisms

pulmonary shunts; Eisenmenger syndrome; repaired 
defects; and PAH with small or coincidental defects [5]. 
Whilst pulmonary vascular disease is encountered in 
patients with Fontan circulation, elevated mPAP is most fre-
quently post- capillary in origin. Furthermore, PH due to 
CHD can arise in other WHO groups. For example, group 2 
PH can result from congenital mitral stenosis or cor triatria-
tum and group 4 PH due to congenital pulmonary artery ste-
nosis. Segmental PH, whereby abnormally elevated 
pressures are found only in discrete areas of the pulmonary 
vasculature perfused by aorto-pulmonary collaterals, can be 
found in cases of complex CHD such as pulmonary or tri-
cuspid atresia [6].

8.3  Epidemiology

The overall prevalence of PH is estimated at approximately 
1% of the global population and increases with age up to 
10% of individuals aged over 65 years [7]. Groups 2 and 3 
are the commonest and second commonest clinical PH sub-
types with 1-year mortalities of 41% and 46%, respectively 
[1]. Pulmonary arterial hypertension (group 1 PH) is a rela-
tively rare disorder with an estimated prevalence of 10 to 52 
cases per million [8]. It should be noted, however, that these 
estimates of incidence and prevalence of PH are based upon 
the previous long-standing haemodynamic definition of rest-
ing mPAP ≥25 mmHg [9].

Registry data of patients with PAH suggest the proportion 
of PAH due to CHD ranges from 10% to 20% [8]. The global 
prevalence of PAH-CHD has previously been estimated to be 
about 25 people per million in the entire adult population [7]. 
However, a contemporary nationwide cross-sectional regis-
try study estimated the prevalence of PAH in patients with 
CHD at 3.2%, resulting in an estimated prevalence of PAH- 

CHD of approximately 100 per million in the general popu-
lation [10]. Patients with PAH-CHD have a more favourable 
prognosis than those with idiopathic PAH [11]. Nevertheless, 
patients with PAH-CHD are more symptomatic and have at 
least double the risk of mortality than CHD patients without 
PAH [12, 13].

8.4  Symptoms and Signs

The clinical presentation of PH relates to underlying RV dys-
function and, in the initial stages, tends to be related to exer-
tion. Dyspnoea is the commonest symptom, with fatigue and 
exercise intolerance, pre-syncope, syncope, and angina also 
being manifest. Given the non-specific nature of symptoms 
coupled with the relative rarity of PH, late diagnosis is not 
uncommon with patients having previously consulted a num-
ber of healthcare professionals prior to a final diagnosis 
being established. Chest pain may manifest with mecha-
nisms including RV ischaemia [14], left main stem compres-
sion [15], or co-morbid coronary artery disease. Ankle 
oedema and abdominal distension due to ascites reflect 
decompensated right heart failure. More rarely, mechanical 
complications of severe pulmonary arterial dilatation include 
hoarse voice resulting from left recurrent laryngeal nerve 
compression and wheeze secondary to large airways com-
pression. Haemoptysis can result from rupture of engorged 
hypertrophied bronchial arteries that form systemic to pul-
monary collateral vessels.

Clinical examination findings of raised RV afterload 
include a left parasternal heave and a loud pulmonary com-
ponent of the second heart sound. Elevated jugular venous 
pressure (JVP) reflects right atrial pressure. Murmurs of tri-
cuspid regurgitation and pulmonary regurgitation may be 
present. Peripheral oedema, ascites, and hepatomegaly are 
suggestive of RV decompensation. Signs of underlying PH 
aetiology should also be sought, for example: clinical stig-
mata of systemic sclerosis including telangiectasia, sclero-
dactyly, digital ulceration, calcinosis, and Raynaud’s 
phenomenon; fine inspiratory crackles could suggest the 
presence of interstitial lung disease; features of chronic liver 
disease such as jaundice, spider naevi and palmar erythema; 
and finger clubbing, which has a differential diagnosis that 
includes cyanotic congenital heart disease, pulmonary veno-
occlusive disease, interstitial lung disease, chronic lung 
infections and liver cirrhosis.

8.5  Treatment Strategies

Targeted PAH therapies work by lowering pulmonary pres-
sures and target three separate pathways. The nitric oxide 
pathway may be targeted by phosphodiesterase type 5 inhibi-
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tors (PDE-5i, such as sildenafil and tadalafil) or soluble gua-
nylate cyclase (sGC) stimulators (such as riociguat). The 
endothelin pathway is targeted by endothelin receptor antag-
onists (ERA) that include bosentan, ambrisentan and maci-
tentan. The prostacyclin pathway can be targeted with oral 
selective prostacyclin IP receptor agonists (selexipag) or 
prostacyclin analogues (epoprostenol, iloprost and 
 treprostinil) which have modes of administration including 
intravenous, inhaled and subcutaneous. Epoprostenol is the 
only treatment shown to reduce mortality in idiopathic PAH 
in a single randomized controlled trial [16]. These separate 
pathways are synergistic and should be concomitantly tar-
geted in a manner analogous to the treatment strategies in 
systemic hypertension and heart failure. This approach is 
supported by the AMBITION trial, which showed that initial 
combination therapy with tadalafil and ambrisentan resulted 
in a significantly lower risk of clinical-failure events than 
monotherapy in treatment-naïve PAH patients [17]. Calcium 
channel blockers are reserved for the small proportion of 
idiopathic PAH patients with a favourable response to acute 
vasodilator testing.

The successful management of PAH-CHD requires a 
multidisciplinary team input in specialist centres. Patients 
with Eisenmenger syndrome and likely also other PAH-
CHD benefit from advanced PAH therapies [18]. A com-
prehensive review of targeted therapies in PAH-CHD is 
beyond the scope of this text and is summarized in rele-
vant published guidelines [5]. There is insufficient evi-
dence to support the use of PAH therapies in groups 2 or 
3 PH, with treatment in these groups aimed at the under-
lying cause. Furthermore, little evidence exists for tar-
geted PH therapy in group 5 PH. Suitable patients with 
chronic thromboembolic PH and appropriate distribution 
and burden of disease may benefit from interventions 
such as pulmonary endarterectomy or balloon pulmonary 
angioplasty.

8.6  Role of CMR in PH

The key aspects of PH management include making the 
diagnosis, establishing the underlying cause, risk stratifica-
tion for the evaluation of disease severity, monitoring disease 
progression and assessing response to treatment. The well- 
established roles of CMR in each of these facets of PH man-
agement will be reviewed in this chapter. This will be divided 
into relevant components of a CMR study in PH (Table 8.2), 
starting with the most important aspect of CMR assessment 
of ventricular function and remodelling followed by CMR 
measures of RV afterload and vascular physiology. The role 
of CMR in shunt assessment will be reviewed and, finally, 
novel CMR techniques that provide new non-invasive 
insights into PH.

8.6.1  Ventricular Function and Remodelling

8.6.1.1  Volumetric Assessment
Cardiovascular magnetic resonance is the reference stan-
dard technique for quantification of cardiac chamber size 
and function in terms of both accuracy and reproducibility 
[19]. An abundance of studies have shown that CMR-
derived metrics of RV function and biventricular cavity size 
are prognostic in both adults and children with PH [20–22]. 
Additionally, a meta-analysis of CMR studies has shown 
that volumetric indices of RV size and function predict clin-
ical worsening as well as mortality, an important composite 
endpoint in PAH clinical trials [23]. Conventionally, the left 
ventricular (LV) stack of cine images on CMR is acquired in 
the LV short- axis imaging plane. Conversely, a transaxial 
stack of cine images offers improved reproducibility for RV 
volumetric analysis [24, 25]. This is likely due to the 
removal of through- plane longitudinal motion (which con-
fers difficulty in delineating RV cavity volumes especially 
in the basal short-axis cine slices) and easier identification 
of the tricuspid and pulmonary valves. For these reasons, a 
transaxial stack of cine images is recommended for dedi-
cated RV volumetric analysis [26].

The importance of CMR-derived volumetric parameters 
in both risk stratification and monitoring the response to 
targeted PAH treatment has become increasingly recog-
nized. Indexed RV end-systolic volume (ESVi) adjusted for 
age and sex, for example, improves risk stratification for 
1-year mortality when used in conjunction with either the 
Registry to EValuate Early And Long-term PAH disease 
management (REVEAL) 2.0 risk score calculator or a mod-
ified French Pulmonary Hypertension Registry (FPHR) 
approach [27]. Additionally, risk assessment of patients 

Table 8.2 CMR imaging protocol in patients with PH

Core protocol (excluding localizer and scout images)
Single-plane cine images
   – Four-chamber
   – RV long-axis
   – LV long-axis
Volumetric assessment: with a minimum temporal resolution of 
40 ms
   – Short-axis (with 7–10 mm spacing between slices, depending 

upon adult or paediatric patients)
   – Transaxial (with 5–8 mm spacing between slices, depending 

upon adult or paediatric patients)
Phase-contrast MR imaging
   – Ascending aorta
   – Main and branch pulmonary arteries
Additional protocol (depending upon clinical indication(s) and 
incident versus follow-up studies)
   – MR angiography and perfusion
   –  Myocardial tissue characterization (especially in adults and in 

patients with connective tissue disease-associated PH and/or 
previous acquired left-sided heart disease)

8 Pulmonary Hypertension
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with idiopathic PAH at 1-year follow-up based upon CMR-
derived metrics has been shown to be at least equal to that 
based upon invasive RHC assessment [28]. Changes in 
CMR-derived RV ejection fraction (RVEF) with targeted 
PAH therapy but not PVR have been shown to be associated 
with survival in patients with PH [29]. Furthermore, dete-
rioration of RV function can still occur after targeted PAH 
therapy despite reduction in PVR. A change in stroke vol-
ume (SV) of 10 mL measured on CMR has been demon-
strated to be clinically relevant in patients with PH [30]. 
This is advantageous as a non-invasive tool for serial patient 
follow-up and has subsequently been utilized as a primary 
endpoint in the Right vEntricular remodelling in Pulmonary 
ArterIal hypeRtension (REPAIR) study [31]. This multi-
centre trial evaluated the effects of macitentan, an endothe-
lin receptor antagonist, on RV and haemodynamic outcomes 
in patients with PAH. This growing body of evidence sup-
porting the role of CMR in the management of patients 
with PAH has culminated in the inclusion of CMR-derived 
RVEF, indexed SV and RV ESVi in the comprehensive 
PAH risk assessment tool in the 2022 European Society of 
Cardiology (ESC) and European Respiratory Society (ERS) 
PH guidelines [3].

8.6.1.2  Deformation Imaging
Strain (the fractional change in the length of a myocardial 
segment) and strain rate (the rate of deformation over time) 
are markers of biventricular myocardial deformation and 

enable assessment of wall motion in three directions, 
namely, longitudinal, circumferential and radial. Feature 
tracking applied to conventionally acquired cine images is a 
commercially available approach to strain analysis by CMR, 
analogous to speckle-tracking software applied to echocar-
diography images and with similar findings (Fig.  8.1). 
Impairment in strain can detect ventricular dysfunction 
before changes in global ejection fraction, with evidence of 
abnormal resting and exercise RV longitudinal strain despite 
normal RVEF in patients with PAH [32]. Peak global cir-
cumferential RV strain rate has also been shown to be 
impaired in patients with PH and preserved RVEF, with RV 
global longitudinal strain, global longitudinal strain rate and 
global circumferential strain rate all independently predic-
tive of outcome [33].

Beyond RV assessment, abnormalities in LV myocardial 
mechanics in patients with PH and preserved LVEF have 
also been shown by feature tracking and tissue phase map-
ping techniques [34–36]. These changes could reflect the 
importance of ventricular interdependence as well as LV 
cardiomyocyte atrophy and contractile dysfunction as 
potential pathophysiological mechanisms of LV dysfunc-
tion in PH [37, 38]. Deformation analysis also allows a 
deeper insight into right atrial function, which is itself not 
conventionally measured clinically. Indeed, right atrial (RA) 
dysfunction as evidenced by impaired right atrial strain is 
associated with decompensated haemodynamics and RV 
function in PH [39, 40].

Fig. 8.1 Right ventricular strain analysis by CMR feature tracking in a patient with PH. (Reproduced from [80])
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Fig. 8.2 Prominent inferior RV insertion point and mid-septal mid- 
wall late gadolinium enhancement in a patient with PH

Fig. 8.3 Abnormal interventricular septal dynamics on a short-axis 
mid-ventricular cine image in a patient with PH. Note the septum bows 
towards the left ventricle at end-systole, indicative of raised RV 
afterload

8.6.1.3  Myocardial Tissue Characterization
Late gadolinium enhancement (LGE) is well described in PH 
at the RV insertion points and the mid-wall of the interven-
tricular septum (Fig.  8.2). Autopsy studies have suggested 
that these findings may represent exaggerated myocardial 
disarray and plexiform fibrosis, possibly as a consequence of 
RV hypertrophy and abnormal interventricular septal dynam-
ics [41]. However, whilst RV insertional LGE is suggestive 
of the presence of PH and has been shown to predict clinical 
worsening in this condition, it does not provide additive 
prognostic information to CMR-derived RVEF [42, 43]. It is 
also a non-specific finding that is present in other pathologies 
such as hypertrophic heart muscle disease and so is not diag-
nostic for PH as an isolated finding.

Non-contrast (native) myocardial T1 mapping and 
extracellular volume (ECV) quantification have also been 
studied in PH, albeit their clinical utility is less well-
established [44–50]. Perhaps unsurprisingly and akin to 
the description of insertional LGE in PH, native myocar-
dial T1 is particularly elevated at the RV insertion points 
and is associated with measures of abnormal interventric-
ular septal dynamics [46, 48]. Whilst RV insertion point 
T1 correlates with severity of PH, it has not shown prog-
nostic capacity in PH and also does not discriminate 
between patients with or without PH [44, 48]. Overall, 
multiparametric myocardial mapping is more challenging 
in the thin-walled RV.  Nevertheless, RV ECV has been 
described as significantly higher in patients with PH ver-
sus patients with LV systolic dysfunction without PH 
[45]. Furthermore, whilst RV ECV was related to RV dila-
tation and dysfunction, it was independently associated 
with clinical diagnosis and thus may describe changes in 
the RV myocardium beyond conventional CMR-derived 
functional metrics.

8.6.2  Measures of Afterload and Vascular 
Physiology

8.6.2.1  Interventricular Septal Configuration
The interventricular septal dynamics are highly revealing of 
loading conditions of the RV (Fig. 8.3). Many studies have 
shown significant correlations between CMR measures of 
interventricular septal curvature and invasively derived 
mPAP and PVR in both adults and children [51–56]. 
Furthermore, measures of septal curvature have been shown 
to track changes in pulmonary haemodynamics during vaso-
dilator testing, providing a potential non-invasive method for 
assessing response to therapy in PH [54].

Sophisticated CMR analysis has also enabled a more 
detailed evaluation of the mechanistic basis behind these del-
eterious interventricular septal dynamics and their impact on 
cardiac function. Deformation analysis using tagged CMR 
cine images shows a ‘post-systolic’ RV contractile phase of 
the RV [57]. This causes relatively higher RV versus LV 
pressures with consequent leftward bowing and deviation of 
the interventricular septum during LV isovolumic relaxation 
period [53, 58]. This discordant pattern of biventricular con-
traction and relaxation gives rise to ventricular interdepen-
dence, manifesting as impaired LV filling in early diastole 
and ultimately reducing LV stoke volume. This may be a 
reason underlying why CMR indices of LV early diastolic 
function are so important with respect to functional capacity 
and clinical worsening in patients with PH [36].

8.6.2.2  Pulmonary Arterial Geometry
The pulmonary arterial tree is characterized by its low pres-
sure and low resistance as well as a high degree of distensibil-
ity. The relative area change of the pulmonary artery (PA) 
represents its elasticity, is inversely proportional to stiffness 
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and is simple to measure at CMR, reflecting the advantages of 
CMR as a non-invasive, dynamic, cross-sectional imaging 
modality. Relative area change is calculated as the percentage 
increase in PA area during the cardiac cycle. There is a curvi-
linear relationship between mPAP and PA relative area 
change, reflecting hysteresis of vessel biomechanics. 
Irrespective of this non-linear relationship, the stiffness of the 
proximal pulmonary arterial tree is associated with more 
severe PH and is an independent predictor of outcome in PAH 
[21, 59, 60]. It should also be noted that changes in stiffness 
as PH progresses are associated with vessel remodelling. 
However, there are currently no specific reference ranges or 
diagnostic clinical thresholds for relative area change in PH.

8.6.2.3  Magnetic Resonance Angiography 
and Perfusion

The demonstration of pulmonary arterial thromboembolic 
changes or mismatched pulmonary perfusion defects cou-
pled with elevated pulmonary arterial pressures is required in 
order to diagnose chronic thromboembolic PH (CTEPH). 
Conventionally, non-invasive imaging of the pulmonary vas-
culature is performed using computed tomography pulmo-
nary angiograms (CTPA) and nuclear ventilation/perfusion 
(V/Q) scans. Alternatively, anatomical assessment of the 
proximal pulmonary arterial tree can be provided by mag-
netic resonance angiography (MRA), and MRI can also be 
used to visualize pulmonary parenchymal perfusion 
(Fig.  8.4). The advantages of MRI include the absence of 
ionizing radiation that is encountered with CTPA and V/Q 
scans along with providing an alternative modality for 

patients who cannot receive the iodinated contrast agents 
required for CTPA.  However, a particular limitation to be 
considered of both MRA and MRI-based perfusion imaging 
is the long breath-hold times which are particularly challeng-
ing for breathless patients.

The V/Q scan still remains the preferred imaging test for 
CTEPH screening, with a normal study effectively excluding 
the condition [61]. Nevertheless, retrospective studies of 
three-dimensional dynamic contrast-enhanced lung perfu-
sion MRI have shown promise for diagnosing CTEPH, with 
a similar sensitivity when compared with planar V/Q scans 
and a higher sensitivity when compared with single photon 
emission computed tomography (SPECT) scans [62, 63]. 
The results of ongoing prospective studies of dynamic 
contrast- enhanced MRI-derived pulmonary perfusion to 
fully assess their diagnostic performance in clinical  practice 
are awaited to determine the place of this technique in the 
diagnostic pathway of CTEPH [64]. Contrast-enhanced 
MRA has shown promise in imaging the proximal pulmo-
nary arteries, but CTPA remains the non-invasive test of 
choice [65, 66].

8.6.3  Quantitative Shunt Assessment

8.6.3.1  The Role of Phase-Contrast MR
The quantification of blood flow velocity and volume is an 
important part of the routine assessment of PH by 
CMR. Cardiac output is reduced in PH, and abnormal flow 
characteristics are seen in pulmonary vessels due to the 
altered mechanical properties of the pulmonary vascular bed. 
Great vessel flow is quantified by velocity-encoded phase- 
contrast MRI (PCMR), can be acquired during free- breathing 
and has been extensively validated. However, swirling rather 
than laminar or plug flow patterns occurs in dilated pulmo-
nary arteries which can result in inaccuracies in through- 
plane flow quantification. Therefore, proximal branch PA 
flows as well as main PA flow should be acquired in PH stud-
ies to provide corroborative data. Great vessel flow assess-
ment by PCMR allows the calculation of cardiac output, 
shunt flow (Qp:Qs), right and left lung perfusion ratios, col-
lateral flow and aortic and pulmonary valvular regurgitation. 
Furthermore, biventricular stroke volume assessment by cine 
imaging combined with great vessel flow evaluation by 
PCMR permits the quantification of atrioventricular valvular 
regurgitation.

8.6.4  Novel CMR Techniques to Assess PH

8.6.4.1  4D Flow and Vortices
Three-dimensional spatial encoding combined with three- 
directional velocity-encoded PCMR, termed 4D flow, offers 

Fig. 8.4 Magnetic resonance pulmonary perfusion in a patient with 
chronic thromboembolic PH. Note the lack of perfusion in the majority 
of the left lung
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Fig. 8.5 Velocity colour-encoded three-dimensional vector representation of vortical blood flow along the main pulmonary artery in a patient with 
known PH (images from left to right correspond to systole through to diastole). (Reproduced from [69])

the abilities to measure and visualize the temporal evolution 
of complex blood flow patterns, namely, vortices, within an 
acquired 3D volume. Abnormal flow characteristics are dem-
onstrated in the right heart and pulmonary circulation in 
patients with PH, with a change in flow from laminar or plug 
to a helical flow pattern (Fig. 8.5). The duration of abnormal 
vortical flow in the main PA correlates with mPAP and has 
been demonstrated as a non-invasive estimate of PA pressure 
[67–70].

8.6.4.2  Wave Intensity Analysis
Abnormal PA wave reflections contribute to increased RV 
afterload, the most obvious in clinical practice being the 
mid-systolic notching of the PA flow velocity waveform. 
Abnormal wave reflections can be quantified using wave 
intensity analysis (WIA) [71, 72]. This allows the measure-
ment of the magnitude, timing, direction (forward or back-
ward) and type (compression or expansion waves) of vascular 
waves. Traditionally, WIA has been limited by the require-
ment for invasively derived pressure waveforms with simul-
taneous measurement of flow. Instead, high temporal 
resolution PCMR-derived flow and area waveforms can be 
used to non-invasively quantify travelling waves in the pul-
monary arteries. For example, CMR-based WIA has demon-
strated that the size of the backwards compression wave is 
increased in PH and discriminates between CTEPH subtypes 
[73]. Furthermore, CMR-derived WIA indices have been 
shown to be predictive of functional worsening in children 
with PAH [74].

8.6.4.3  MR-Augmented Right Heart 
Catheterization

Whilst a plethora of CMR metrics can be used to indicate the 
presence of PH or provide surrogates of pulmonary haemo-
dynamics, pressure can only be directly obtained by invasive 
RHC. However, there are limitations of the measurement of 
CO by RHC by both thermodilution and Fick methods, such 

as the presence of shunts and valvular insufficiency. 
Alternatively, phase-contrast magnetic resonance (PCMR) 
provides the reference standard for flow analysis which can 
be combined with concurrent invasive pressure data [75]. 
Moreover, CMR has the advantages of freedom from radia-
tion, a pertinent point in children and patients who require 
repeated procedures, and soft-tissue visualization which is of 
particular utility in complex anatomy. Therefore, attention 
has grown in RHC under MRI guidance (MR-RHC).

Combined MR-RHC is not a novel concept but has been 
relatively slow to clinically adopt, largely due to reliance on 
expensive infrastructure and relatively long procedure times 
[75, 76]. More recently, MR-RHC has been performed safely 
in conventional CMR environments with clinically accept-
able procedure times including in patients with PH [77–79]. 
Combined MR-RHC also has the convenient benefit of 
acquiring important additional data such as cardiac chamber 
size and function quantification in a single comprehensive 
procedure.

8.7  Conclusion

Numerous studies confirm the clinical importance and utility 
of CMR in patients with PH.  It is the reference standard 
imaging modality for the assessment of biventricular vol-
umes and function as well as for the non-invasive quantifica-
tion of blood flow. This is particularly valuable in PH given 
that the response of the RV to elevated afterload is of greater 
prognostic significance than the change in afterload itself. 
Nevertheless, the clinical evaluation of PH still requires the 
direct measurement of pulmonary haemodynamics for diag-
nosis and the assessment of response to PH-targeted thera-
pies. There are many CMR measures that provide estimates 
of PA pressure but, ultimately, cannot replace the require-
ment for RHC.  However, combining CMR with invasive 
pressure measurement by RHC has emerged as a clinically 

8 Pulmonary Hypertension



144

feasible technique. This permits the accurate quantification 
of pulmonary vascular resistance, provides a comprehensive 
assessment of PH and affords potential for more novel 
assessments of afterload such as wave intensity analysis and 
impedance spectra. It is likely that the role of CMR will con-
tinue to grow and evolve in the field of PH, including the 
increasing use of CMR-derived biomarkers as endpoints in 
clinical trials of PH therapies.
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9Tetralogy of Fallot

Michael A. Quail, Vivek Muthurangu, 
and Andrew M. Taylor

9.1  Introduction

Tetralogy of Fallot (TOF) is the most common form of cya-
notic congenital heart disease, occurring in 1  in 3600 live 
births [1]. Complete repair of TOF was devised over 50 years 
ago (first reported by Lillehei in 1954) and can result in com-
plete intra-cardiac repair in early infancy [2]. There are 
excellent short- and medium-term survival rates, and increas-
ingly the 25-year actuarial survival for patients repaired 
before their fifth birthday is greater 90% of the expected sur-
vival rate [3] though the annualized risk of death triples in 
the third postoperative decade [4]. Late morbidity and mor-
tality, in particular related to pulmonary incompetence, have 
been observed in many patients long after total repair.

Initially, pulmonary incompetence was believed to be a 
relatively benign condition, with few problems associated 
with right ventricular volume loading. However, it has 
become clear that chronic pulmonary incompetence and 
right ventricular (RV) volume loading can cause RV dys-
function, which can in turn lead to symptoms of reduced 
exercise tolerance, increased risk of atrial and ventricular 
tachyarrhythmia, and sudden death. This has led to an 

increasing proportion of patients requiring operative replace-
ment of incompetent and/or stenosed pulmonary valves and 
conduits.

The accurate quantification of pulmonary incompetence 
and stenosis and their effects on the right and left ventricles 
and great vessel anatomy/pathology is therefore crucial: 
Data that can be provided by cardiovascular magnetic reso-
nance (CMR) imaging. In this chapter, we will provide an 
overview of TOF, its treatment and its assessment with 
CMR.  Ultimately, CMR may enable improvements in the 
management of late complications through appropriate sur-
veillance and treatment and may extend the survival and 
quality of life of patients.

9.2  Morphology

Morphologically, the principal defect of this condition is 
antero-cephalad deviation of the muscular outlet septum 
resulting in the tetrad of ventricular septal defect (VSD), pul-
monary outflow tract obstruction, overriding aorta, and RV 
hypertrophy (Fig. 9.1). In TOF, the malaligned outlet septum 
serves to narrow the sub-pulmonary outflow tract and simul-
taneously create an interventricular defect that is overridden 
by the aortic valve apparatus.
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Fig. 9.2 Schematic diagram of repaired TOF (copyright belongs to 
Gemma Price)

The VSD in TOF is usually nonrestrictive and subaortic; 
however, it may occasionally extend into the sub-pulmonary 
region. Its inferior and anterior borders are comprised of the 
limbs of the septomarginal trabeculation, while the superior 
border is formed from the deviated outlet septum and poste-
riorly the anteroseptal leaflet of the tricuspid valve.

Obstruction of the right ventricular outflow tract (RVOT) 
in TOF is most frequently in the form of infundibular stenosis 
(45%) with obstruction rarely isolated to the pulmonary valve 
alone (10%), and more usually a combination of the two 
(15%). In its most severe form, the pulmonary valve is atretic 
(15%) [5]. The deviated outlet septum combined with hyper-
trophied septoparietal trabeculations contributes significantly 
to subvalvular obstruction and inevitably requires division at 
surgery. The pulmonary valve is frequently stenotic with 
thickened and tethered leaflets requiring valvotomy or place-
ment of a transannular patch if the annulus diameter is deemed 
inadequate (Fig. 9.2). However, the resultant sequelae of pul-
monary incompetence are now recognized to be a significant 
problem later in life. Stenosis of the origin of the left and/or 
right pulmonary arteries (PAs) is a common finding and may 
require resection if localized or placement of a separate patch 
is more diffusely hypoplastic. In a proportion of patients, 
there may be pulmonary atresia, particularly at an infundibu-
lar or valvular level and associated major aortopulmonary 
collateral arteries (MAPCAs). The preferred approach in this 
situation may be the placement of a right ventricle to pulmo-
nary artery (RV-PA) conduit.

The individual components of the tetrad clearly show 
marked variability, especially the nature of pulmonary steno-
sis and the extent of the VSD; these variations account for 
the spectrum of clinical severity, and their surgical treatment 
can significantly influence later outcomes.

9.2.1  Associated Anomalies

Significant associated cardiac defects are uncommon. The 
most frequent associated lesions include right-sided aortic 
arch, atrial septal defect, patent ductus arteriosus, atrioven-
tricular septal defects, and additional VSDs. Less commonly, 
there may be a persistent left-sided superior vena cava, 
anomalous origin of the left anterior descending coronary 
artery, or aortopulmonary collaterals if severe pulmonary 
stenosis. Associated syndromic conditions in which TOF 
may occur as a major manifestation include DiGeorge syn-
drome (22q11.2 deletion) and Alagille syndrome (JAG1 
mutation); however, the condition more often occurs as an 
isolated defect.

9.3  Clinical Presentation

The clinical presentation of TOF in infancy varies depending 
on the degree of RVOT obstruction. Typically, the infant will 
present with cyanosis due to right-to-left shunt, and diagno-
sis is then established by echocardiography. Surgery is usu-
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ally performed around 3–6 months as cyanosis progresses, 
often without a prior palliative shunt procedure. In the infant 
with TOF and pulmonary atresia, severe cyanosis is seen 
immediately after birth.

The complications observed in patients beyond the 
immediate postoperative period relate to surgical residua 
and progression of the “unnatural” history of the disease. 
Common problems requiring re-intervention include 
severe  pulmonary regurgitation, residual outflow tract 
obstruction, and conduit failure. Less commonly a resid-
ual VSD, particularly at the posteroinferior margin of the 
patch, and severe tricuspid regurgitation require reopera-
tion. Pulmonary regurgitation, in contrast to other 
residua, is remarkably well tolerated. However, over 
time, it produces its deleterious effects through volume 
overload of the right ventricle. It is associated with path-
ological RV dilatation and dysfunction, decreased exer-
cise tolerance, sudden cardiac death, and ventricular 
arrhythmia associated with prolonged QRS duration. 
Pulmonary valve replacement (PVR) can ameliorate the 
volume overload imposed by pulmonary regurgitation. 
However, the optimal timing for this procedure remains 
unclear, as homograft prostheses have a limited life span 
and further reoperations may be required should these 
fail.

9.3.1  Primary Surgical Repair

Early primary repair is preferred because it shortens the 
period the patient is exposed to hypoxemia, right ventricular 
(RV) pressure overload, and subsequent RV hypertrophy. It 
is performed with a low perioperative mortality, with reported 
midterm survival in the modern era of 97% at 7 years of post-
operative follow-up [3].

The surgical approach has also shifted from a transven-
tricular approach to a trans-atrial/trans-pulmonary approach, 
with the aim of preserving RV structure and myocardial 
function and reducing the potential side effects of an RV 
ventriculotomy (coronary artery damage, RV contractile 
reduction, scar arrhythmia).

9.3.2  Late Surgical Treatment: Pulmonary 
Valve Replacement

Surgical pulmonary valve replacement (SPVR) can be per-
formed using a variety of valve materials including cadaveric 
homografts and man-made conduits with excellent outcomes 
[6]. Additional procedures may also be necessary and can be 
performed during the same cardiopulmonary bypass includ-
ing resection of residual trabeculations, extensive enlarge-
ment of pulmonary arteries, closure of a patent foramen 
ovale, residual atrial and/or ventricular septal defects, tricus-
pid valve annuloplasty, and aortic valve replacement.

PVR is now commonly performed with a degree of RVOT 
refashioning [7] to reduce RVOT aneurismal dilatation and 
optimally align the RVOT and new pulmonary trunk.

9.3.3  Percutaneous Pulmonary Valve 
Replacement

In patients who develop stenosis of their surgical PVR 
(homograft or conduit stenosis), percutaneous transcatheter 
stenting is possible. This can prolong conduit life and post-
pone reoperation. However bare-metal stenting can poten-
tially convert the pressure-overloaded ventricle to one of 
volume overload through relief of obstruction and introduc-
tion of free pulmonary incompetence.

In 2000, percutaneous pulmonary valve replacement 
(PPVR) was described, whereby a new pulmonary valve was 
placed into a dysfunctional RV-PA prosthetic conduit [8]. 
Over the following decade, this technology has been accepted 
into clinical practice, with over many thousands of devices 
now implanted throughout the world [9–11]. Multiple 
devices can be used in this setting including the Melody™ 
(Medtronic Inc., Minneapolis, MN, USA) (Fig.  9.3) and 
Edwards SAPIEN transcatheter heart valve [12]. This 
method offers a minimally invasive alternative to open-heart 
surgery for RVOT/pulmonary trunk dysfunction in children 
and adults by restoring acceptable RV loading conditions, in 
particular when compared to bare-metal stenting of pulmo-
nary conduit stenosis [13].
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a b

c

Fig. 9.3 PPVI device (a). Device viewed in water bath showing the valve open during forward flow (b) and closed during reverse flow (c) note 
tri-leaflet morphology of the valve

It must be noted that one complication of the Melody 
device is infective endocarditis (IE) that occurs more fre-
quently than in patients undergoing SPVR—survival free of 
IE by Kaplan–Meier at 5 years of 98.7% for homografts vs. 
84.9% for Melody [14].

9.4  CMR Imaging

As patients with congenital heart disease in general, and 
TOF in particular, are increasingly surviving longer, appro-
priate follow-up and surveillance for complications are 
becoming more important. In this regard, echocardiography 
has been the mainstay of investigation—providing important 
information regarding intracardiac anatomy, assessing val-
vular competence, and ventricular function. However, the 
technique is limited by postoperative restriction of acoustic 
windows, inability to provide sufficient hemodynamic infor-

mation, and because extracardiac anatomy, such as branch 
PAs, can be difficult to assess.

CMR has become an important modality in the assess-
ment of TOF because the technique can provide three- 
dimensional (3D) anatomy of the right-sided cardiac and 
vascular structures crucial to adequate clinical assess-
ment. CMR can provide reliable serial hemodynamic 
information noninvasively and, unlike echocardiography, 
can quantify pulmonary regurgitation volume and flow in 
branch PAs. CMR can also provide myocardial tissue fin-
gerprinting, using focal late-gadolinium enhancement to 
assess areas of myocardial scarring, and T1 mapping and 
extracellular volume (ECV) imaging to assess diffuse 
fibrosis.

Ultimately, CMR provides a large field of view and 
unlimited choice of imaging planes and is much less operator 
dependent than echocardiography. A current limitation of 
CMR is its inability to measure hemodynamic pressures.
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9.4.1  Indications

CMR is primarily used for the assessment of patients with 
TOF late after primary repair for the assessment of signifi-
cant residual lesions that are identified at routine follow-up. 
Patients also undergo CMR assessment routinely before 
transfer from pediatric to adult congenital cardiac services to 
provide baseline anatomic and functional information. The 
exact frequency of serial scans remains to be determined; 
repeat scans are usually performed early if significant lesions 
are present, particularly where surgical or catheter interven-
tion may be required.

9.4.2  CMR Sequences

9.4.2.1  3D Imaging
The 3D capabilities of CMR play a key role for pediatric and 
adult patients with congenital heart disease. There are two 
conventional methods of acquiring 3D data. One uses angio-
graphic techniques with gadolinium-based contrast agents 
that can be injected via any peripheral vein. The other uses a 
3D balanced-SSFP sequence, which is respiratory and car-
diac gated, but does not require contrast [15]. Both data sets 
are acquired in such a way to give isotropic voxels, so that 
the images can be viewed with the same spatial resolution in 
any anatomical plane. These data can be used during the scan 
to plan image planes for further scanning as well as during 
the reporting phase to assess 3D relationships between struc-
tures, quantify vessel size, and view morphology. The high- 
signal, isotropic 3D images that are achieved using 
gadolinium-contrast angiography allow complex modeling 
of structures so that interventional techniques can be opti-
mized [16].

Gadolinium-enhanced MR angiography is particularly 
useful in the assessment of complex pulmonary vascular 
anatomy associated with TOF (Movie 9.1), where the pul-
monary vascular bed may be supplied with blood flow from 
other sources, such as surgically created shunts or aortopul-
monary collateral vessels. Delineation of all sources of pul-
monary blood supply and the size and morphology of the 
pulmonary arteries are essential as surgical and transcatheter 
procedures are often required to augment effective pulmo-
nary blood flow or to eliminate sources of excessive pulmo-
nary blood flow [17]. Gadolinium contrast-enhanced MR 
angiography relies on the T1 shortening effect of dilute gad-
olinium. A 3D data set is acquired at the peak of the gado-
linium bolus. Sequences are designed to ensure that tissues 
without gadolinium enhancement are suppressed, resulting 
in prominence of contrast-enhanced vessels. Images are 
acquired in a single breath-hold, without cardiac synchroni-

zation. This results in two significant limitations: image blur-
ring due to cardiac motion reduces the ability of this 
technique to visualize intracardiac anatomy, and the size of 
individual vessels represents an average size over the cardiac 
cycle which can lead to underestimation of systolic dimen-
sions. A further disadvantage of gadolinium-enhanced MR 
angiography is that fast-moving turbulent blood causes sig-
nal dropout, leading to overestimation of stenoses.

9.4.2.2  Cine Imaging
Cine imaging using balanced-SSFP, or fast gradient echo 
sequences, gives multiphase data that shows myocardial or 
valve motion over the entire cardiac cycle. These cines may 
have up to 40 frames per cardiac cycle, a temporal resolution 
adequate for accurate physiological representation. The 
balanced- SSFP sequences are now used as standard, as they 
provide improved blood pool homogeneity throughout the 
cardiac cycle. Balanced-SSFP images have significantly 
higher contrast-to-noise ratios allowing better detection of 
the endocardial border than traditional gradient echo 
sequences [18]. The technique lends itself particularly to 
assessment of TOF allowing qualitative assessment of car-
diac chambers, pulmonary valvular function, and vascular 
anatomy.

Cine images are acquired in equal-width slices perpen-
dicular to the long axis of the heart, from base to apex, in 
order to assess cardiac function and measure the ventricular 
volumes (Fig.  9.4). The post-processing of cine images to 
calculate ventricular volumes and function is performed off- 
line, using commercially available or open-source software. 
The segmentation of the blood pool and myocardial border 
can be performed manually, or by using automated signal 
thresholding techniques. There is currently a wide range of 
software available and a wide variation in segmenting prac-
tice and procedures. A fundamental issue, particularly for 
pediatric patients and those with congenital disease, is that of 
inclusion or noninclusion of the trabeculae in the blood pool. 
If a simple endocardial contour is drawn and the trabeculae 
ignored and included in the blood pool, the manual segmen-
tation process is more efficient and more reproducible [19]. 
However, this leads to erroneously large volume estimates 
for the ventricles and prohibits internal validation of stroke 
volumes using great arterial flow volumes.

9.4.2.3  Flow Assessment
Accurate quantification of flow volume is crucial in patients 
with known or suspected congenital heart disease. For vol-
ume quantification, we favor a free-breathing, velocity 
encoded phase-contrast sequence with a temporal resolution 
of at least 30 frames per cardiac cycle. Slice positioning and 
velocity encoding must be optimized [20]. If these parame-
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Fig. 9.4 Short-axis, b-SSFP imaging stack through the ventricles of a 
patient with TOF, starting at the base (left to image) passing from left to 
right top to bottom toward the apex (right bottom image). This is the 

diastolic stack—red contour LV end-diastolic volume (EDV), blue—
RV EDV, green LV mass contour

ters are rigorously controlled, flow can be assessed in large 
and small arteries and systemic and pulmonary veins. Aortic 
and pulmonary valve regurgitant volumes can be directly 
measured (Fig.  9.5). Phase contrast flow sequences also 
enable the profiling of flow acceleration jets, with velocity 
estimation. More importantly, with appropriate combina-
tions of arterial and venous flow volume assessment, the 
technique allows accurate assessment of interatrial, interven-
tricular, arterial, and venous shunt volumes. In the context of 
atrioventricular valve regurgitation, knowledge of the ven-
tricular stroke volume, combined with knowledge of the for-
ward arterial flow volume from that ventricle allows for 
calculation of mitral or tricuspid valve regurgitant fraction. 
For every patient in whom ventricular function is quantified, 
the practice of our unit is to undertake great arterial flow vol-

ume assessment to guide the volumetric analysis. This 
greatly enhances the accuracy and reproducibility of our 
reporting procedure.

9.4.2.4  Black-Blood Imaging
Black-blood spin-echo pulse sequences are seldom used in the 
CMR protocol nowadays, however, can still play a role in the 
assessment of TOF. They are good for the morphology of the 
blood vessels and cardiac chambers, in particular when turbu-
lent flow at the site of stenosis reduces the accuracy of b-SSFP 
or MR angiography images. Black-blood imaging is also good 
at elucidating the relationship between airway and blood ves-
sels. In TOF, this allows accurate assessment of branch PA 
abnormalities including hypoplasia, stenosis, and non-conflu-
ence, which are otherwise missed by echocardiography.
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Fig. 9.5 MR phase contrast velocity mapping in pulmonary regurgita-
tion—(a) diastolic, modulus image showing non-coaptation of the 
valve leaflets, (b) systolic phase contrast image with white forward flow 

(note black flow in the descending aorta posteriorly), (c) diastolic phase 
contrast showing pulmonary regurgitation (black), (d) flow curve over 
the cardiac cycle

Following treatment of PA stenoses by intravascular 
stenting, or following PPVR, gradient echo sequences suffer 
from serious metal artifacts due to T2* field inhomogeneity. 
Though spin-echo is less susceptible to metal artifacts, this 
does not necessarily lead to a better assessment of stents and 
may possibly lead to false reassurance as to their patency 
[21]. CT imaging may be required to definitively exclude 
intra-stent stenosis.

9.4.2.5  Tissue Characterization
Late-gadolinium enhancement (LGE) demonstrates large 
focal areas of fibrosis or other myocardial abnormality and is 
frequently observed in patients with TOF (Fig.  9.6) [22]. 
This is particularly so in areas that reflect the surgical repair- 
RVOT scar, site of VSD repair, and ventriculotomy site; 
however, areas of LGE are also seen remote to sites of sur-
gery. Importantly, LGE correlates to RV systolic function 
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Fig. 9.6 Example of severe RV LGE extent. The RV is divided into six 
segments (yellow numbers 1–6). Regions of RV LGE were scored 
according to linear extent (0 1/4 no enhancement, 1 1/4 up to 2 cm, 2 
1/4 up to 3 cm, 3 1/4 3 or more cm in length) and number of trabecula-
tions enhanced including the moderator band (0 1/4 no enhancement, 1 

1/4 1 trabeculation, 2 1/4 2–4). From Ghonim S, et  al. JACC 
Cardiovascular Imaging 2022; Feb;15(2):257–268. doi: 10.1016/j.
jcmg.2021.07.026 used under the terms of the Creative Commons 
Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0/)

and dilatation and, ultimately, may provide some prognostic 
information for timing PVR in repaired TOF.

Other forms of tissues characterization using either T1 
mapping [23] or ECV imaging [24] remain in their infancy 
for use in routine TOF CMR assessment. Large-scale studies 
to understand the role of tissue fingerprinting in TOF are 
required.

9.4.2.6  Stress CMR Imaging
Stress CMR imaging can be performed either with exercise 
(specifically designed MR bicycle) or dobutamine adminis-
tration and has been used as means of assessing global RV 
function in response to increased workload. An abnormal 
ventricular response to dobutamine stress has been associ-

ated with adverse outcome in patients with repaired TOF 
[25] after midterm (8.9 years) follow-up in 100 patients. In 
normal subjects, RV ejection fraction increases during 
stress while in patients with TOF RV function remains 
unchanged or reduced during stress. The responses of sub-
jects with chronic pulmonary incompetence to stress may 
be able to provide important prognostic indictors to help 
with the timing of pulmonary valve replacement in this 
patient  population. Importantly, the use of real-time imag-
ing to assess flow and function [26] during exercise may 
mean that such studies can now be carried out, without the 
need for pharmacological stress or the need to breath-hold 
during exercise, making exercise MR more acceptable to 
the patient.
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Table 9.1 Routine clinical imaging protocol

Sequence Planning Purpose
Scout Single shot b-SSFP 48 images in 3 orthogonal planes—16 in 

each plane
Isocentering
To set up subsequent image planes

Ventricular long-axis 
(RV and LV)

b-SSFP cine images, breath-
held, ECG gated

Orthogonal plane through long axis of 
ventricle from AV valve to ventricular 
apex, planned from axial scout images

AV valve function, assessment of 
ventricular volumes

AV valves b-SSFP cine images, breath-
held, ECG gated

Orthogonal plane parallel to AV valve, 
planned from axial stack

Planning four-chamber

Four-chamber view b-SSFP cine images, breath-
held, ECG gated

Orthogonal plane across AV valve 
orifices, planned from AV valves image

Atrial/ventricular size and function, AV 
valve regurgitation

Short-axis stack b-SSFP cine images, breath-
held, ECG gated

Orthogonal plane at AV valve hinge 
points with inclusion of basal blood 
pool, planned from end-diastolic frame 
of four- chamber cine

Ventricular volume calculation, assessment 
of septum, and outflow tracts

MR angiography Gadolinium injection. Breath 
held, no ECG gating

Planned on axial scout images Angiographic views of large and small 
vessels. Second pass allows assessment of 
systemic and pulmonary venous anatomy

LV and RV outflow 
tracts

b-SSFP cine images, breath-
held, ECG gated

LV planned from AV valves cine. RV 
planned from axial stack

Outflow tract morphology, subjective 
assessment of semilunar valve function

Bi-ventricular LGE 2D fast low angle shot inversion 
recovery with myocardial 
nulling

Short axis stack, 4-chamber and RVOT 
images copied from appropriate planes

Focal scar imaging

3D b-SSFP Free breathing, respiratory 
navigated, ECG-gated. Data 
acquisition in diastole

Planned on axial scout images for 
sagittal orientation

High-resolution intracardiac anatomy
Visualize position of coronary artery 
origins, and proximal course

Great vessel flow Through- plane velocity 
mapping, ECG gated, 
non-breath- held

Planned from outflow tract images 
(aortic root, pulmonary trunk). AV 
values and 3D whole heart (branch PAs, 
SVC, IVC). Measure pulmonary venous 
flow if aortopulmonary collateral flow 
needed

Vessel flow volume/velocity, calculation of 
regurgitant fraction and volume. Evaluate 
shunts

b-SSFP balanced steady-state free precession, RV right ventricle, LV left ventricle, AV atrioventricular, LGE late gadolinium, RVOT right ventricu-
lar outflow tract, PAs pulmonary arteries, SVC superior vena cava, IVC inferior vena cava

9.4.3  Clinical Imaging Protocol (Table 9.1)

9.5  CMR Findings in TOF

9.5.1  Pulmonary Valve and RV Assessment

The MR assessment of TOF requires comprehensive evalua-
tion of the entire heart; however, emphasis is rightly placed 
on the evaluation of the RV and pulmonary valve. The RV 
outflow tract is visualized by aligning a plane that passes 
through the pulmonary trunk (or conduit) and the RV 
 inferiorly from the axial stack. An alternative RVOT plane is 
a sagittal or sagittal-oblique view through the pulmonary 
trunk and descending aorta. Pulmonary incompetence can be 
assessed using a plane perpendicular to the RVOT views 
described, just above the pulmonary valve.

9.5.1.1  Pulmonary Incompetence
Pulmonary incompetence to some degree is a predominant 
feature of TOF late after repair. CMR can image the regurgi-

tant jet in three dimensions and can quantify the regurgitant 
volume or describe it as a regurgitant fraction. This quantifi-
cation is important in clinical decision-making regarding 
catheter or surgical valve replacement.

Turbulence of blood regurgitating through the pulmo-
nary valve in diastole causes de-phasing and signal loss in 
gradient echo cine imaging (Movie 9.2). This facilitates a 
qualitative gradation of the regurgitant jet: grade 1, signal 
loss close to the valve; grade 2, signal loss extending into 
the proximal chamber; grade 3, signal loss filling the whole 
of the proximal chamber; and grade 4,  signal loss in the 
receiving chamber throughout the relevant half of the car-
diac cycle. The most accurate assessment of PR however is 
achieved by through-plane velocity-encoded phase-con-
trast imaging. Instantaneous flow volumes in the PA are 
calculated by multiplying the PA contour area (drawn 
manually) with the spatial average flow within this contour 
(Fig. 9.5). Total forward and retrograde (regurgitant) flow 
in a cardiac cycle can be calculated by integrating the 
instantaneous flow volumes for all frames. This technique 
has been validated in TOF by comparing it to the differ-
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ences in left and right stroke volume, which can also be 
used to quantify pulmonary regurgitation if there is no 
other valve regurgitation or shunt. The regurgitant fraction 
is calculated by dividing pulmonary retrograde flow by 
pulmonary forward flow ×100.

9.5.1.2  Pulmonary Stenosis and RVOT 
Obstruction

Pulmonary stenosis and RVOT obstruction are significant 
and common residual lesions following TOF repair. Using 
MR velocity mapping and the modified Bernoulli equation, 
the gradient across a stenosis can be calculated. This tech-
nique is comparable to Doppler echocardiography but is not 
limited by acoustic windows, allowing measurement of the 
velocity jet in any plane. Imaging is usually performed using 
a combination of through-plane (perpendicular to jet) and in- 
plane (parallel to jet) imaging. The latter is used to initially 
define the jet, with subsequent through-plane images at the 
site of maximum velocity.

9.5.1.3  Systolic Ventricular Function
Systolic ventricular function in TOF is based on CMR ven-
tricular volumetric assessment. The complex geometry of 
the RV means that no single imaging plane is well suited to 
RV assessment. We recommend the use of the short axis; 
however, the interface between right ventricle and right 
atrium can be difficult to assess, and long-axis imaging 
may help.

9.5.1.4  Diastolic Ventricular Function
Diastolic ventricular function can also be assessed using 
CMR. Though the late forward flow of so-called restrictive 
physiology can be seen, RV time-volume curves can be cre-
ated using either cine ventricular volume data or by combin-
ing phase contrast velocity maps of flow through the tricuspid 
and pulmonary valve. These have not only been used to dem-
onstrate impaired diastolic function in the RV and LV of 
patients with TOF but also how early diastolic filling can 
improve following relief of conduit stenosis [27]. Again, fur-
ther studies of diastolic properties, with both CMR and echo-
cardiography, are required to define the prognostic use of this 
information.

9.5.2  Unrepaired TOF

In the assessment of the patient with unrepaired TOF, the 
anatomical diagnosis will usually have been made previ-
ously by echocardiography. CMR will therefore aim to con-
firm the characteristic morphology (Fig.  9.7) and assist 

preoperative planning by defining any additional complex 
anatomy and physiology that may influence the surgical pro-
cedure. Assessment should include:

• RV outflow tract obstruction—Is narrowing of the sub- 
pulmonary infundibulum fixed or dynamic?

• Pulmonary valve morphology—Is valve sparing surgery 
possible?

• Quantify peak velocity across RV outflow tract.
• Identify and measure any branch pulmonary stenosis/

hypoplasia.
• Identify and measure any palliative shunts.
• Measure differential lung perfusion.
• Quantify ventricular volumes, mass, and function.

a

b

Fig. 9.7 Unrepaired TOF in neonate. (a) Histological specimen of 
showing VSD, overriding aorta (arrowhead), infundibular stenosis 
(asterisks), and RV hypertrophy (arrow). (b) Comparison CMR 
image—black-blood coronal oblique view
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Fig. 9.8 Repaired TOF in an adolescent. (a, b) Four-chamber b-SSFP 
image showing RV dilatation in diastole (dia) and RV hypertrophy in 
systole (sys,*). (c, d) b-SSFP image showing dilated and aneurysmal 
RVOT (arrow) following transannular patch repair in oblique sagittal 

view (c) diastole and (d) systole—note the paradoxical increase in 
aneurysm size during systole. (e) 3D MR angiogram reconstruction of 
RVOT aneurysm (arrow). (f) b-SSFP image through an intact VSD 
patch (arrow)

• Check aortic root for dilation.
• Exclude additional VSDs.

9.5.3  Repaired TOF

Patients who have undergone surgical repair of TOF will 
have had repair of VSD and relief of the RVOT obstruction. 
The latter may have involved surgical resection of infundibu-
lar muscle bundles and/or the insertion of a transannular 
patch if the annular diameter was deemed inadequate. 
Significant pulmonary regurgitation is almost always 
encountered following this procedure, though mild/moderate 
regurgitation is well tolerated. Pulmonary regurgitation may 
be increased by proximal or distal pulmonary artery stenosis, 
and chronic severe/free pulmonary regurgitation may lead to 
RV dilatation and dysfunction. The CMR study aims to com-
prehensively define the hemodynamic status of the patient 
(Fig. 9.8).

The following should be considered:

• Describe RV outflow tract and pulmonary trunk anatomy 
(Fig. 9.9 and Movie 9.2).

• Identify any RV outflow tract aneurysm (Fig.  9.8 and 
Movie 9.2).

• Quantify pulmonary valve regurgitation (Fig. 9.5).
• Assess proximal and distal pulmonary arteries for steno-

ses (Fig. 9.9 and Movie 9.1).
• Assess biventricular function, volume, and mass (Fig. 9.4 

and Movie 9.3).
• Assess for LGE in both ventricles and the RVOT (Fig. 9.6).
• Check for the presence of MAPCAs.
• Measure Qp:Qs—assess for residual shunts, e.g., residual 

VSD and MAPCAs.
• Check aortic root for dilatation.
• Assess course of coronary arteries, which may be in prox-

imity PPVR implantation sites, important to know prior to 
SPVR (Movie 9.4).
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Fig. 9.9 Variations in pulmonary trunk and branch pulmonary artery anatomy. Rapid prototyping models (reconstructed from CMR contrast- 
enhanced angiography data) of 12 patients with TOF assessed 10–15 years after early complete repair

9.6  Clinical Use of CMR

The most commonly encountered complication of repaired 
TOF is severe RV dilatation and dysfunction secondary to 
free pulmonary incompetence. The dilemma of when to 
treat patients with free pulmonary incompetence, presenting 
late after repair of right ventricular outflow tract obstruc-
tion, is one that faces all congenital heart disease clinicians. 
Although there is clear data to suggest that, in the long term, 
pulmonary incompetence is detrimental, leading to an 
increased incidence of adverse events (death, sustained 
arrhythmias, increasing symptoms), the conventional think-
ing has been that the benefit of treating free pulmonary 
incompetence is outweighed by the potential risk of surgical 
pulmonary valve replacement and the lack of longevity of 
this treatment (conduit dysfunction within 10–15 years that 
exposes patients to multiple operations over their life) 
(Fig.  9.10) [28]. PVR has therefore often been left until 
patients develop symptoms; however, once symptoms 
develop, there is the potential that symptomatic improve-
ment after surgery may be limited due to the fact that the 
right ventricle has been chronically exposed to pulmonary 
incompetence.

More recently, there has been a shift in this risk/benefit 
continuum. Operative mortality and morbidity are now 
small with modern operative methods and postoperative 
care [6], and conduit life can now be extended using new 
non-invasive percutaneous approaches to treat conduit 
dysfunction.

9.6.1  The Use of CMR to Select Patients 
with Severe Pulmonary Incompetence 
for PVR

Current data from CMR assessment of patients with severe 
pulmonary incompetence have demonstrated elevated RV 
end-diastolic and end-systolic volumes and reduced RV ejec-
tion fraction compared to normal. Furthermore, there is 
increasing evidence that RV function may be irreversibly 
compromised by such long-term changes. This is exempli-
fied by three findings that have been demonstrated by 
CMR. Firstly, RV ejection fraction has been shown to be sig-
nificantly lower in patients with both RV pressure and vol-
ume overload as compared with RV pressure overload alone. 
Secondly, an abnormal RV response to stress has been dem-
onstrated in patients with TOF and pulmonary incompe-
tence. And finally, there appears to be no, or limited, 
improvement in RV function (ejection fraction at rest) fol-
lowing PVR. Indeed, one of the few studies to demonstrate 
an improvement in RV ejection fraction following PVR was 
in patients with moderately dilated right ventricles [29].

Despite this lack of marked improvement in RV function 
by correcting pulmonary incompetence, PVR does reduce 
RV dimensions (Fig. 9.11), and if performed before an RV 
EDV index of 160 mL/m2 or an RV ESV index of 80 mL/m2 
RV dimensions can be normalized in the majority of patients 
[30–32]. These numbers form the basis for both the AHA/
ACC [33] and ESC [34] guidelines for when to consider 
PVR in patients with repaired TOF (Table 9.2). These num-
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Benefits

No effect Uncertainties

Regression of RV volumes
Improved NYHA class
Improved LVEF
(particularly if bad at baseline)

Arrhythmia-risk
Risk of heart failure
Risk of sudden death
Timing of re-intervention

Peak exercise capacity

Right ventricular EF
Maternal and foetal risks
during pregnancy

Risks
Operative risk: 0.9–(4%)

Increased risk of endocarditis

Risk of multiple re-interventions
(with increasing risk)

Fig. 9.10 Risks, benefits, and uncertainties about pulmonary valve 
replacement (PVR). LVEF left ventricular ejection fraction, NYHA 
New  York Heart Association, RV right ventricular. With permission 

from Greutmann M.  European Heart Journal 2016; 37:836–839 
doi:10.1093/eurheartj/ehv634

bers need to be taken with caution as they represent studies 
done in patients of varying age groups, with varying original 
operations and varying PVR surgery (RVOT aneurysmal 
reduction or not). Furthermore, as there is limited standard-
ization for the measurement of RV volumes, the quantitative 
measure of RV dimensions can vary between centers. It may 
be that as the RV dilates, interaction through the septum 
reduces LV filling [27] and reduces LV function. Importantly, 
there are suggestions that this may be happening at even 
moderate RV dilatation, because following PVR, LV EDV 
increases with a subsequent increase in LV function in some 
studies [29, 35]. Furthermore, a recent systematic review of 
outcomes shows that impaired right and left ventricular func-
tion is the most consistent independent predictor of disease 
progression in repaired ToF [36]. Hence, large-scale pro-
spective studies are still necessary to provide important 
information to guide optimal clinical decision making in this 
area. Research is required to define CMR prognostic factors 
for PVR timing, and importantly, other information from 
echocardiography, exercise testing, assessment of neurohor-
monal activation, ECG data, and stress CMR may be useful 
for decision-making [29].

There is increasing evidence from systematic review that 
LGE may act as marker of progressive impairment of myo-
cardial function with higher amount of right ventricular LGE 
related to higher right ventricular volumes, lower ejection 
fraction, and a higher pulmonary regurgitant fraction [37]. 

Importantly, LGE in TOF patients appears to correlate with 
the onset of arrhythmias, with a recent [38].

9.6.2  Which Treatment Option?

Once a PVR has been clinically justified, there is now a 
choice between surgery and PPRI for approximately 15–20% 
of patients with TOF. Technical suitability for PPVR can be 
defined by CMR using the protocol previously defined, but 
with focus on three main areas:

9.6.2.1  RVOT/Pulmonary Trunk Size 
and Distensibility

PPVR can be performed in RVOT/pulmonary trunks that 
range from 14 to 22 mm. At the lower end of the spectrum, 
conduits need to be of an adequate size to allow for sufficient 
opening without residual gradients. At the upper end, the 
device can only be expanded to a maximal diameter of 
22 mm—any larger and valve leaflet coaptation may fail, or 
the device may embolize. This precludes PPVI in dilated 
anatomies (Fig.  9.9). Conduit sizes can be gleaned from 
operative reports; however, conduits can become smaller (or 
larger) over time, and in order to have a full understanding of 
the anatomy of the outflow tract, CMR with 3D capabilities 
is crucial. Although the CMR-derived 3D reconstructions 
can be used to define size, it is important to realize that these 
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Fig. 9.11 Response to surgical PVR after 1 year. Four-chamber and short-axis views showing marked RV volume reduction and increased LV 
volumes

reconstructions are performed on data acquired in diastole, 
or from non-ECG-gated data and, thus, maximal dimensions 
of very distensible anatomies may be underestimated. Cine 
imaging of the RVOT/pulmonary trunk in both long and 
short axes overcomes this problem, enabling the measure-
ment of the maximum diameter of the site at which PPVI 
may be attempted. If the results of MRI are doubtful or bor-
derline, balloon sizing of the RVOT can be performed at the 
time of catheterization.

9.6.2.2  RVOT/Pulmonary Morphology
The 3D information from CMR can be used to visualize the 
best site for device anchorage in the RVOT/pulmonary 
trunk. Furthermore, certain shapes are not suitable for safe 
implantation of the device [16]. A morphological classifica-
tion has been created according to measurements of 3D 
reconstructions of the RVOT [39]. Importantly, a pyramidal 
morphology, meaning that the RVOT funnels down toward 
the pulmonary bifurcation, is not suitable for PPVr because 
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Table 9.2 Summary of international guidelines for pulmonary valve 
replacement

PVR indication Class
Level of 
evidence

ESC 2020 [34]
PVR is recommended in symptomatic patients 
with severe PR and/or at least moderate RVOTO

I C

In patients with no native outflow tract, catheter 
intervention (PPVR) should be preferred if 
anatomically feasible

I C

PVR should be considered in asymptomatic 
patients with severe PR and/or RVOTO when 
one of the following criteria is present:
   1. Decrease in objective exercise capacity
   2. Progressive RV dilation to RVESVi 
≥80 mL/m2, and/or RVEDVi ≥160 mL/m2, 
and/or progression of TR to at least moderate

   3. Progressive RV systolic dysfunction
   4. RVOTO with RVSP >80 mmHg

IIa C

ACC 2018 [33]
Moderate or greater PR and cardiovascular 
symptoms not otherwise explained

I B

Moderate or greater PR and any two of the 
following:
   1. Mild or moderate RV or LV systolic 

dysfunction
   2. Severe RV enlargement (RVEDV ≥160 mL/

m2, RVESVi ≥80 mL/m2, or RVEDV 
≥2 × LVEDV)

   3. RVSP due to RVOT obstruction ≥2/3 
systemic pa

   4. Progressive reduction in objective exercise 
tolerance

IIa B

Moderate or greater PR and sustained ventricular 
tachyarrhythmias

IIb C

PVR pulmonary valve replacement, PR pulmonary regurgitation, 
RVOTO right ventricular outflow tract obstruction, PPVR percutaneous 
pulmonary valve replacement, RV right ventricle, RVESVi right ven-
tricular end-systolic volume, indexed for BSA, RVEDVi right ventricu-
lar end-diastolic volume, indexed for BSA, LV left ventricle, RVSP right 
ventricular systolic pressure, pa pressure
ESC
Class
I—Evidence and/or general agreement that a given treatment or proce-
dure is beneficial, useful, effective
II—Conflicting evidence and/or a divergence of opinion about useful-
ness/efficacy of the given treatment or procedure
  a—Weight of evidence/opinion is in favor of usefulness/efficacy
  b—Usefulness/efficacy is less well established by evidence/
opinion
Level of evidence
A—Data derived from multiple randomized clinical trial or 
meta-analyses
B—Data derived from a single randomized clinical trial or large non- 
randomized studies
C—Consensus of opinion of the experts and/or small studies, retrospec-
tive studies, registries

of the high risk of device dislodgement. Ideal RVOT/pul-
monary trunk shapes comprise conduits with parallel bor-
ders or conduits with a narrowing in the midportion since 
this provides a safe landing zone for the stent [39].

9.6.2.3  Proximity of the Proximal Coronary 
Arteries

The proximity of the proximal coronary arteries to the 
RVOT/pulmonary trunk has to be assessed (Movie 9.4). On 
CMR 3D whole-heart b-SSFP images, the anatomical rela-
tionship of the coronary arteries and the proposed 
 implantation site can be judged. In addition, aortic root angi-
ography is performed at the time of catheterization. On 
biplane projection, the relationship between the coronaries 
and the pulmonary artery can be judged. In case the CMR 
assessment or aortic root angiography cannot fully rule out 
the risk for coronary compression, simultaneous high- 
pressure balloon inflation in the implantation site and selec-
tive coronary angiography are performed [40]. Importantly, 
when angiography and simultaneous balloon inflation are 
performed, it is crucial to expand the RVOT to a therapeutic 
size. This maneuver is only meaningful when the conduit is 
expanded with a high-pressure balloon up to the diameter 
that will be reached post-PPVI.

9.6.3  Acute Hemodynamic Results 
and Implications for Biventricular 
Function Following PPVI

CMR performed before and within 1  month of the proce-
dure, with analysis of biventricular function and calculation 
of great vessel blood flow, has shown an improvement in 
effective RV and LV stroke volume in both patients with pre-
dominantly pulmonary stenosis and those with predomi-
nantly regurgitation [9, 35]. In patients with predominantly 
pulmonary stenosis, this is due to decreased RV ESV and 
improved RV ejection fraction after marked relief of after-
load. By contrast, RV ejection fraction remains unchanged in 
patients with predominantly pulmonary regurgitation, with 
the improvement in RV and LV effective stroke volume due 
to abolishment of pulmonary regurgitation [35].

9.7  New Developments

9.7.1  Development of New Percutaneous 
Devices

Because of the wide variation in patient morphology, size, 
and dynamics of the right ventricular outflow tract (RVOT)/
pulmonary trunk (Fig. 9.9), only ∼15–20% of patients with a 
hemodynamic and clinical indication for PPVI can be treated 
with the current device. Thus, 85% of patients with pulmo-
nary dysfunction still require open-heart surgery for treat-
ment. The majority of these patients are those with dilated, 
dynamic RVOT/pulmonary trunk anatomy (patients with 
TOF and previous RVOT patches) in whom the current per-
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a b c

Fig. 9.12 New percutaneous device for implantation into the dilated outflow tract. (a) Nitinol device, (b) preimplantation in rapid prototyping 
model, (c) 3D CT reconstruction postimplantation with device in situ in “first-in-man” case

cutaneous device is too small. Over the last decade, several 
new devices have been developed which can be implanted 
into the dilated outflow tract either percutaneously with self- 
expandable devices using the Venus p-valve (MedTech, 
Shanghai, China) [41] or The Harmony™ Transcatheter 
Pulmonary Valve (Medtronic Inc., Minneapolis, MN, USA) 
[42, 43] or using a hybrid surgical approach [44]. The 
Harmony™ device underwent a successful “first-in-man” 
implantation [42] in 2010. For this procedure, advanced car-
diovascular imaging, in combination with patient-specific 
computer modeling, is crucial to achieve procedural success 
(Fig. 9.12).

9.7.2  4D Flow CMT in TOF

A recent systematic review of 26, 4D flow CMR studies has 
shown that this technique has huge potential in the assess-
ment of TOF (Fig. 9.13) [45], with use in retrospective flow 
measurement (with optimization of valve tracking), and 
assessment of velocity mapping (very time-consuming and 
often inaccurate on 2D velocity mapping), while presenting 
novel information for intracardiac kinetic energy quantifica-
tion, and vortex visualization in both ventricles, outflow 
tracts, and great vessels. Such information shows promise 
and may further support the optimization of PVR timing and 
advanced interventions to treat arrhythmias, though prospec-

tive, randomized, multicentered studies are required to vali-
date these new parameters. The main disadvantages of 4D 
flow assessment are the long acquisition, reconstruction, and 
post-processing time, all on which may be supported by new 
computing and AI algorithms.

9.7.3  The Use of AI in CMR

AI offers the potential to change many aspects of congenital 
heart disease imaging [46]. At present, there are only a few 
clinically validated examples of AI applications in this field: 
however, AI has the potential to affect all parts of the patient 
journey (Fig.  9.14), from improved and automated patient 
booking, protocolization, and reporting to reduced CMR 
sequence, reconstruction, and post-processing times, to 
speed up CMR scanning to support the acquisition of high- 
quality, complex images.

Importantly, developments in AI will help move clinical 
practice to an era of precision patient management, where 
information from big data (clinical, laboratory, genetic, 
ECG, imaging, and outcome data) is used to create knowl-
edge that is then drilled down to meet the specific needs of 
the individual patient in real time. Ultimately, this will 
improve patient outcomes, patient and clinician experience, 
and hopefully free up clinician time from many of the mun-
dane processes that we currently need to carry out.
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a b c d

e

f g
h

Fig. 9.13 4D flow analysis applications. (a) Manually placed seed 
positions; (b) particle streamline visualization of the ascending aorta; 
(c) main pulmonary and branches forward flow; (d) main pulmonary 
artery regurgitation; (e) flow analysis: net flow across cardiac cycle; (f) 
3D vortex core extraction in the right ventricle; (g) 2D visualization of 

vortices in the right ventricle; (h) kinetic energy mapping from Kanski 
et  al. JCMR (2015) 17:111 DOI 10.1186/s12968-015-0211-4 used 
under the terms of the Creative Commons Attribution 4.0 International 
License (http://creativecommons.org/licenses/by/4.0/)

Fig. 9.14 Aspects of the TOF radiological pathway for CMR imaging where artificial intelligence (AI) or machine learning (ML) may play a role
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9.8  Discussion

In this chapter, we have emphasized the advantages of CMR 
imaging over other modalities to demonstrate its many 
strengths in the comprehensive assessment of TOF. However, 
it is prudent to mention that there are clearly clinical situations 
in which other modalities are indeed superior and preferable.

Echocardiography is a very effective bedside imaging 
tool and is used as the sole modality for the initial diagnosis 
of TOF in infancy and indeed the majority of later clinical 
follow-up. It could rightly be considered that CMR is an 
adjunct to this primary imaging modality in the management 
of TOF.

In patients who have been treated previously with metal-
lic stents, aneurysm clips, or pacemakers, CT imaging is the 
preferable imaging modality. CT delineates RVOT and 
branch pulmonary artery morphology very well, and it has a 
very rapid acquisition time, which is valuable for critically ill 
patients. As patients with TOF survive longer, the burden of 
acquired ischemic heart disease will increase, and it is here 
that CT imaging of the coronary arteries is superior to 
CMR. However, the technique cannot quantify vascular flow 
and, of course, uses ionizing radiation.

In our institution, we have observed an increase in the use 
of cross-sectional imaging modalities with a resultant 
decrease in diagnostic cardiac catheterizations. Cardiac cath-
eterization is still necessary when therapeutic interventions 
are required or when intravascular pressures must be dis-
cerned. However, the fluoroscopic projections are not suit-
able for the characterization of complex 3D malformations 
or ventricular function.

9.8.1  Conclusion

The tremendous advance in cross-sectional cardiovascular 
imaging has changed the landscape in the long-term follow-
 up and clinical decision-making in TOF. The wealth of reli-
able, reproducible hemodynamic information provided by 
CMR studies justifies its recognition as the gold standard. 
The data provided by CMR in TOF continues to advance our 
understanding of the disease and will continue to help us 
manage patients more effectively. Large, multicenter studies 
such as the INDICATOR Cohort [47] will be necessary to 
enhance our understanding of the unnatural life course, 
pathology, and optimal times for intervention in TOF patients.

Practical Pearls

• TOF is common, and its routine assessment should be 
familiar to all CMR imagers.

• Protocolized follow-up for repaired TOF is important and 
should include CMR as outlined in the clinical imaging 
protocol.

• Debate remains about the exact timing of PVR in TOF, 
but an indexed RV end-diastolic volume between 160 and 
200 mL/m2, in the presence of severe pulmonary incom-
petence, seems appropriate.

• CMR can be used to select treatment options (watchful 
waiting, surgical PVR, or percutaneous PVR).

• CMR provides excellent longitudinal data to track hemo-
dynamic deterioration, responses to therapy, and changes 
in myocardial fibrosis.
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10Ebstein’s Anomaly and Other Tricuspid 
Valve Anomalies

Steve W. Leung and Mushabbar A. Syed

10.1  Introduction

Tricuspid valve is affected by a wide variety of abnormalities 
both congenital and acquired. The clinical impact of these 
abnormalities also varies widely depending upon the lesion 
and its impact on right heart function. Congenital anomalies 
of the tricuspid valve are rare and include:

• Ebstein’s anomaly
• Tricuspid atresia
• Tricuspid stenosis/hypoplasia
• Tricuspid regurgitation

Among all congenital tricuspid valve defects, tricuspid 
atresia is more common and is usually diagnosed at or soon 
after birth. Ebstein’s anomaly is less common, and due to its 
variable, clinical presentation may not be diagnosed until 
adulthood.

10.2  Tricuspid Valve Anatomy

The tricuspid valve is the largest of the four cardiac valves 
and is located between the right atrium and right ventricle. 
The tricuspid valve complex consists of leaflets, the fibrous 
tricuspid annulus, the chordae tendinae, papillary muscles, 
and the right atrial and right ventricular (RV) myocardium. 
The tricuspid annulus is an asymmetric, saddle-shaped ellip-
soid that is dynamic in nature and can change markedly with 
loading conditions and during cardiac cycle, e.g., 30% 
decrease in annular area during systole [1]. Leaflets are usu-
ally semicircular or triangular and are attached to the annulus 
at their base. Typically, tricuspid valve consists of three leaf-
lets: anterior or superior, posterior or inferior, and septal with 
anterior leaflet being the largest and most mobile while sep-
tal being the smallest and least mobile. Septal leaflet lies 
against the septum and is apically displaced from the mitral 
annulus. Variations in the structural orientation of tricuspid 
leaflets and occurrence of accessary leaflets have been 
reported with one study of 36 adult hearts showed that the 
number of leaflets can vary from routine three to as many 
seven [2]. The anterior papillary muscle provides chordae to 
the anterior and posterior leaflets, and the medial papillary 
muscle provides chordae to the posterior and septal leaflets. 
The septal wall gives chordae to the anterior and septal leaf-
lets without the presence of a formal septal papillary 
muscle.

10.3  Ebstein’s Anomaly

Ebstein’s anomaly is a rare congenital heart disease that 
affects approximately 1 in 200,000 live births and <1% of 
all congenital heart diseases [3]. The anomaly was origi-
nally described in 1866 by Dr. Wilhelm Ebstein in a patient 
with progressive tricuspid insufficiency due to a congenital 
malformation [4]. Until 1950s, the diagnosis of Ebstein’s 
anomaly was mainly based on autopsy findings. It was not 
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until 1951 when Soloff et  al. first described a method of 
diagnosing Ebstein’s anomaly while the patient is still alive 
by invasive angiogram [5]. In the 1970s, with the develop-
ment of M-mode, two-dimensional, and Doppler echocar-
diography, echocardiography became the primary modality 
in diagnosing Ebstein’s anomaly [6]. However, echocar-
diography is highly dependent on operator experience, the 
availability of good acoustic windows, and spatial resolu-
tion distal to the probe. Due to the position of the right ven-
tricle being directly behind the sternum and its complex 
geometry, imaging the right ventricle with echocardiogram 
is often difficult (Movie 10.1).

Over the past two decades, cardiac magnetic resonance 
imaging (CMR) has emerged as a versatile technique for the 
assessment of cardiac function, morphology, vascular anat-
omy, and flow in patients with congenital heart disease. 
Patients who have limited echocardiographic windows can 
have clearer pictures with CMR, and the right ventricle can 
be visualized more easily. Quantification of right ventricular 
volume and function and identification of other associated 
lesions can be obtained within the same imaging session in 
the management of this special population.

10.4  Definition

Ebstein’s anomaly encompasses a wide spectrum of ana-
tomic and functional abnormalities of the morphologic tri-
cuspid valve and right ventricle. The classic description 
involves the apical displacement of basal attachments of the 
septal and posterior leaflets of tricuspid valve secondary to 
failed delamination of the tricuspid valve leaflets from the 
endocardium during fetal development leading to atrializa-
tion of the right ventricle. Apical displacement of the septal 
leaflet of >20 mm or ≥8 mm/m2 indexed to body surface area 
relative to the mitral valve in the apical four-chamber view is 
considered diagnostic [6].

10.5  Morphology

Ebstein’s anomaly is characterized by the congenital mal-
formations of the right ventricle and tricuspid valve. These 
malformations include adherence of the septal and posterior 
leaflets to the myocardium, apical displacement of the tri-
cuspid annulus, redundancy/fenestration and tethering of 
the anterior leaflet, dilation of the atrialized portion of the 
right ventricle, and dilation of the right atrioventricular (AV) 
junction [7]. The posterior leaflet is the most frequently 
affected leaflet, followed by the septal and anterior leaflets. 
Depending on the severity of the tethering, patients can 
present as a neonate or late into adult life. Due to the devel-
opmental malformation of the tricuspid valve, patients can 

have tricuspid regurgitation or occasionally tricuspid 
stenosis.

The amount of tethering also determines whether the 
valve can be repaired or replaced by the Carpentier classifi-
cation [8].

• Type A: right ventricular volume is adequate.
• Type B: large atrialized right ventricle with mobile ante-

rior leaflet of the tricuspid valve.
• Type C: severely restricted anterior leaflet of the tricuspid 

valve.
• Type D: almost complete atrialization of the right ventri-

cle except for a small infundibular component.

Patients with Type A, B, and C leaflets are likely to benefit 
from surgical repair. Type D patients require valve 
replacement.

10.6  Associated Anomalies

The most common anomaly associated with Ebstein’s anom-
aly is interatrial connection such as atrial septal defects and 
patent foramen ovale, which occurs in upwards of 80% of 
patients with Ebstein’s anomaly. There are numerous other 
abnormalities that are associated with Ebstein’s anomaly 
aside from atrial septal defects (Table 10.1). Ebstein’s anom-
aly, generally an isolated process, has been described in 
patients with Down’s syndrome, Marfan syndrome, Noonan 
syndrome, and left ventricular (LV) non-compaction.

Table 10.1 Anatomical anomalies associated with Ebstein’s anomaly

Septal defects
Atrial septal defect
Patent foramen ovale
Ventricular septal defect
Aortic valve/aorta
Bicuspid or atretic aortic valve
Aortic coarctation
Subaortic stenosis
Corrected transposition of the great arteries
Patent ductus arteriosus
Pulmonic valve/pulmonary artery
Pulmonary stenosis
Pulmonary atresia
Hypoplastic pulmonary arteries
Hypertensive pulmonary vascular disease
Mitral valve
Parachute mitral valve
Cleft anterior leaflet of the mitral valve
Mitral valve prolapse
Other
Left ventricular outflow obstruction
Tetralogy of Fallot
Left ventricular non-compaction
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10.7  Clinical Presentation

Due to the wide spectrum of the severity of the tricuspid 
malformation, clinical presentation can range from intra-
uterine fetal demise to incidental finding in an asymptom-
atic adult patient. Patients who present during their first 
year of life usually have more severe cardiac disease and 
present with severe heart failure and cyanosis. In contrast, 
children and adults more often present with incidental mur-
murs and arrhythmias such as Wolff–Parkinson–White syn-
drome [9].

Symptomatic patients may present with right ventricular 
failure from worsening tricuspid regurgitation and atrial 
arrhythmia. Common presenting symptoms include:

• Dyspnea on exertion
• Fatigue and lack of appetite
• Abdominal distention due to ascites
• Peripheral edema
• Palpitations

Due to the high prevalence of septal defects, patients may 
present later in life with pulmonary hypertension, paradoxi-
cal emboli, and Eisenmenger physiology.

The electrocardiogram in patients with Ebstein’s anomaly 
often has interventricular conduction delay or right bundle 
branch block. The P-waves may indicate marked right atrial 
enlargement often described as Himalayan P-waves. Since 
there is a higher prevalence of pre-excitation in this popula-
tion, delta waves can be seen in some patient’s ECGs. Due to 
the atrialization of the right ventricle, right ventricular hyper-
trophy is rare and if present other associated anomalies 
should be considered.

Most cases of Ebstein’s anomaly discovered have been 
sporadic, but there have been some familial cases. Neonates 
whose mothers were exposed to lithium have been reported 
to develop Ebstein’s anomaly.

10.8  Cardiac Magnetic Resonance Imaging

10.8.1  Indications

Echocardiography has been the main tool in the diagnosis of 
Ebstein’s anomaly. However, in patients with poor echocar-
diographic windows, CMR can be an alternative method in 
making the diagnosis. In patients with known Ebstein’s 
anomaly, CMR can provide valuable information in quanti-
fying right ventricular size and function, along with severity 
of tricuspid regurgitation. Serial CMR can be performed to 
serially monitor right ventricular size and function, as well as 
severity of tricuspid regurgitation. Since patients with 
Ebstein’s anomaly often have other associated anomalies, 

CMR can provide great visualization of great vessel abnor-
malities and quantify intracardiac shunt ratio. Per the most 
recent ACC/AHA guidelines, serial CMR is recommended 
to follow these patients. The interval varies based on the 
patient’s physiologic stage of disease.

Physiologic Stages A–D

Frequency of 
testing

Stage A 
(mo)

Stage B 
(mo)

Stage C 
(mo)

Stage D 
(mo)

TTE 12–24 12–24 12 12
CMR/CCT 60 36 24–36 12–24

Physiological stage
A NYHA I symptoms

No hemodynamic or anatomic sequelae
No arrhythmias
Normal exercise capacity
Normal renal/hepatic/pulmonary function

B NYHA II symptoms
Mild hemodynamic sequelae (mild aortic enlargement, mild 
ventricular enlargement, mild ventricular dysfunction)
Mild valvular disease
Trivial or small shunt (not hemodynamically significant)
Arrhythmia not requiring treatment
Abnormal objective cardiac limitation to exercise

C NYHA III symptoms
Significant (moderate or greater) valvular disease; moderate or 
greater ventricular dysfunction (systemic, pulmonic, or both)
Moderate aortic enlargement
Venous or arterial stenosis
Mild or moderate hypoxemia/cyanosis
Hemodynamically significant shunt
Arrhythmias controlled with treatment
Pulmonary hypertension (less than severe)
End-organ dysfunction responsive to therapy

D NYHA IV symptoms
Severe aortic enlargement
Arrhythmias refractory to treatment
Severe hypoxemia (almost always associated with cyanosis)
Severe pulmonary hypertension
Eisenmenger syndrome
Refractory end-organ dysfunction

aAdapted from 2018 ACC/AHA Guideline for the Management of 
Adults with Congenital Heart Disease [10]

10.8.2  Goals of Imaging

 1. To determine the extent of apical displacement of the tri-
cuspid valve and assess mobility of the anterior leaflet 
(Carpentier classification)

 2. To accurately assess right ventricular size and function
 3. To identify tricuspid regurgitation and quantify severity
 4. To identify associated lesions such as atrial septal defect, 

ventricular septal defect, and calculate the amount of 
shunt (Qp:Qs ratio)

 5. To determine aortic or pulmonary artery anomalies
 6. To identify right ventricular outflow tract obstructions
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10.8.3  CMR Sequences and Imaging Protocols

A sample CMR scanning protocol is listed in Table 10.2.

10.8.3.1  Scout Imaging
Scout imaging in various planes can help quickly identify 
any significant right ventricular enlargement and any appar-
ent associated lesions in the aorta or pulmonary artery such 
as coarctation or hypoplastic pulmonary artery. Since most 
patients who present have enlarged right heart, the cardiac 
anatomy is likely to be distorted. The scout images can then 
help with accurate prescription of the long- and short-axis 
cines and ensure adequate coverage of the ventricles for 
quantification of size and function.

10.8.3.2  Cine Imaging—Diagnosis, Chamber 
Size and Function, and Septal Defects

For the diagnosis of Ebstein’s anomaly, four-chamber steady- 
state free precession (SSFP) cine can identify the extent of 
apical displacement of the tricuspid valve compared to the 
mitral valve (Fig. 10.1 and Movie 10.2). The diagnosis can 
be made if the apical displacement of the tricuspid valve 
compared to the mitral valve is >20  mm or ≥8  mm/m2 
indexed to body surface area. The identification of the tricus-
pid leaflets and the amount of tethering can be useful in 
determining type of surgical treatment. However, due to the 
complex shape and thin tricuspid valve leaflet and relatively 
limited spatial resolution of CMR, it may be difficult to visu-
alize leaflet adherence to the myocardium.

The short-axis cines from base to apex are routinely used 
for calculating LV and RV size and function (Fig. 10.2) [11]. 
Alternatively, axial plane cines can also be used for calculat-
ing RV size and function; however, the method of acquiring 
RV size and function in serial follow-up studies should be 
consistent with the first study [12].

To identify septal defects, four-chamber stack of cines 
through the atrial and ventricular septum extending from the 
superior vena cava to the level of atrioventricular (AV) valves 
should be obtained for interatrial or interventricular connec-
tions (Fig. 10.3).

10.8.3.3  In Plane Phase Contrast Imaging: 
Evaluation of Abnormal Flow

SSFP cine imaging can often miss valvular regurgitation or 
flow through septal defects as the sequence is designed to 
suppress flow for better delineation of endocardial borders. 
Therefore, ECG-gated, free-breathing, in-plane phase con-
trast imaging can be helpful in clearly identifying any tricus-
pid regurgitation or flow through septal defects in patients 
with Ebstein’s anomaly. Qualitatively, tricuspid regurgitation 
can be evaluated by in-plane phase contrast imaging in the 
four-chamber view or right atrial/ventricular two-chamber 
view with the axis parallel to the predicted tricuspid regurgi-

tant jet (Movie 10.3). The velocity encoding (VENC) setting 
should be at least 150 cm/s. For septal defects, the appropri-
ate four-chamber view of the suspected area of the defect 
should be evaluated with in-plane phase contrast. Due to 
slow flow in the atrium, the VENC setting is usually set at 
50–100 cm/s. Since patients with Ebstein’s anomaly can also 
have left or right ventricular outflow tract (LVOT or RVOT) 

Table 10.2 Imaging protocol example

• Scout (localizers) scan: in three-plane (axial, sagittal, and coronal), 
axial stack, four-chamber, short-axis plane
• SSFP cine images:
Short-axis, multislice stack from base to apex
Three-chamber, two-chamber, four-chamber views
Two-chamber of the right atrium/right ventricle
LVOT and RVOT
Four-chamber view, stack for full volume coverage (for identification 
of septal defects)
Optional: axial plane, cine stack from top to bottom of the right 
ventricle
• First pass contrast-enhanced MRA of pulmonary arteries and aorta
• In-plane phase contrast flow imaging (ECG-gated, free-breathing)
Four-chamber view
LVOT
RVOT
Optional: two-chamber view of the right atrium/ventricle
•  Through-plane phase contrast imaging (ECG-gated, free- 

breathing) of the main pulmonary artery (Qp) and ascending aorta 
(Qs)

•  Late gadolinium enhancement imaging in short-axis stack, 
two-chamber, three-chamber, four-chamber views (usually 
10–20 min post-contrast)

•  Optional: through-plane phase contrast of static gel phantom with 
identical acquisition parameters as Qp and Qs

Fig. 10.1 Still frame in an SSFP four-chamber view shows the apical 
displacement (double arrow) of the tricuspid valve compared to the 
mitral valve. End-diastolic frame is used for measuring the apical 
displacement
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Fig. 10.2 Still frame of short-axis stack for evaluation of ventricular size and function

10 Ebstein’s Anomaly and Other Tricuspid Valve Anomalies



172

Fig. 10.3 Still frame of four-chamber stack for evaluation of septal defects

obstruction, LVOT and RVOT in-plane phase contrast can 
help identify any significant turbulent flow suggestive of 
obstruction across the outflow tracts (Fig.  10.4 and Movie 
10.4).

Occasionally, patients with Ebstein’s anomaly have tri-
cuspid stenosis. Severe tricuspid stenosis has been identified 
as a right atrium to right ventricle gradient of >5 mmHg dur-
ing diastole by Doppler echocardiography. In-plane phase 
contrast imaging in a four-chamber or right-sided two- 
chamber orientation can identify increased velocity through 
the tricuspid valve during diastole as a sign of tricuspid ste-
nosis. Initial VENC of 100 cm/s should be used. If the jet 
aliases during diastole, then the gradient across the tricuspid 
valve is >4 mmHg by using the simplified Bernoulli’s equa-
tion (gradient = 4v2). Be aware that in patients with signifi-
cant tricuspid regurgitation that there can be increased 

velocities or gradients due to increase flow, and not due to 
anatomic tricuspid stenosis.

10.8.3.4  Through-Plane Phase Contrast: 
Quantification of Tricuspid 
Regurgitation

Patients with Ebstein’s anomaly often develop significant tri-
cuspid regurgitation. In echocardiography, severe tricuspid 
regurgitation is determined by color jet size, vena contracta 
width >0.7 cm2, and systolic reversal of flow in the hepatic 
veins. In CMR, there have not been established criteria for 
severe tricuspid regurgitation; however, in general, valvular 
regurgitant fraction >40% is considered severe. Unlike the 
aortic and pulmonic valves, the tricuspid annulus goes 
through significantly complex motion during systole, which 
renders direct measurements by through-plane phase con-
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Fig. 10.4 Still frame of right ventricular outflow tract SSFP cine for 
evaluation of right ventricular outflow tract obstruction

trast CMR of the tricuspid valve difficult. For best results, a 
short-axis plane can be prescribed using four-chamber cine 
SSFP to align the imaging plane with the valve annulus at 
end-systole. Additionally, the tricuspid regurgitant volume 
and regurgitant fraction can be measured indirectly from 
effective pulmonic flow and right ventricular stroke volume.

Effective pulmonary flow (Qp) can be obtained by ECG- 
gated, free-breathing, through-plane phase contrast imaging 
of the main pulmonary artery cross section above the pul-
monic valve. Often, this prescription can be obtained from a 
perpendicular slice from the right ventricular outflow tract 
view (sagittal plane) above the pulmonic valve (Fig.  10.5) 
starting at VENC of 150 cm/s. The resultant velocity images 
should be immediately assessed for aliasing (low VENC set-
ting) and repeated if necessary by increasing the VENC set-
ting. Also check the magnitude images for appropriate vessel 
shape (arteries should be round) and phase wrap artifacts. 
Phase wrap does not significantly affect the precision of the 
measurements as long as wrap is not superimposed on the 
vessel of interest. Right ventricular stroke volume (RVSV) is 
obtained by subtracting the right ventricular end-systolic 

volume (RVESV) from the right ventricular end-diastolic 
volume (RVEDV). RVESV and RVEDV are obtained from 
either the short-axis stack or axial stack SSFP cine images. 
Tricuspid regurgitant volume (RV TR) can then be calculated 
by:

 
RV =Qp RVEDV RVESV =Qp RVSV.

TR
− − −( )  

Regurgitant fraction (RF) can be obtained by:

 RF RV RVSV
TR

% / %.= ( )×100  

This method can only be used if there is no interventricu-
lar shunt.

Without phase contrast flow measurements, RVTR can also 
be calculated by:

 
RV =RVSV LVEDV LVESV =RVSV LVSV.

TR
− − −( )  

This can only be performed if there are no other signifi-
cant valvular regurgitations (aortic, mitral, or pulmonic) or 
interventricular shunt.

10.8.3.5  Through-Plane Phase Contrast: 
Quantification of Shunt Ratio

Since patients with Ebstein’s anomaly frequently have asso-
ciated atrial or ventricular septal defects, shunt ratio quanti-
fication (Qp/Qs) can be helpful in determining need for 
closure of these defects. Shunt ratio quantification should be 
obtained from through-plane phase contrast.

Qp prescription has been described above. Through-plane 
phase contrast of an appropriate axial slice above the aortic 
valve can be obtained for effective systemic flow (Qs) 
(Fig. 10.6). The VENC for flow measurement in ascending 
aorta is usually set at 200 cm/s.

With phase contrast imaging, flow acquisition can be 
erroneous due to background phase offset errors from non- 
compensated eddy currents [13]. This error can be corrected 
by obtaining phase contrast images from static gel phantoms 
post-acquisition with heart rate simulator simulating a heart 
rate similar to the time of Qp and Qs acquisition or back-
ground phase correction based on a regional of interest in the 
static chest wall. The correction should then be used to adjust 
the original data. It’s important to note that the table position 
should not be reset prior to obtaining the phantom images, as 
this can cause positioning errors in finding the original flow 
positions and acquisition of the correct background phase 
offset errors.

10.8.4  Contrast-Enhanced Magnetic 
Resonance Angiography

Patients with Ebstein’s anomaly can have associated pulmo-
nary artery or aortic anomalies. Contrast-enhanced magnetic 
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a b

Fig. 10.5 Still frame of the main pulmonary artery just above the pulmonic valve for effective pulmonary flow (Qp) quantification. (a) Magnitude 
image for anatomy and (b) is corresponding phase image. Vessel of interest should be circular to quantify flow

a b

Fig. 10.6 Still frame of the ascending aorta at pulmonary artery bifurcation for effective systemic flow (Qs) quantification. (a) Magnitude image 
for anatomy and (b) is corresponding phase image. Vessel of interest should be circular to quantify flow
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resonance angiography (MRA) can provide a three- 
dimensional view to detect hypoplastic pulmonary arteries, 
coarctation of the aorta, and transposition of the great arter-
ies. It can also provide accurate vascular measurements for 
planning surgical treatment of these anomalies.

10.8.5  Late Gadolinium Enhancement Imaging

Late gadolinium enhancement imaging has been quite useful 
in detecting scar or fibrosis in patients with myocardial 
infarction and various cardiomyopathies. In patients with 
Ebstein’s anomaly, late gadolinium enhancement can be 
used to identify fibrotic changes of the atrialized ventricular 
wall [14]. RV septal late gadolinium enhancement and ele-
vated LV extracellular volume in patients with Ebstein’s 
anomaly are associated with worse LV and RV function and 
NYHA class [15]. In patients with tricuspid stenosis or right 
ventricular dysfunction, late gadolinium imaging can also 
identify right atrial and right ventricular thrombus.

10.9  CMR in Comparison with Other 
Imaging Modalities

Echocardiography remains the primary method of diagnos-
ing Ebstein’s anomaly and identifying tricuspid leaflet 
deformities for possible surgical correction. Due to the 
higher spatial resolution, the tethering of the tricuspid leaf-
let can be more easily identified. Doppler echocardiogra-
phy can also be helpful in evaluation of tricuspid 
regurgitation severity. However, in cases where there are 
limited acoustic windows and/or poor spatial resolution in 
deep structures, CMR is helpful in providing essential 
information. Since structures are more clearly defined and 
volumetric measurements are more reliable and reproduc-
ible than echocardiography, CMR is important in serial 
imaging to follow patients with established diagnosis of 
Ebstein’s anomaly. Since patients with Ebstein’s anomaly 
may have various associated vascular anomalies, CMR can 
help identify these other findings that may have been 
missed on echocardiography.

With the development of multi-slice computed tomogra-
phy (CT) with electrocardiographic gating, CT scan has also 
become useful in evaluation of congenital heart disease. 
Since cardiac CT can provide excellent spatial resolution, 
complete volumetric coverage, and functional analysis, it 
can be a valuable tool when echocardiography and CMR 
cannot be performed adequately. This can be due to inade-
quate acoustic windows or suboptimal right ventricular visu-
alization for echocardiography, contraindication to CMR 
due to metallic implants, patients unable to lay flat for pro-

longed periods of time, or unable to hold their breaths repeat-
edly. However, at this time, cardiac CT cannot adequately 
quantify the amount of tricuspid regurgitation unless there is 
no other concomitant valvular regurgitation or intracardiac 
shunts. Since cardiac function evaluation with CT requires 
high doses of radiation, this should be limited to as the last 
resort especially in young patients or women of child- bearing 
age.

10.10  Limitations and Common Pitfalls

For patients with Ebstein’s anomaly who are referred for 
CMR imaging, prior imaging studies should be reviewed to 
develop a plan of scanning to reduce scanning time. One of 
the limitations of CMR is that image acquisition can take a 
prolonged period of time. Some patients are unable to toler-
ate such prolonged scans due to claustrophobia, fatigue, back 
pain, or other issues. If a patient has known atrial septal 
defect that has been adequately evaluated by echocardiogra-
phy, one can consider skipping the four-chamber cine stack. 
If a patient does not have RVOT or LVOT obstruction on 
Doppler echocardiography, one can consider skipping these 
imaging planes to reduce acquisition time.

Other limitations include patient cooperation in following 
breathing commands, which can limit the clarity in the SSFP 
cine images and late gadolinium enhancement images. The 
spatial resolution limits visualization of the tricuspid valve 
leaflet as clearly as echocardiography. Despite the common 
use of phase contrast for flow measurements, it is important 
to perform background offset error correction to obtain more 
accurate flow quantification data.

10.11  Tricuspid Atresia

Tricuspid atresia is a form of cyanotic congenital heart dis-
ease characterized by the complete agenesis of the tricuspid 
valve. In a 2019 study, it was estimated that about 404 babies 
in the United States are born with tricuspid atresia with an 
incidence of 1 in every 9751 live births [16]. In the current 
era, the majority of patients are diagnosed during pregnancy 
or soon after birth with echocardiogram as the first-line 
imaging modality. In most patients, the tricuspid inlet 
appears as a dimple in the right atrium, and in rare form, 
there is fusion of partial delaminated leaflets and the forma-
tion of membrane (Ebstein type). Tricuspid atresia is associ-
ated with hypoplastic right ventricle, atrial septal defect, 
ventricular septal defect, and pulmonary obstruction. This 
lesion has been classified based on the relationship of the 
great arteries, presence of a VSD and degree of pulmonary 
obstruction [17].

10 Ebstein’s Anomaly and Other Tricuspid Valve Anomalies



176

Type I (70–80%): Normal anatomy of the great arteries
Subgroup a—Intact ventricular septum with pulmo-
nary atresia
Subgroup b—Small VSD with pulmonary stenosis 
(PS)/ hypoplasia
Subgroup c—Large VSD without PS

Type II (12–25%): D-transposition of the great arteries 
(D-TGA)

Subgroup a—VSD with pulmonary atresia
Subgroup b—VSD with PS or hypoplasia
Subgroup c—VSD without PS

Type III (3–6%): Malposition defects of the great arteries 
other than D-TGA (e.g., truncus arteriosus, atrioventricu-
lar septal defects, and double outlet right ventricle)

Echocardiography is diagnostic for tricuspid atresia with 
limited role for other imaging modalities. CMR is primarily 
used in the follow-up of these patients after Fontan surgery 
and is discussed in detail in the Single Ventricle and Fontan 
Procedures chapter.

10.12  Other Tricuspid Valve Anomalies

Isolated congenital tricuspid stenosis is an extremely rare 
congenital heart malformation. The condition is a result of 
hypoplasia and thickening of the tricuspid valve, deformity 
of the chordae, or malformation of the entire subvalvular 
apparatus including parachute valve [18]. It is commonly 
associated with patent foramen ovale or atrial septal defect 
[19–21]. They are also associated with right-sided hypopla-
sia including right ventricular hypoplasia and pulmonic ste-
nosis or atresia. SSFP cine in the long-axis views of the right 
atrium/right ventricle can be helpful in identifying the cause 
of tricuspid stenosis (Fig. 10.7 and Movie 10.5). The tricus-
pid gradient can be identified by ECG-gated, free-breathing, 
in-plane phase contrast imaging in the long axis through the 
tricuspid valve as described above. Due to the tricuspid 
annular plane systolic excursion, multiple cross sections 
through the tricuspid valve with no skip may be required to 
obtain a planimetry of the valve opening and optimal 
through-plane phase contrast to obtain the maximal gradient 
through the valve. A short-axis plane using four-chamber 
cine SSFP to align the imaging plane with the valve annulus 
at end-systole usually provides the best result for gradient 
estimation.

Congenital tricuspid regurgitation is generally due to 
Ebstein’s anomaly. Isolated congenital tricuspid regurgitation 
is even less common. The valvular insufficiency can be 
caused by tricuspid leaflet prolapse, hypoplastic or cleft leaf-
lets, absence of papillary muscle or chordae, or annular dila-
tion [21–24]. Functional causes include right ventricular 
outflow tract obstruction or right ventricular dysfunction [18]. 

In these patients, CMR can be used to calculate regurgitant 
volume and fraction similar to the methods mentioned in 
Ebstein’s anomaly. SSFP cine imaging of the tricuspid valve 
in long-axis views can be helpful in identifying tricuspid 
valve prolapse and other causes of tricuspid regurgitation. 
Right ventricular volumes can also be followed over time.

The role of CMR in these cases is similar to patients with 
Ebstein’s anomaly. In patients who do not have optimal 
acoustic windows for echocardiography, the need to evaluate 
other associated anomalies, or serial follow-up of right-sided 
volumes, CMR can be beneficial.

10.13  Conclusions

Ebstein’s anomaly and congenital tricuspid anomalies are 
rare congenital heart defects that affect less than 1% of all 
congenital heart diseases. Although echocardiography is the 
primary modality for diagnosis of these rare anomalies, it is 
limited in evaluation of the right ventricular size and  function. 
Adult patients who present with little to no symptoms would 
need to be followed for years prior to the necessary surgical 
correction due to right ventricular enlargement and failure. 
CMR not only provides the capability to diagnose these rare 
anomalies but also can provide accurate serial measurements 
of right ventricular volume and function and severity of tri-
cuspid regurgitation. Many of these patients also present 
with various associated anomalies that can be detected read-
ily by a comprehensive CMR study. In patients with associ-
ated shunts, quantification of pulmonary artery to aorta flow 
ratio (Qp/Qs) can be performed to assess the severity of these 
shunts.

Fig. 10.7 Still frame of four-chamber SSFP cine demonstrating small 
tricuspid valve annulus. There is small pericardial effusion (asterisk) 
and prominent intrapericardial fat (arrows)
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Practical Pearls

• Review of prior imaging studies (especially echocardio-
graphic images) is extremely helpful in planning scanning 
protocol to minimize scan time.

• Echocardiography is usually the first-line imaging modal-
ity for the diagnosis of tricuspid valve anomalies. CMR 
has a complimentary role for the evaluation of right ven-
tricle and other associated anomalies.

• CMR can be used to evaluate tricuspid valvular regurgita-
tion/stenosis, accurate measurements of right and left 
ventricular size and function, associated anomalies such 
as septal defects and great vessel abnormalities, and quan-
tification of shunt ratio.

• Serial CMR imaging for assessment of right ventricular 
size and function should be performed in the same orien-
tation as the initial study (short-axis stack or axial plane 
stack cines).

• Interatrial and interventricular communication can be dif-
ficult to see on SSFP cine images. ECG-gated, free- 
breathing, in-plane phase contrast flow imaging is helpful 
in these situations.

• 3D contrasted MRA can be helpful in defining any aortic 
or pulmonary artery abnormalities.

• Flow quantification for Qp, Qs, and tricuspid regurgita-
tion measurements should be carefully planned.
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11Abnormalities of Left Ventricular Inflow 
and Outflow

Tal Geva and Puja Banka

11.1  Introduction

Congenital abnormalities of left ventricular inflow and out-
flow include abnormalities of the left atrium, mitral valve 
(supravalvar, valvar, and subvalvar), and abnormalities of the 
left ventricular outflow tract, the aortic valve, and supraval-
var area. Cardiac magnetic resonance imaging (CMR) has 
become an important adjunctive tool in evaluating and fol-
lowing patients with this group of anomalies. This chapter 
reviews the role of CMR in the care of patients with congeni-
tal abnormalities of left ventricular inflow and outflow. In 
addition to describing the morphologic abnormalities and 
their clinical presentations, the indications and limitations of 
CMR in each condition are discussed, and a suggested CMR 
examination protocol is provided.

11.2  Abnormalities of Left Ventricular 
Inflow

11.2.1  Left Atrium

11.2.1.1  Definitions
Abnormalities of the left atrium include congenital left atrial 
aneurysm and cor triatriatum. The former is characterized by 
intrinsic left atrial enlargement out of proportion to the 
hemodynamic load on the left atrium. The latter is character-
ized by a dividing “membrane” within the left atrium result-
ing in a proximal pulmonary venous chamber and a distal 
supramitral chamber containing the appendage.

11.2.1.2  Congenital Left Atrial Aneurysm

Morphologic and Functional Abnormalities
Congenital left atrial aneurysm is a rare anomaly associated 
with dysplasia of the left atrial myocardium [1]. This anom-
aly, also called giant left atrium, is characterized by a mark-
edly dilated left atrium with thinning or partial absence of 
the myocardium. The left atrial enlargement is out of propor-
tion to its hemodynamic load. The diagnosis is made in the 
absence of an inflammatory or degenerative process [2].

Associated Anomalies
The etiology and morphogenesis of congenital left atrial 
aneurysm are poorly understood. This lesion is generally 
found as an isolated condition, and the presence of associ-
ated cardiac anomalies that can cause left atrial dilation usu-
ally excludes it from the differential diagnosis.

Clinical Presentation
Congenital left atrial aneurysm often presents as an inciden-
tal finding on radiographic imaging done for other reasons 
[3]. In some cases, however, patients present with tachyar-
rhythmias, cardiac arrest, pericardial tamponade from rup-
ture of the aneurysm, systemic embolization of atrial 
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thrombi, respiratory distress, or heart failure [2, 4]. Since the 
aneurysm can increase in size over time, long-term follow-
 up is generally recommended to monitor its size and 
 associated complications. Surgical resection may be consid-
ered, especially in symptomatic patients [2].

CMR of Congenital Left Atrial Aneurysm
The aneurysm can be visualized by several techniques 
including transthoracic and transesophageal echocardio-
gram, computed tomography, and conventional angiography. 
CMR can be adjunctive to these diagnostic modalities by 
providing comprehensive visualization of the aneurysm, 
imaging of adjacent structures, and measurements of the 
aneurysm volume [2]. Other causes for left atrial enlarge-
ment, such as mitral valve abnormalities or intracardiac 
shunts, can be excluded. In addition, CMR can be used to 
assess for thrombus within the aneurysm. Indications for 
CMR in patients with suspected or known congenital left 
atrial aneurysm include confirmation of the diagnosis, longi-
tudinal assessment of aneurysm size, and evaluation for 
thrombus within the aneurysm [4]. CMR examination in a 
patient suspected of having congenital left atrial aneurysm 
may include the following:

• Electrocardiogram (ECG)-triggered, breath-hold cine 
steady-state free precession (SSFP) in the following 
planes:
 – Axial and coronal planes through the entirety of the 

aneurysm to allow measurements of aneurysm size 
and visualization of potential thrombi

 – Left ventricle (LV) two-chamber (vertical long-axis)
 – Four-chamber stack (horizontal long-axis)
 – LV three-chamber view parallel to the left ventricular 

outflow
 – Ventricular short-axis stack with 12–14  equidistant 

slices covering the entire length of both ventricles to 
evaluate ventricular volumes and function and to 
exclude other causes of left atrial enlargement

• ECG-triggered, breath-hold turbo (fast) spin echo 
sequence with blood suppression for assessment of left 
atrial wall thickness

• ECG-triggered, free-breathing cine phase contrast flow 
measurements in the proximal ascending aorta, main pul-
monary artery, and, in selected cases, across the atrioven-
tricular (AV) valves to assess for shunts

• ECG-triggered, breath-hold, phase sensitive late gadolin-
ium enhancement (LGE) imaging with a long inversion 
time (e.g., 600 ms) for evaluation of possible thrombi

When CMR is used to follow patients longitudinally, care 
must be taken to make measurements of the aneurysm that 
are comparable from one scan to the next. For linear mea-
surements, therefore, prescribed planes should either be eas-

ily reproducible between scans (e.g., axial or coronal planes), 
or care should be taken to duplicate the plane used on prior 
examinations. Alternatively, left atrial volume can be calcu-
lated using the summation of discs technique, and this can be 
followed over time.

11.2.1.3  Cor Triatriatum

Morphologic and Functional Abnormalities
Cor triatriatum is a rare lesion comprising approximately 
0.1–0.4% of congenital heart disease cases. The lesion is 
considered a form of stenosis of the common pulmonary 
vein due to a fibromuscular “membrane” or “diaphragm” 
that divides the left atrium into two chambers: a proximal 
chamber that receives the pulmonary veins and a distal 
chamber that communicates with the left atrial appendage 
and the mitral valve (Fig. 11.1; Movies 11.1 and 11.2) [5]. 
Several developmental theories for this lesion have been pro-
posed, but the most commonly accepted hypothesis is incom-
plete incorporation of the common pulmonary vein to the 
posterior aspect of the developing left atrium [5]. Some vari-
ants of cor triatriatum, however, are not consistent with this 
explanation. Examples include cases in which the proximal 
chamber receives only some of the pulmonary veins, a con-
dition termed subtotal cor triatriatum.

In typical cor triatriatum, the partitioning left atrial mem-
brane forms a windsock, which is directed toward the mitral 
valve. The opening in the windsock-like membrane varies in 
size from few millimeters to about 1 cm. The distal chamber 
that communicates with the left atrial appendage and the 
mitral valve also has the fossa ovalis lying between it and the 
right atrium. In most cases, neither the proximal nor the distal 
chambers communicate with the right atrium. In some cases, 
the distal (supramitral) chamber communicates with the right 
atrium through a patent foramen ovale or a secundum atrial 
septal defect. Rarely, the proximal (pulmonary venous) cham-
ber communicates with the right atrium. In the latter case, the 
possibility of a sinus venosus defect should be considered.

The hemodynamic burden due to cor triatriatum is obstruc-
tion to pulmonary venous return causing pulmonary venous 
and arterial hypertension. From a hemodynamic standpoint, 
cor triatriatum can be viewed as a form of mitral stenosis.

Associated Anomalies
Cor triatriatum can be seen in isolation or with a number of 
other congenital heart defects, including partially anomalous 
pulmonary venous connection and secundum atrial septal 
defect [5].

Clinical Presentation
The clinical presentation of this lesion is similar to that of 
mitral stenosis and depends on the size of the opening in the 
membrane separating the two left atrial chambers. Rarely, 
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a b

Fig. 11.1 Cor triatriatum. (a) Cine SSFP image in a four-chamber 
plane showing the cor triatriatum membrane dividing the left atrium 
into two chambers, a proximal chamber that receives the pulmonary 
veins (LA1) and a distal chamber that communicates with the mitral 

valve and left atrial appendage (LA2). (b) In-plane cine phase contrast 
flow mapping in the four-chamber plane demonstrating flow across the 
defect in the cor triatriatum membrane (arrows). LV left ventricle, MV 
mitral valve, RA right atrium, RV right ventricle

the pulmonary venous chamber can decompress through a 
defect between the proximal chamber and the right atrium. 
When the communication between the two left atrial cham-
bers is small, patients develop signs and symptoms of pul-
monary venous obstruction such as pulmonary edema and 
hypertension or decreased cardiac output. If, however, the 
opening is large, symptoms may be minimal or absent. Older 
patients can also exhibit embolic phenomenon from throm-
bus formation in the atrium.

CMR of Cor Triatriatum
Given its ubiquitous availability, excellent spatial and tempo-
ral resolutions, and its ability to evaluate the hemodynamic 
burden of cor triatriatum by Doppler, echocardiography is the 
primary imaging modality used in this condition. CMR can be 
helpful in two circumstances: (1) as a substitute for trans-
esophageal echocardiography in patients with poor acoustic 
windows when transthoracic echocardiography does not pro-
vide adequate data [6] and (2) to evaluate associated defects 
such as anomalous pulmonary venous connections [7]. CMR 
can also be used to measure intracardiac shunts, as well as 
right ventricular size and function. The following CMR exam-
ination protocol can be used in patients with cor triatriatum:

• ECG-triggered, breath-hold cine SSFP in the following 
planes:
• LV two-chamber (vertical long-axis)
• Right ventricle (RV) two-chamber (vertical long-axis)

• Extended four-chamber covering the entire left atrium 
(Fig. 11.1a; Movie 11.1)

• LV three-chamber view parallel to the left ventricular 
outflow

• Ventricular short-axis stack to evaluate ventricular vol-
umes and function

• Gadolinium-enhanced magnetic resonance angiogram 
(MRA) to assess for anomalous pulmonary venous con-
nections and other associated anomalies

• ECG-triggered, free-breathing cine phase contrast flow 
measurements in the proximal ascending aorta, main 
pulmonary artery, and, in selected cases, across the AV 
valves to assess for shunts. In-plane flow velocity map-
ping in the four-chamber plane can provide additional 
information regarding the location and size of the open-
ing within the cor triatriatum membrane (Fig.  11.1b; 
Movie 11.2).

• Optional sequences:
 – ECG-triggered, breath-hold turbo (fast) spin echo 

sequence with blood suppression for further imaging 
of the cor triatriatum membrane

 – ECG-triggered, respiratory-navigated, free breathing 
three-dimensional isotropic SSFP for evaluation of the 
coronary arteries

 – In patients with possible myocardial scar, LGE imaging 
performed 10–20 min after contrast administration in the 
following planes: ventricular short-axis,  four- chamber, 
LV two- and three-chamber, and RV two-chamber

11 Abnormalities of Left Ventricular Inflow and Outflow
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11.2.2  Mitral Valve

11.2.2.1  Definitions
The normal mitral valve has a saddle-shaped annulus, two 
leaflets with a larger anterior and a smaller posterior leaflet, 
and primary and secondary chordal attachments to two left 
ventricular papillary muscles. Each of these components of 
the valve apparatus plays an important role in valve function, 
and abnormalities at any level of the valve can result in 
obstruction to inflow (mitral stenosis) or to incompetence 
(mitral regurgitation).

11.2.2.2  Mitral Stenosis

Morphologic and Functional Abnormalities
Congenital mitral stenosis comprises a diverse group of 
valve morphologies, function, and natural history and is 
often associated with additional left heart obstructive lesions 
[8, 9]. Common to all forms of congenital mitral stenosis is 
anatomic abnormality of one or more components of the 
valve anatomy leading to narrowing of left ventricular inflow. 
Abnormalities at any level of the valve apparatus can result 
in obstruction to left ventricular inflow.

• Supramitral stenosis: In this anomaly, fibrous tissue 
develops on the left atrial aspect of the mitral annulus and 
leaflets, resulting in a restricted inflow orifice and thick-
ened, poorly mobile leaflets [10, 11]. The fibrous tissue 
often adheres to the atrial surface of the valve leaflets, and 
the location of the effective flow orifice varies between 
the annular plane and the leaflet tips.

• “Typical” congenital mitral stenosis: This anatomic vari-
ant involves the valve leaflets, chordae tendineae, and 
papillary muscles. The leaflets are thickened and can be 
myxomatous, the leaflet margins are rolled, the chordae 
tendineae are short (in some cases the leaflets insert 
directly onto the papillary muscles), the interchordal 
spaces are narrowed, and the papillary muscles are closely 
spaced and can be displaced toward the base of the ven-
tricle (Fig. 11.2; Movie 11.3) [11, 12].

• Parachute mitral valve: All chordae tendineae insert into 
a single papillary muscle head, forming a parachute-like 
deformity (Fig. 11.3) [12]. A second, usually hypoplastic, 
papillary muscle may be present but does not receive 
chordae tendineae. In patients without an AV canal defect, 
the posteromedial muscle usually receives the chordae 
tendineae, and the anterolateral papillary muscle is either 
absent or underdeveloped. In patients with an AV canal 
defect, the anterolateral papillary muscle is usually domi-
nant [11].

• Mitral arcade: This rare anomaly consists of short, thick, 
and poorly differentiated chordae tendineae with fusion 
between the papillary muscles and the thickened, myxo-

matous, and rolled leaflet margins. The interchordal 
spaces are either completely or nearly completely obliter-
ated with a bridge of fibrous tissue between the papillary 
muscles [13–15]. The valve annulus size is usually nor-
mal. The mitral valve in this anomaly has also been 
described as “hammock valve.”

• Double-orifice mitral valve: An abnormal tensor appara-
tus can result in two or more functional orifices of the 
mitral valve. This anomaly is often associated with com-
mon AV canal but can be seen in isolation or with other 
congenital heart defects. The hemodynamic implications 
of double-orifice mitral valve are variable, depending on 
associated abnormalities of the valve and its tensor appa-
ratus [16]. In some patients, this is an incidental finding 
with no mitral stenosis or regurgitation.

Associated Anomalies
Mitral stenosis is seldom an isolated anomaly. Although it 
has been reported in association with almost any other car-
diac anomaly, mitral stenosis is most often accompanied by 
other left heart obstructive lesions, including left ventricular 
outflow tract obstruction, aortic stenosis, coarctation, and 
left ventricular hypoplasia [11].

Clinical Presentation
The clinical presentation and course of congenital mitral ste-
nosis are highly variable and depend on the degree of 
obstruction and the presence, type, and severity of associated 
cardiovascular anomalies [9]. Patients with mild congenital 

Fig. 11.2 Congenital mitral stenosis. Cine SSFP image in a four- 
chamber plane showing a hypoplastic mitral valve annulus with thick-
ened leaflets and restricted leaflet motion (MV). The left ventricle (LV) 
is also hypoplastic. LA left atrium, RA right atrium, RV right ventricle
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b

Fig. 11.3 Parachute mitral valve. Contiguous slices (a–d) from a cine 
SSFP ventricular short-axis stack showing a hypoplastic mitral valve 
(MV) with attachments to a single, dominant posteromedial papillary 

muscle (PM). The anterolateral papillary muscle is poorly developed. 
Ao aorta, LV left ventricle, PA pulmonary artery, RV right ventricle, TV 
tricuspid valve

mitral stenosis may be asymptomatic, and the lesion may not 
progress. Patients with moderate or severe mitral stenosis 
exhibit signs and symptoms of left atrial and pulmonary 
hypertension, including tachypnea and dyspnea, pulmonary 
edema, and poor growth. Manifestations of long-standing 
mitral stenosis include hemoptysis, supraventricular tachyar-
rhythmias, and right heart failure related to severe pulmo-
nary hypertension. When present, associated left heart 
obstructive lesions such as left ventricular outflow obstruc-
tion, coarctation of the aorta, left ventricular hypoplasia, and 
endocardial fibroelastosis play an important role in deter-
mining the clinical course and prognosis.

CMR of Mitral Stenosis
Echocardiography is the primary diagnostic tool in the eval-
uation of congenital mitral stenosis. The benefit of CMR is 
as an adjunctive technique, particularly in patients with poor 
acoustic windows, to assess valve morphology [17], evaluate 
the hemodynamic burden on the atria and ventricles, and 
assess associated anomalies and for longitudinal follow-up. 
There is also some experience in adults in using CMR to 
assess the severity of mitral stenosis. One report utilized 
CMR for mitral valve planimetry in patients with rheumatic 
heart disease [18]. Another report found good correlation 
between velocity-encoded cine phase contrast flow and 
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Doppler echocardiography in the assessment of transmitral 
peak velocity [19]. Published data in patients with congenital 
mitral stenosis are limited [17], and these techniques have 
not yet been validated for infants and children. Small struc-
tures, multilevel obstructions, and fast heart rates are some of 
the challenges in the pediatric age group.

The goals of CMR in patients with congenital mitral ste-
nosis include detailed evaluation of mitral valve morphology 
(annulus, leaflets, chordae tendineae, and papillary muscles), 
mitral valve function (stenosis and regurgitation), left atrial 
size, left ventricular size and function, presence and severity 
of associated anomalies (e.g., subvalvar aortic stenosis, 
coarctation, endocardial fibroelastosis), degree of pulmonary 
hypertension, and right ventricular size and function. These 
objectives can be realized with the following CMR examina-
tion protocol:

• ECG-triggered, breath-hold cine SSFP in the following 
planes:
 – LV two-chamber (vertical long-axis)
 – RV two-chamber (vertical long-axis)
 – Extended four-chamber covering the entire mitral 

valve
 – LV three-chamber view parallel to the left ventricular 

outflow
 – Ventricular short-axis stack to evaluate ventricular vol-

umes and function
• Gadolinium-enhanced 3D MRA to assess for coarctation 

of the aorta and other associated anomalies
• ECG-triggered, free-breathing cine phase contrast flow 

measurements in the AV valves, proximal ascending 
aorta, and main pulmonary artery. In-plane flow velocity 
mapping in the ventricular long-axis plane across the 
mitral valve can provide additional information about 
location of flow acceleration within the mitral valve.
 – Flow velocity mapping in a short-axis plane of the 

mitral valve is hampered by through-plane annular 
motion in the base-to-apex direction. For best results, 
we prescribe the short-axis plane using a four-chamber 
cine SSFP to align the imaging plane with the valve 
annulus at end-systole.

• Optional sequences:
 – ECG-triggered, breath-hold turbo (fast) spin echo 

sequence with blood suppression in patients with 
metallic artifacts from implanted devices and to visu-
alize supramitral stenotic tissue.

 – ECG-triggered, respiratory-navigated, free breathing 
three-dimensional isotropic SSFP for evaluation of the 
coronary arteries.

 – In patients with suspected endocardial fibroelastosis 
(Fig. 11.4), LGE imaging in the ventricular short-axis, 
four-chamber, and LV two- and three-chamber planes.

11.2.2.3  Mitral Regurgitation

Morphologic and Functional Abnormalities
Isolated congenital mitral regurgitation is rare. In the major-
ity of cases, mitral regurgitation is found in association with 
other congenital or acquired cardiovascular anomalies. As 
with obstructive lesions, mitral regurgitation can result from 
abnormalities at any level of the valve apparatus.

• Annular dilatation: This is a common mechanism con-
tributing to mitral regurgitation in patients with left ven-
tricular dilatation due to chronic volume load (e.g., 
left-to-right shunt through a ventricular septal defect or 
patent ductus arteriosus, aortic regurgitation) or dilated 
cardiomyopathy. In addition to preventing systolic coap-
tation between the anterior and posterior leaflets, left ven-
tricular dilatation also causes displacement of the 
papillary muscles, which further contributes to mitral 
regurgitation.

• Congenital perforation: This rare anomaly comprises a 
congenital defect within one of the leaflets of the mitral 
valve resulting in regurgitation [20].

• Mitral arcade: As described in the section on mitral ste-
nosis, mitral arcade can also result in regurgitation [15].

• Cleft mitral valve: A cleft refers to a split anterior leaflet 
with each component of the leaflet attaching to a different 
papillary muscle group (Fig. 11.5; Movies 11.4 and 11.5) 
[21]. It is differentiated from a commissure in that the lat-
ter is defined as a split between leaflets with both leaflets 
attaching to the same papillary muscle. Although, in most 
cases, cleft anterior mitral leaflet is associated with one of 
several types of common AV canal (e.g., primum atrial 
septal defect and complete common AV canal), it can 
rarely present either as an isolated anomaly or in associa-
tion with cardiac defects other than AV canal (e.g., 
conotruncal anomalies) [21]. Regurgitation typically 
emanates from the region of the cleft itself.

• Mitral valve prolapse: Although mitral valve prolapse 
usually presents in adolescents and adults, it can infre-
quently manifest in infancy and childhood [22]. In most 
cases, mitral valve prolapse is associated with one of sev-
eral forms of connective tissue disorder (e.g., Marfan syn-
drome and Ehlers–Danlos syndrome). Elongated chordae 
tendineae and redundant, myxomatous leaflets character-
ize mitral valve prolapse (Fig.  11.6; Movies 11.6 and 
11.7). Regurgitation results from ineffective coaptation 
between the anterior and posterior leaflets. In severe 
cases, ruptured chordae result in a flail leaflet and severe 
regurgitation.

• Papillary muscle dysfunction: Mitral regurgitation can 
result from papillary muscle dysfunction due to myocar-
dial ischemia or infarction. Examples include congenital 
anomalies such as anomalous origin of the left coronary 
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a b

Fig. 11.4 Endocardial fibroelastosis. Late gadolinium enhancement 
(LGE) imaging in a ventricular short-axis (a) and left ventricular two- 
chamber (b) planes showing hyperenhancement along the entire endo-

cardial surface of the left ventricle (LV) consistent with endocardial 
fibroelastosis (EFE)

a b

Fig. 11.5 Cleft mitral valve. Cine SSFP images in a ventricular short- 
axis plane (a) showing a cleft in the anterior leaflet of the mitral valve 
extending to the ventricular septum. On four-chamber views (b) in a 
patient after atrioventricular canal defect repair, there is a posteriorly 

directed mitral regurgitation jet (MR) through a residual cleft and a 
medial tricuspid regurgitation jet (TR). LA left atrium, LV left ventricle, 
MV mitral valve, RA right atrium, RV right ventricle, TV tricuspid valve
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a b

Fig. 11.6 Mitral valve prolapse. Cine SSFP images in four-chamber 
(a) and ventricular three-chamber (b) planes showing bileaflet mitral 
valve prolapse (MVP) past the plane of the annulus aorta (Ao) (a) and 

associated jet of mitral regurgitation. LA left atrium, LV left ventricle, 
RA right atrium, RV right ventricle

a b

Fig. 11.7 Straddling mitral valve. Cine SSFP (a) and turbo (fast) spin 
echo (b) images in a coronal plane in a patient with superior–inferior 
ventricles and a horizontal ventricular septum. The mitral valve (MV) 

overrides the septum and has straddling attachments to the right ven-
tricular infundibulum (Inf). LA left atrium, LV left ventricle

artery from the main pulmonary artery [23] and acquired 
conditions such as coronary insufficiency due to compli-
cations of Kawasaki disease [24].

• Straddling mitral valve: This anomaly is defined as hav-
ing attachments of the mitral valve chords to both sides of 
the interventricular septum (Fig. 11.7). The mitral valve 
straddles the ventricular septum through an anterior, out-
let ventricular septal defect, and usually a conoventricular- 

type defect. The straddling portion of the valve attaches to 
the infundibular portion of the right ventricle [25]. 
Frequently, the anterior leaflet is divided by an accessory 
commissure [25]. The degree of mitral regurgitation is 
usually mild.

In addition to congenital anomalies of the mitral valve, 
mitral regurgitation can complicate the course of acquired 
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heart disease in children. Examples include endocarditis, 
systemic lupus erythematosus, and drug-induced valvulitis.

Associated Anomalies
Cleft mitral valve is usually associated with primum atrial 
septal defect or other forms of common AV canal defect, a 
topic covered elsewhere in this book. Straddling mitral valve 
is associated with conotruncal anomalies such as transposi-
tion of the greater arteries or double-outlet right ventricle. It 
is also found in complex anomalies in which the ventricles 
are malposed, resulting in superior–inferior ventricles with 
or without crisscross atrioventricular relations [25, 26]. 
Fraisee et al. found dextrocardia in 6 of 46 cases of strad-
dling mitral valve (13%) [25].

Clinical Presentation
The clinical manifestations of mitral regurgitation depend on 
the severity and duration of the regurgitation and on associ-
ated anomalies. Patients with mild regurgitation may be 
asymptomatic with only a holosystolic high-frequency mur-
mur at the cardiac apex. Severe acute mitral regurgitation 
generally presents with signs and symptoms of acute left 
atrial hypertension such as pulmonary arterial hypertension 
and edema, dyspnea or respiratory failure, left ventricular 
dysfunction, and decreased cardiac output. With chronic 
mitral regurgitation, the symptoms are more gradual in onset, 
occurring once ventricular dysfunction and/or pulmonary 
hypertension occurs. Supraventricular tachyarrhythmias can 
also complicate the clinical course of patients with mitral 
regurgitation.

CMR of Mitral Regurgitation Lesions
CMR is a particularly useful tool for quantitative assessment 
of the degree of mitral regurgitation and the hemodynamic 
load on the left ventricle and atrium. The ability to measure 
flow rates and biventricular volumes allow CMR to provide 
quantitative information that is not readily or reliably avail-
able by echocardiography. In the absence of intracardiac 
shunts or additional regurgitant lesions, mitral regurgitation 
volume and fraction can be calculated either by comparison 
of ventricular stroke volumes, AV valve inflows (Fig. 11.8), 
mitral versus aortic or pulmonary valve flows, or a combina-
tion of these measurements. Assessment of mitral regurgita-
tion volume and fraction by several methods is recommended 
so that results can be compared for consistency.

Although data in children are limited, studies in adults 
have shown that CMR-derived mitral inflow and regurgita-
tion values are highly reproducible [27, 28] and correlate 
well with other noninvasive [29] and invasive [30] measures 
of regurgitation. There has also been some interest in calcu-
lating anatomic regurgitant orifice for longitudinal follow-up 
using CMR flow mapping in adults [31], but the utility of this 
technique in pediatric patients has not been evaluated.

The goals of CMR in patients with mitral regurgitation 
include evaluation of valve morphology and function, mea-
surements of the hemodynamic burden (mitral regurgitation 
volume and fraction, left ventricular size and function, and 
left atrial size), and assessment of associated anomalies. 
These objectives can be realized with the following CMR 
examination protocol:

• ECG-triggered, breath-hold cine SSFP in the following 
planes:
 – LV two-chamber (vertical long-axis)
 – Extended two-chamber covering the entire mitral 

valve.

Fig. 11.8 Measurement of mitral regurgitation. Top panel: Cine phase 
contrast through-plane flow mapping perpendicular to the atrioventricu-
lar valve inflows. A region of interest is prescribed encompassing the 
mitral (red) and tricuspid (green) valve inflows. Bottom panel: For each 
AV valve, the area under the diastolic phase of the cardiac cycle repre-
sents the antegrade flow across that valve, in this case, 4.2 L/min across 
the mitral and 2.8 L/min across the tricuspid valve, respectively. Mitral 
regurgitation fraction is calculated as follows: (mitral inflow − tricuspid 
inflow)/mitral inflow × 100 = 33%. MV mitral valve, TV tricuspid valve
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 – LV two-chamber view parallel to the left ventricular 
outflow.

 – Ventricular short-axis stack to evaluate ventricular vol-
umes and function.

 – Additional cine SSFP acquisitions for evaluation of 
mitral valve leaflets or subvalvar support apparatus

• ECG-triggered, free-breathing cine phase contrast flow 
measurements in the AV valves, proximal ascending 
aorta, and main pulmonary artery. In-plane flow velocity 
mapping in the ventricular long-axis plane across the 
mitral valve can provide additional information about 
location of flow acceleration within a valve.
 – Flow velocity mapping in a short-axis plane of the 

mitral valve is hampered by through-plane annular 
motion in the base-to-apex direction. For best results, 
we prescribe the short-axis plane using a four-chamber 
cine SSFP to align the imaging plane with the valve 
annulus at end-systole.

• Optional sequences:
 – Gadolinium-enhanced 3D MRA to assess for associ-

ated anomalies of the great vessels and veins

11.3  Abnormalities of Left Ventricular 
Outflow

11.3.1  Obstructive Lesions

11.3.1.1  Definition
Obstructive left ventricular outflow lesions include subaortic 
stenosis, aortic valve stenosis, and supravalvar aortic steno-
sis. Subaortic stenosis is defined as obstruction in the left 
ventricular outflow below the aortic valve annulus. Aortic 
valve stenosis occurs at the level of the annulus and leaflets. 
Supravalvar aortic stenosis involves the aortic sinotubular 
junction and may extend to the ascending aorta.

11.3.1.2  Morphologic and Functional 
Abnormalities

The left ventricular outflow tract includes the subaortic 
region, aortic valve, and supravalvar area. The subaortic out-
flow is bound by the membranous and infundibular segments 
of the ventricular septum and by the anterior leaflet of the 
mitral valve. In cross section, the geometry of the subaortic 
outflow is oval. The normal aortic valve consists of three 
pocket-like cusps, each approximately equal in size with 
dividing commissures, adhering to a crown shaped fibrous 
annulus. The normal aortic root, which contains the aortic 
valve, comprises three sinuses, named sinuses of Valsalva, 
with the left and right coronary arteries arising from their 
respective sinuses. The junction between the aortic root and 
ascending aorta is called the sinotubular junction and is the 
site of supravalvar aortic stenosis. As with the mitral valve, 

structural abnormalities causing obstruction of the left ven-
tricular outflow can occur at any level or in combination:

• Discrete subaortic stenosis: A fibromuscular “membrane” 
or “ridge” forms below the aortic valve, sometimes 
extending up and adherent to the ventricular surface of 
aortic and mitral valve leaflets (Fig. 11.9). The morphol-
ogy of the left ventricular outflow is characterized by 
elongation of the aortic–mitral intervalvular fibrosa and 
an acute angle between the ventricular septum and proxi-
mal ascending aorta (called aorto-septal angle) [32]. The 
etiology of discrete subaortic stenosis is unknown, but it 
has been speculated that the aforementioned abnormal 
geometry of the left ventricular outflow tract results in 
increased flow sheer stress, which can promote prolifera-
tion of obstructive fibrous tissue [33, 34].

• Tunnel-type subaortic stenosis: The left ventricular out-
flow tract is diffusely narrowed, usually due to septal 
hypertrophy, resulting in long-segment obstruction [35]. 
This lesion can be seen in patients with hypertrophic 
cardiomyopathy.

• Subaortic stenosis due to posterior deviation of the conal 
septum: In patients with a posterior malalignment conoven-
tricular septal defect, the deviated conal septum protrudes 
into the subaortic outflow, causing subaortic obstruction 
[36]. This type of subvalvar aortic stenosis is typically 
found in patients with type B interrupted aortic arch [37].

• Subaortic stenosis due to AV valve attachments: Subvalvar 
aortic stenosis is seen in some patients with a common AV 
canal (usually primum atrial septal defect), isolated cleft 
mitral valve and transposition of the great arteries or dou-
ble-outlet right ventricle, straddling mitral valve, and, 
rarely, straddling tricuspid valve.

• Valvar aortic stenosis: Decreased effective aortic valve 
flow area can result from annular hypoplasia, leaflet 
thickening, and commissural underdevelopment and/or 
fusion. In most cases of congenital aortic valve stenosis, 
the mechanism of obstruction includes a combination of 
these abnormalities. Unicommissural or bicommissural 
aortic valves are common variants of congenital aortic 
stenosis (Fig. 11.10; Movies 11.8 and 11.9) [38–40].

• Supravalvar aortic stenosis: Supravalvar aortic stenosis is 
located above the level of the aortic valve, most com-
monly at the sinotubular junction (Fig.  11.11; Movie 
11.10) [41].

11.3.1.3  Associated Anomalies
Left ventricular outflow tract obstruction is often seen in 
conjunction with other left heart obstructive lesions such as 
mitral stenosis, coarctation, or Shone syndrome. Discrete 
subvalvar aortic stenosis is associated with aortic valve ste-
nosis (29%), membranous ventricular septal defect (23%), 
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a b

Fig. 11.9 Discrete subaortic stenosis. (a) Turbo (fast) spin echo 
sequence with blood suppression in a left ventricular three-chamber 
plane parallel to the outflow tract demonstrating a discrete subvalvar 
membrane immediately below the aortic valve leaflets (*). (b) Cine 

SSFP image in the same plane as in panel A demonstrating systolic 
dephasing consistent with stenosis beginning at the level of the subaor-
tic membrane. Ao aorta, LA left atrium, LV left ventricle

coarctation (14%), double-chambered right ventricle (8%), 
and interrupted aortic arch (3%) [42]. Supravalvar aortic ste-
nosis may be associated with Williams syndrome or with the 
autosomal dominant familial form of the disease [43, 44].

11.3.1.4  Clinical Presentation
The clinical presentation of obstructive lesions of the left 
ventricular outflow tract depends on the severity of obstruc-
tion, the rate at which it develops, age, and associated anom-
alies. Neonates with severe aortic outflow obstruction and 
closing or closed ductus arteriosus can present in shock with 
poor perfusion, weak pulses, lethargy, lactic acidemia, and 
oliguria or anuria. When the ductus arteriosus is patent or the 
degree of obstruction is not critical, neonates and infant may 
present with a systolic murmur, tachypnea, cyanosis, and 
feeding difficulties. The only manifestation of mild or mod-
erate obstruction is a systolic heart murmur. Older patients 
may present with exertional symptoms such as chest pain 
with exercise or diminished exercise capacity. Sudden car-
diac death is rare [45].

11.3.1.5  CMR of Left Ventricular Outflow 
Obstruction

CMR allows for anatomic assessment of the morphology of 
the left ventricular outflow tract and aortic valve, assessment 
of the hemodynamic burden on the aorta and ventricles, and 
evaluation of associated anomalies. Although there are no 

detailed published studies on the use of CMR in patients 
with subvalvar or supravalvar aortic stenosis, several reports 
have described CMR evaluation in patients with bicommis-
sural and unicommissural aortic valves. CMR has been 
shown to have excellent sensitivity and specificity in detect-
ing and characterizing bicommissural [46, 47] and unicom-
missural [48] aortic valves in adults.

Several groups have reported on the use of CMR for 
assessment of aortic valve stenosis based on the continuity 
equation and planimetry [49, 50]. Furthermore, CMR allows 
for excellent visualization of thoracic vasculature [51] and 
can therefore allow for assessment of aortic dimensions in 
patients with bicommissural aortic valve and dilatation of the 
ascending aorta (Fig. 11.12) [52]. Research has also focused 
on analysis of flow patterns and wall stress in the aorta with 
the hope that it will lead to identification of patients at risk 
for aortic dissection [53–55].

The goals of CMR in patients with left ventricular outflow 
obstruction include anatomic and functional evaluations of 
the location of the obstructive lesion(s), the mechanism of 
obstruction, the hemodynamic burden of the anomaly, and 
assessment of associated anomalies. These objectives can be 
realized with the following CMR examination protocol:

• ECG-triggered, breath-hold cine SSFP in the following 
planes:
 – LV and RV two-chamber (vertical long-axis)
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a b

c d

Fig. 11.10 Valvar aortic stenosis and regurgitation. (a) Cine SSFP 
image in a plane perpendicular to the aortic root demonstrating a bicus-
pid aortic valve with fusion of the right and noncoronary cusps. (b) 
Cine phase contrast through-plane flow mapping perpendicular to the 
aortic root demonstrating the eccentric antegrade flow jet across the 

bicuspid valve. (c) Systolic cine SSFP image in a left ventricular (LV) 
three-chamber view parallel to the outflow tract showing a dephasing 
jet consistent with valvar aortic stenosis. (d) Diastolic cine SSFP image 
in a left ventricular three-chamber view parallel to the outflow tract 
showing an aortic regurgitation jet. Ao aorta, LA left atrium

 – Extended two-chamber covering the left ventricular 
inflow and outflow.

 – LV three-chamber view parallel to the left ventricular 
outflow for visualization of the subvalvar area and aor-
tic valve. This view allows measurement of aortic 
valve annulus diameter.

 – Oblique coronal plane parallel to the left ventricular 
outflow; complements the previous view.

 – Short-axis stack perpendicular to the aortic root for 
assessment of aortic valve morphology and measure-
ments of aortic root diameters (systolic frame).

 – Short-axis stack perpendicular to the widest segment 
of the ascending aorta (usually oblique axial plane) for 
measurements of the ascending aorta diameter (sys-
tolic frame) (Fig. 11.12).

 – Ventricular short-axis for measurements of biventricu-
lar size, function, and mass.

• Gadolinium-enhanced 3D MRA to assess for coarctation 
of the aorta and other associated anomalies

• ECG-triggered, free-breathing cine phase contrast flow 
measurements in the proximal ascending aorta and main 
pulmonary artery. In-plane flow velocity mapping parallel 
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a b

Fig. 11.11 Supravalvar aortic stenosis. (a) Cine SSFP image in an 
oblique coronal plane parallel to the left ventricle (LV) outflow tract 
demonstrating supravalvar aortic stenosis with narrowing at the sinotu-

bular junction (arrows). (b) Corresponding gadolinium-enhanced 
three-dimensional magnetic resonance angiogram. Ao aorta, LV left 
ventricle

a b

Fig. 11.12 Dilated ascending aorta. (a) Cine SSFP image in an oblique 
sagittal plane parallel to the ascending aorta (Ao) and aortic arch. The 
most dilated portion of the ascending aorta is selected and an imaging 
plane is prescribed perpendicular to this region (line). (b) Cine SSFP 

imaging perpendicular to the widest portion of the ascending aorta as 
prescribed in panel A. The diameter of the ascending aorta is measured 
in two orthogonal planes (1 and 2) on a systolic frame
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to the left ventricular outflow allows (1) visualization of the 
location of flow acceleration and (2) assessment of peak 
velocity and estimation of the peak gradient. In cases with 
more than mild left ventricular outflow obstruction, high-
velocity turbulent flow can preclude reliable flow measure-
ments in the proximal ascending aorta. In this circumstance, 
the phase contrast imaging plane can be positioned proxi-
mal to the obstructive lesion in the left ventricular outflow 
(Fig. 11.13a) or, in selected cases, in the distal ascending 
aorta before the origin of the right innominate artery.

• In patients with suspected endocardial fibroelastosis 
(Fig. 11.4) or myocardial scar, LGE imaging performed 

10–20 min after contrast administration in the ventricular 
short-axis, LV two- and three-chamber, and four-chamber 
lanes.

• Optional sequences:
 – ECG-triggered, breath-hold turbo (fast) spin  

echo sequence with blood suppression in  
patients with metallic artifacts from implanted 
devices or to visualize a discrete subaortic mem-
brane (Fig. 11.9)

 – ECG-triggered, respiratory-navigated, free breathing 
three-dimensional isotropic SSFP for evaluation of the 
coronary arteries

a b

Fig. 11.13 Measuring aortic flow in mixed aortic valve disease (steno-
sis and regurgitation). (a) Antegrade flow across the left ventricular out-
flow is measured below the aortic valve. Top panel: The imaging plane 
(LV, left ventricle; LA, left atrium; Ao, aorta) for subsequent cine phase 
contrast flow mapping is prescribed from cine SSFP systolic image in 
the ventricular three-chamber plane. Bottom panel: The area under the 
systolic phase of the cardiac cycle represents the antegrade flow across 
the left ventricular outflow (12.2 L/min). (b) Retrograde flow in the aor-

tic root is measured above the aortic valve. Top panel: The imaging plane 
(LV left ventricle, LA left atrium, Ao aorta) for subsequent cine phase 
contrast flow mapping is prescribed from cine SSFP diastolic image in 
the ventricular three-chamber plane. Bottom panel: The area under the 
diastolic phase of the cardiac cycle represents the retrograde flow in the 
aortic root (4.3 L/min; regurgitation volume). Net aortic flow is, there-
fore, antegrade flow—retrograde flow = 7.9 L/min. Aortic regurgitation 
fraction is calculated as retrograde flow/antegrade flow × 100 = 35%

T. Geva and P. Banka



193

Fig. 11.14 Aortico-left ventricular tunnel. Cine SSFP image in an 
oblique sagittal plane parallel to the left ventricular outflow tract dem-
onstrating a defect in the aortic wall (arrow) and the tunneling flow (*) 
into the left ventricle. Ao aorta, LV left ventricle, RV right ventricle

11.3.2  Regurgitant Lesions

11.3.2.1  Definitions
Aortic valve regurgitation can be an isolated anomaly or 
associated with other anomalies of the left ventricular out-
flow or other congenital heart diseases. Aortico-left ventricu-
lar tunnel is a rare congenital cardiac anomaly that results in 
regurgitation of blood from the ascending aorta to the left 
ventricle adjacent to the aortic valve.

11.3.2.2  Morphologic and Functional 
Abnormalities

Regurgitation at the level of the left ventricular outflow tract 
can result from several morphologic abnormalities.

• Unicommissural or bicommissural aortic valve: Although 
bicommissural aortic valve disease is often associated 
with stenosis, mixed lesions and pure aortic regurgitation 
are seen in a proportion of patients. In one large series of 
patients undergoing aortic valve surgery, 75% had aortic 
stenosis, 13% had regurgitation, and 10% had mixed 
valve disease [56]. Regurgitation results from leaflet tis-
sue deficiency, redundancy and prolapse, restriction of 
diastolic motion, and root dilatation [39, 57].

• Aortic valve prolapse: Prolapse of one or more leaflets of 
an otherwise normal tricommissural aortic valve can be 
seen in patients with conal septal (subpulmonary, outlet) 
ventricular septal defect and, less frequently, in membra-
nous ventricular septal defect [58]. The prolapsing leaflet 
can create a windsock-like deformity and restrict or even 
close the ventricular septal defect.

• Congenital leaflet perforation: This is a rare congenital 
anomaly of the aortic valve resulting in severe regurgita-
tion [59].

• Iatrogenic aortic regurgitation: The most common cause 
of iatrogenic aortic regurgitation in congenital heart dis-
ease is due to transcatheter balloon dilatation of congeni-
tal aortic stenosis [60]. A therapeutic tear in the anterior 
aspect of the stenotic valve is common, and the ensuing 
regurgitation may progress over time.

• Acquired aortic regurgitation: Bacterial endocarditis is a 
leading cause of acquired, non-iatrogenic aortic regurgi-
tation in children. It is not only associated with bicommis-
sural aortic valve and subvalvar aortic stenosis but can 
also occur with or without associated congenital heart 
disease [61].

• Aortico-left ventricular tunnel: This is a rare paravalvar 
communication between the aorta and the left ventricle 
(Fig.  11.14; Movie 11.11) [62]. The tunnel most com-
monly originates above the origin of the right coronary 
artery and courses posterior to the right ventricular out-
flow tract to enter the left ventricle immediately below the 
aortic valve [62].

11.3.2.3  Clinical Presentation
As with mitral regurgitation, the clinical presentation of aor-
tic regurgitation in children depends on the severity and 
duration of the lesion as well as associated anomalies. 
Patients who develop acute severe aortic regurgitation can 
present with signs and symptoms of heart failure. Patients 
with chronic or slowly progressing aortic regurgitation may 
be asymptomatic until the compensatory mechanisms of the 
left ventricle fail and systolic dysfunction occurs.

11.3.2.4  CMR of Aortic Regurgitation
The primary goals of CMR include quantification of the 
regurgitation volume and fraction, assessment of the hemo-
dynamic burden on the left ventricle, and visualization of 
the mechanism of valve dysfunction. Although cases of 
aortico- left ventricular tunnel have typically been diagnosed 
by echocardiography and conventional X-ray angiography, 
Humes et  al. reported on CMR diagnosis of this rare 
 anomaly [63]. More frequently, however, CMR has been 
used to quantify aortic regurgitation in children and adults 
[64–66]. Several studies found good correlation between 
CMR and other noninvasive [29, 66] and invasive [67] mea-
sures of aortic regurgitation as well as good reproducibility 
[68]. As noted previously, there are also published data 
demonstrating the ability of CMR to assess valve morphol-
ogy [46–48], although studies evaluating the ability of CMR 
to delineate the mechanism of valve regurgitation are 
limited.

The CMR protocol for evaluation of aortic regurgitation 
is essentially identical to that of obstructive lesions in the left 
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ventricular outflow. In patients with both stenosis and regur-
gitation in the left ventricular outflow, flow measurements 
should be performed both below and above the areas of tur-
bulent flow (Fig. 11.13). In this circumstance, antegrade flow 
is measured from the systolic phase of the cardiac cycle 
obtained in the left ventricular outflow below the aortic 
valve. The retrograde (regurgitation) flow is measured from 
the diastolic phase of the cardiac cycle obtained at the level 
of the sinotubular junction. In the absence of mitral regurgi-
tation or ventricular septal defect, the antegrade flow can 
also be obtained by measurement of left ventricular stroke 
volume from end-diastolic and end-systolic volumes. The 
phase contrast and volumetric measurements can then be 
compared for consistency.

11.4  Abnormalities of Combined Left 
Ventricular Inflow and Outflow

11.4.1  Definitions

Multiple left heart obstructions encompass a wide range of 
congenital anomalies affecting the mitral valve, left ventri-
cle, left ventricular outflow tract, and thoracic aorta. Schwartz 
et al. defined multiple left heart obstructive lesions as having 
two or more of the following areas of obstruction or hypopla-
sia: (1) mitral valve: mitral stenosis (mean gradient 
>3 mmHg), mitral annulus hypoplasia, or parachute mitral 
valve; (2) left ventricular outflow tract: subaortic stenosis or 
diameter less than normal aortic annulus; (3) aortic valve: 
aortic valve stenosis (maximum instantaneous Doppler gra-
dient ≥20  mmHg) or aortic valve annulus hypoplasia; (4) 
aortic arch: aortic arch hypoplasia, isthmic hypoplasia, 
coarctation, or interrupted aortic arch; or (5) left ventricle: 
left ventricular-to-right ventricular long-axis ratio <0.8 or 
subnormal LV end-diastolic volume. Hypoplasia for each 
parameter was defined by a measurement with a Z-score 
smaller than −2.0 [69]. Morphologic and Functional 
Abnormalities

Several patterns of multiple left heart obstructive lesions 
are recognized:

• Hypoplastic left heart syndrome: This most severe form 
of multiple left heart obstructions is characterized by 
severe hypoplasia or atresia of the mitral and/or aortic 
valves and marked hypoplasia of the left ventricle, often 
with endocardial fibroelastosis.

• Shone syndrome: Shone syndrome consists of the follow-
ing four anatomic obstructions (Fig. 11.15): (1) suprami-
tral membrane; (2) parachute mitral valve; (3) discrete 
subaortic stenosis; and (4) aortic coarctation. It is worth 
noting that in Shone’s original report not all patients 
exhibit all four lesions [70].

• Multiple left heart obstructive lesions: Included in this 
category are the many patients with more than one level 
of left heart obstruction as defined above but not fulfilling 
criteria for Shone syndrome [69].

11.4.1.1  Clinical Presentation
The clinical presentation, course, and prognosis of patients 
with obstructions at multiple levels of left ventricular inflow 
and outflow vary considerably. The location and severity of 
the obstructive lesions as well as associated defects, such as 
patent ductus arteriosus and atrial septal defect, are impor-
tant determinants of initial clinical course. At one end of the 
clinical spectrum are newborns with hypoplastic left heart 
syndrome presenting with cyanosis and cardiovascular col-
lapse as the patent ductus arteriosus closes. At the other end 
of the spectrum are asymptomatic patients with slowly pro-
gressing coarctation of the aorta, mild mitral or aortic valve 
stenosis, and normal left ventricular size and function. 
Prematurity and associated genetic and major noncardiac 
congenital defects adversely affect prognosis.

11.4.1.2  CMR Evaluation of Combined Left 
Ventricular Inflow and Outflow 
Obstructions

CMR offers important advantages in the evaluation of 
patients with multiple left heart obstructive lesions, Shone 
syndrome, and hypoplastic left heart syndrome. As noted 
above in the sections on individual lesions, CMR allows for 
visualization of mitral and aortic valve morphology and 
quantification of valve function, assessment of the hemody-
namic burden, and evaluation of any associated lesions.

Of particular importance in this group of patients is the 
ability of CMR to aid in clinical decision making with regard 
to single versus biventricular management strategies. 
Although echocardiography has been used effectively to pre-
dict a successful biventricular outcome in patients with aor-
tic stenosis [71] and with multiple left heart obstructive 
lesions [69], its ability to accurately measure the size and 
function of the hypoplastic, abnormally shaped left ventricle 
has been questioned [72]. CMR has particular strengths in 
quantitative evaluation of left ventricular volumes, mass, 
ejection fraction, and stroke volume. Additional important 
information provided by CMR includes evaluation of endo-
cardial fibroelastosis, flow measurements through the left 
heart, and assessment of associated anomalies [72]. 
Therefore, the goals of the preoperative CMR examination in 
the infant with a borderline left ventricle include measure-
ments of biventricular size and function, visualization of 
valve anatomy, quantification of valve flow and regurgitation 
on both sides of the heart, and assessment of associated 
anomalies. These objectives can be realized with the follow-
ing CMR examination protocol:
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Coarctation of the aorta

Supramitral membrane

Mitral valve

Single papillary muscle

Discrete subaortic stenosis

Ao

LA

RA

RV

LV

Fig. 11.15 Shone syndrome. 
Schematic representation of 
Shone syndrome depicting a 
supramitral membrane, 
parachute mitral valve with a 
single papillary muscle, 
discrete subaortic stenosis, 
and coarctation of the aorta. 
Ao aorta, LA left ventricle, LV 
left ventricle, RA right atrium, 
RV right ventricle

• ECG-triggered, breath-hold cine SSFP in the following 
planes:
 – LV and RV two-chamber (vertical long-axis).
 – Four-chamber stack covering the left ventricular inflow 

and outflow
 – LV three-chamber view parallel to the left ventricular 

outflow for visualization of the subvalvar area and aor-
tic valve

 – Oblique coronal plane parallel to the left ventricular 
outflow (optional)

 – Short-axis stack perpendicular to the aortic root for 
assessment of aortic valve morphology

 – Ventricular short-axis stack for measurements of 
biventricular size, function, and mass

• ECG-triggered, breath-hold turbo (fast) spin echo 
sequence with blood suppression for evaluation of the 
aortic arch (optional)

• Gadolinium-enhanced 3D MRA to assess for coarctation 
of the aorta and other associated thoracic vascular 
anomalies

• ECG-triggered, free-breathing cine phase contrast flow 
measurements in the proximal ascending aorta, main pul-
monary artery, and AV valves

• LGE imaging performed 10–20 min after contrast admin-
istration in the ventricular short-axis, four-chamber, and 
LV two- and three-chamber planes

• Optional sequences:

 – ECG-triggered, breath-hold turbo (fast) spin echo 
sequence with blood suppression for evaluation of 
intracardiac or extracardiac anomalies not clearly seen 
by cine SSFP.

 – Additional flow measurements (case-specific). 
Examples include differential pulmonary blood flow in 
patients with pulmonary artery or pulmonary vein 
anomalies or measurements of systemic-to-pulmonary 
collateral flow.

Practical Pearls

• Anatomic and physiologic evaluations by CMR are insep-
arable in patients with abnormalities of left ventricular 
inflow and outflow.

• Measurements of left and right ventricular volumes and 
function, as well as flow across the atrioventricular and 
semilunar valves, are essential in most patients.

• The CMR protocol should be designed to allow internal 
validation of shunts and valve regurgitation fractions. For 
example, in patients with mitral regurgitation, the CMR 
protocol should allow quantification of the degree of regur-
gitation by both ventricular stroke volume differential and 
by comparison of mitral inflow to net aortic outflow.

• Due to through-plane annular motion of the atrioventricu-
lar valves in the base-to-apex direction, assessment of 
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atrioventricular valve inflows is best prescribed using 
horizontal and vertical ventricular long-axis views, with 
the plane aligned with the valve annulus at end-systole.

• In patients with mixed aortic valve disease (aortic stenosis 
and regurgitation), flow measurements should be obtained 
both below the level of stenosis and above the valve for 
accurate determination of valve function.

• Myocardial delayed enhancement imaging is particularly 
important in patients with left ventricular outflow tract 
obstruction and borderline left ventricular size for identi-
fication of endomyocardial fibrosis.
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12Single Ventricle and Fontan Procedures

Sylvia Krupickova, Inga Voges, and Raad H. Mohiaddin

12.1  Introduction

Fontan procedures are palliative surgical reconstructions 
performed for children born with only one effective ventricle 
or two that cannot be separated functionally. They entail the 
connection of the pulmonary vascular resistance downstream 
of the systemic vascular resistance, flow through both being 
delivered, in series, by the functionally one ventricle, but at 
the cost of elevated systemic venous pressure (Fig.  12.1). 
This aims to eliminate shunting and the associated ventricu-

lar volume loading and to achieve full pulmonary 
oxygenation.

There is a great range of morphology in congenital heart 
disease. Whenever possible, the surgeon aims to achieve a 
repair dividing the heart into two sides with one side provid-
ing the systemic circulation and the other side providing the 
pulmonary circulation. However, in some instances, mor-
phological features may make this impossible or too high 
risk (Table 12.1); in these cases, palliation by a Fontan pro-
cedure is considered.
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Fig. 12.1 Schematic diagrams indicating the relative vascular pres-
sures and resistance of a normal biventricular circulation (left) com-
pared to a Fontan circulation (right). Pressures (mean where pulsatile) 
are indicated by the vertical heights. Vascular resistances are repre-
sented by zigzag lines. Because of the low pulmonary relative to sys-

temic resistance, a Fontan circulation adds relatively little to the 
systemic ventricular afterload. The more critical issue is the height of 
the systemic venous pressure and its effect on the hepatic portal and 
systemic, notably intestinal, and microvessels upstream. LV, left ven-
tricle; RA, right atrium; RV, right ventricle; LA, left atrium

Table 12.1 Examples of types of congenital heart disease which may 
be palliated by the Fontan circulation

Ventricular septal defect
   (a) with significant straddling of the atrioventricular valve chordal 

apparatus
   (b) where there is almost the complete ventricular septal 

deficiency
Atrioventricular septal defect
   (a) unbalanced defect
   (b) where the ventricular component is very large
Pulmonary atresia with intact ventricular septum
Tricuspid atresia
Hypoplastic left heart syndrome
Mitral atresia
Double-inlet left/right ventricle
Double-outlet right ventricle
   (a) with noncommitted ventricular septal defect
   (b) with mitral stenosis
Severe Ebstein malformation (following oversewing of the tricuspid 
valve)
Complex forms of congenital heart disease where there is only one 
good-sized ventricle
Complex forms of congenital heart disease where there are two 
ventricles but division into a biventricular circulation is too high risk

12.2  Definition

In a Fontan circulation, the systemic venous return is con-
nected to the pulmonary arteries without the interposition of 
an adequate ventricle [1]. As Fontan surgery is used on a vast 
range of patients, initial intervention depends on the present-
ing morphology. Typically, preliminary palliative surgery is 

performed to limit (pulmonary artery banding) or supple-
ment (Blalock–Tausig shunt) blood flow to the lungs. Only a 
minority of children do not require surgery after birth as they 
have balanced circulation. Sufficient intracardiac mixing is 
also important, with an atrial septostomy or surgical septec-
tomy being required in the first few days of life. More com-
plex surgical procedures might be required after birth, e.g., 
Norwood procedure in patients with hypoplastic left heart 
syndrome.

Bidirectional Glenn is performed as the second stage of 
palliation. In this procedure, the superior vena cava is anas-
tomosed onto the pulmonary artery. Timing of this procedure 
is debated [2], but it appears that about 6 months of age is 
ideal.

At the age of 3–4 years, the third and final stage of pallia-
tion is performed completing Fontan circulation. Completion 
of the Fontan aims to eliminate shunting and the associated 
volume loading of the dominant ventricle and desaturation 
of the arterial blood. The procedure involves connection of 
the pulmonary arteries downstream of the systemic veins so 
that the single effective ventricle delivers flow through the 
systemic then the pulmonary resistances in series.

Elevated systemic venous and hepatic portal pressure is 
needed to propel the blood forward through the relatively 
low resistance of the pulmonary vessels (Fig.  12.2). The 
most critical and unavoidable pathophysiological conse-
quence of Fontan surgery, however, is the height of the sys-
temic venous pressure and its effects on the microvessel 
upstream.

Fontan reconstruction should achieve nearly normal 
arterial saturation and avoids chronic volume overload but 
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Fig. 12.2 The hepato-cavopulmonary flow paths after a lateral tunnel 
TCPC Fontan connection, illustrated by a magnetic resonance contrast 
angiogram. It is important that hepatic venous blood flows via the IVC 
pathway to both lungs as it carries a factor which prevents the formation 
of pulmonary arteriovenous malformations, a potential cause of desatu-
ration (see Fig. 12.9b)

at the cost of significant elevation of the systemic venous 
and hepatic portal pressure, typically to about 
12–15  mmHg at rest. Patients with Fontan circulation 
usually have slightly decreased cardiac output at rest and 
limited capacity to increase output on exercise. A small 
fenestration is surgically created between tunnel and atrial 
cavity at the time of Fontan completion to offload the 
pressure in Fontan pathways and avoid abdominal hyper-
tension in patients with preoperatively higher pulmonary 
artery pressure. This is however at the expense of lower 
saturations.

12.3  Preoperative Criteria

In order for a Fontan circulation to work successfully, there 
are certain requirements that ideally should be fulfilled:

 1. Good ventricular function
 2. Low (i.e., normal) pulmonary vascular resistance
 3. No or mild atrioventricular valve regurgitation

 4. Unobstructed ventricular outflow
 5. Good-sized branch pulmonary arteries without stenoses
 6. Unobstructed pulmonary venous return
 7. Low amount of aortopulmonary collateral arteries

12.4  Morphology of Different Fontan 
Circulations

Fontan operations have undergone several modifications and 
refinements in the decades since Fontan and Baudet pub-
lished their initial results in humans in 1971 [3]. It is impor-
tant when imaging a patient with a Fontan circulation that 
details of what procedure has been performed are known.

Until the end of the 1980s, the right atrium was routinely 
included between the caval veins and the pulmonary arteries 
(Fig. 12.3a). Initially, atrial inflow and outflow valves were 
inserted, but they were not found to function satisfactorily 
(Fig. 12.4a). In patients with atriopulmonary Fontan connec-
tions, the right atrium tends to become dilated and subject to 
arrhythmias. The peaks of pressure caused by the contraction 
of a right atrium included in a Fontan circulation are propa-
gated, detrimentally, upstream to the systemic and hepatic 
veins as well as beneficially downstream to pulmonary arter-
ies. The work put into this part of the circulation by right 
atrial contraction not only fails to contribute usefully, the 
extra energy being largely dissipated in turbulent flow, but 
the turbulence itself slightly increases the local resistance to 
flow through the cavity and adjacent vessels. This was part of 
the rationale put forward by Marc de Leval and colleagues, 
for total cavopulmonary connection (TCPC) [4] (Fig. 12.3b) 
which has emerged as a superior technique.

TCPC excludes part or all of the right atrial cavity from 
the elevated pressure of the cavopulmonary flow path, which 
may help to avoid the atrial distension which predisposes to 
arrhythmias, blood flow stagnation and thrombosis. It also 
allows the coronary sinus to drain to the low-pressure part of 
the right atrium and then to the left atrium via an atrial septal 
defect. The superior caval vein is connected to the pulmo-
nary artery (bidirectional cavopulmonary anastomosis, bidi-
rectional Glenn). There are two variants to connect the 
inferior caval vein: the lateral tunnel (Fig. 12.3b) which con-
sists of a prosthetic conduit and a portion of the lateral atrial 
wall and the extra cardiac conduit (Fig. 12.3c) consisting of 
a tube graft between the transsected inferior caval vein and 
the pulmonary artery.

Fenestration of a TCPC was a further modification intro-
duced in 1990 as a transitional or final stage, slightly allevi-
ating systemic venous congestion and augmenting filling of 
the systemic ventricle [5]. This aids in the postoperative 
course, maintaining cardiac output if pulmonary vascular 
resistance is labile. Occasionally, a small fenestration may 
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a b c

Fig. 12.3 Three types of Fontan connection illustrated by CMR cine 
images, (a) atriopulmonary connection, (b and Movie 12.1) lateral tun-
nel, and (c) extracardiac conduit. b and c can both be called total cavo-
pulmonary connection (TCPC). The TCPC avoids the progressive right 

atrial distension which can predispose to atrial arrhythmias, stagnation 
and thrombosis, and the coronary sinus drains to the low-pressure part 
of the right atrium, which is marked *. Arrows show the direction of 
blood flow

a b

Fig. 12.4 Complications of early atriopulmonary Fontan procedures. 
(a and Movie 12.2) This sagittal cine image shows dilated right atrium 
(RA) with a large thrombus attached to its floor. The solidified, ineffec-
tive leaflets of homograft atrial inflow valves can be seen in this case, 
mildly restricting inflow from the SVC and IVC. For this reason, atrial 
inflow valves were not included in later variants of the operation. (b and 

Movie 12.3) The dilated right atrium (RA) upstream of an atriopulmo-
nary Fontan connection causing compression of the right lower pulmo-
nary vein (arrow), which then tends to exacerbate right atrial pressure 
and distension. SVC, superior vena cava; Thr, thrombus; IVC, inferior 
vena cava; LV, left ventricle; LA, left atrium
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close spontaneously. If the hemodynamics assessed during 
catheterization is favorable, it can be closed by an occlusion 
device in a few months following surgery. A small fenestra-
tion, however, can be useful for the electrophysiologist pro-
viding access to the atria if electrophysiological procedures 
are needed in the future for arrhythmia.

12.5  Optimal Morphology of the Fontan 
Circulation

Marc de Leval and colleagues as well as other groups have 
gone on to apply computational fluid dynamic modeling to 
studies of the geometries and fluid dynamics of TCPC, either 
by lateral tunnel or extra cardiac conduit [6]. There is little 
doubt that the dimensions and shapes of the connections 
matter. The factors likely to optimize cavopulmonary flow 
and minimize systemic venous congestion include:

 1. Avoidance of stenosis. Each flow path (IVC and SVC to 
RPA and LPA) and the junctions between them must have 
adequate cross-sectional area for the flow carried.

 2. Avoidance of sharp angulations at the suture lines of the 
cavopulmonary anastomoses. Abrupt changes of direc-
tion predispose to flow separation and turbulence.

 3. Avoidance of opposing or competing streams from the 
upward flowing IVC and the downward flowing SVC. In 
other words, they should not collide head on, but be 
slightly offset relative to one another. It is important, 
however, that hepatic venous blood contributes, via the 
IVC pathway, to both lungs as it carries a factor which 
prevents the formation of pulmonary arteriovenous mal-
formations, a potential cause of progressive desaturation.

 4. Minimization of flow separation, flow disturbance, and 
regions of stagnation that might predispose to thrombosis 
by maintaining uniform diameters and smooth contours 
through the cavopulmonary flow paths.

 5. The minimization of energy dissipation, avoidance of 
potentially arrhythmogenic and thrombogenic atrial scar-
ring and distension.

12.6  Causes of Failure in the Fontan 
Circulation

With improvement in surgical technique and better selection 
of patients, the operative mortality for completion of Fontan 
is now less than 5%. Patients, however, frequently run into 
complications in the long term [7].

There are several factors that may contribute to failure of 
a Fontan circulation. They include:

 1. Elevated resistance of the cavo-(atrio)-pulmonary vascu-
lature, including stenosis at surgical connections, hypo-
plasia, or stenosis of pulmonary arteries, thromboembolic 
obstruction, and pulmonary vein compression due to 
right atrial distension after atriopulmonary connection 
(Fig. 12.4b). In addition, there may be abnormal micro-
vasculature either due to high pulmonary blood flow ear-
lier in life or intrinsic anomalies, sildenafil might be of 
benefit in some cases [8].

 2. Atrial arrhythmias (sinus node dysfunction or atrial re- 
entry tachycardia) particularly late after atriopulmonary 
connection. It is important to establish whether there are 
any treatable hemodynamic lesions such as anastomotic 
or pulmonary arterial stenosis which may be exacerbating 
atrial distension and making the patient prone to arrhyth-
mia. Moreover, heterotaxy syndrome is associated with 
conduction system abnormalities. Patients with left atrial 
isomerism are predisposed to sinus node dysfunction and 
atrioventricular block due to lack of normal sinus node. 
On the other hand, patients with right atrial isomerism 
have dual sinus nodes and dual atrioventricular nodes and 
therefore are prone to supraventricular tachycardia [9].

 3. Thromboembolism. Pathophysiology of prothrombotic 
state in Fontan patients is quite complex and includes 
endothelial dysfunction, blood flow abnormalities due to 
complex Fontan pathways, and absent subpulmonary 
pumping chamber; liver disease caused by chronic venous 
congestion resulting in coagulation abnormalities 
(Fig. 12.4a). Atrial arrhythmias and higher age increase 
this risk further. Unfortunately, there are no randomized 
studies in the literature to guide the physician to the best 
anticoagulation treatment. Vitamin K antagonists are 
strongly recommended in patients with known thrombo-
embolic event or with history of atrial arrhythmias (Class 
I recommendation) according to the most recent 2018 
Guidelines of American College of Cardiology and 
American Heart Association. Acetylsalicylic acid may be 
considered (Class IIb) in Fontan adults without previous 
thromboembolic event or atrial arrhythmias. There is cur-
rently insufficient data on safety and efficacy of NOACs 
(non-vitamin K antagonist oral anticoagulants) [10].

 4. Ventricular dysfunction. The underlying congenital mal-
formation, volume loading of the systemic ventricle prior 
to completion of Fontan reconstruction, the surgical pro-
cedure itself, and the abnormal pre- and after-loading of 
the ventricle following Fontan surgery may all contribute 
to ongoing ventricular dysfunction. Survival rate is sig-
nificantly higher in dominant left ventricle when com-
pared to the right ventricle (left ventricle 92%, 82%, and 
78% vs. right ventricle 90%, 68%, and 63% at 10, 20, and 
25 years, respectively, p = 0.005). Atrioventricular valve 
regurgitation precedes ventricular dysfunction in most 
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cases and both progress over time, especially right ven-
tricular dysfunction [11]. Outflow to the aorta via a ven-
tricular septal defect/or an infundibulum can be subject to 
progressive obstruction and should be carefully assessed.

Both systolic and diastolic ventricular function is 
important, and indeed it may be that diastolic dysfunction 
is responsible for poor outcome in some patients [12]. It 
is the author’s preference that most patients with a Fontan 
circulation should be on an ACE inhibitor although there 
is little direct evidence to support this [13].

 5. Systemic venous and hepatic portal congestion and com-
plications following from these. Elevation of systemic 
venous pressure to near critical levels is an inevitable 
consequence of Fontan surgery and can have damaging 
consequences for the microvessels and tissues of the 
organs upstream, notably the liver and the intestines. 
Ascites, hepatic edema and hepatic fibrosis, and, less 
commonly, cirrhosis and hepatic carcinoma have been 
reported as sequel. Protein-losing enteropathy is a fur-
ther, relatively uncommon complication related to portal 
and lymphatic congestion. Plastic bronchitis, probably 
due to pulmonary lymphatic congestion and exudates is 
an uncommon but potentially fatal complication.

12.7  Role of Cardiovascular Magnetic 
Resonance

Cardiovascular magnetic resonance (CMR) enables the non-
invasive assessment of the anatomical structures without ion-
izing radiation, and it enables ventricular functional 
assessment, quantification of flow, and assessment of ven-
tricular fibrosis.

CMR can be used to help assess the suitability for the 
Fontan procedure to be performed in a particular patient, as 
well as having an important role in the assessment of the 
Fontan patient. Cine and 3D CMR acquisitions can be help-
ful in guiding interventions on Fontan patients, including 
those in the electrophysiology laboratory.

12.7.1  Assessment Pre-Fontan Completion

12.7.1.1  Goals of Imaging
As detailed above, there are certain requirements for a Fontan 
circulation to work. Imaging should be targeted to help 
answer whether the patient meets these criteria.

Patients undergoing pre-Fontan assessment are usually 
3–4 years old, and therefore they require general anesthesia 
or sedation. As the structures are small, sequences need to be 
modified appropriately, often necessitating smaller slice 
thickness on cine images. An example of a protocol used in a 
pre-Fontan patient is outlined in Table 12.2.

Table 12.2 Comprehensive imaging protocol for pre- and post-Fontan 
patient

Sequence Technical notes
Multislice scouts Transaxial, coronal, 

and sagittal 
multislice

Bright blood SSFP in all 
three planes, dark-blood 
stack in transaxial plane 
to assist tissue 
characterization.

Transaxial cine 
stack

Cover the chest from 
neck to diaphragm

SSFP, 5 mm thickness, 
no gaps. All cines breath 
held and ECG gated.

Vertical long axis 
(VLA)

Cine (SSFP)

Horizontal long 
axis (HLA)

Cine (SSFP)

Short axis Cine stack (SSFP)
Four chamber (If there are four)
Outflow tract Cines (SSFP)
Aortic arch (if 
aortic coarctation 
suspected or history 
of aortic 
reconstruction)

Cine (SSFP)

CMR contrast 
angiography

Conventional 
angiography or 
time-resolved 
angiography

For conventional 
angiography, two data 
sets are acquired 
approximately 15 s from 
each other in two 
separate breath-holds
Time-resolved 
angiography is acquired 
in one long breath-hold

3D SSFP of the 
whole heart and 
great arteries

Free-breathing, 
ECG-gated, 
diaphragm- 
navigated 
acquisition

Flow velocity 
acquisitions

Through-plane, 
breath hold 
acquisitions

For accurate shunt 
calculations, post- 
acquisition phantom 
correction may be 
needed.

Aortic flow Velocity mapping Venc 120–150 cm/s
SVC flow Velocity mapping. 

Left SVC may be 
present.

Venc 80 cm/s

IVC flow Velocity mapping. 
At diaphragm or 
above to include 
hepatic flow, 
proximal and distal 
to fenestration if 
present

Venc 80 cm/s

Branch pulmonary 
artery flows (RPA 
and LPA)

Velocity mapping Venc 80 cm/s or 
120 cm/s if suspected 
stenosis.

Early gadolinium 
imaging (optional)

In selected slice(s) 
to confirm or 
exclude suspected 
thrombus

Inversion recovery

Late gadolinium 
enhancement 
(optional)

For possible 
ventricular fibrosis 
or infarction

Inversion recovery
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Important features which can be answered with CMR 
include:

• Detailed anatomy including situs, AV and VA connec-
tions, ventricular morphology, systemic and pulmonary 
venous return, and anatomy of the aortic arch

• Ventricular function (stroke volume and ejection fraction)
• Atrioventricular valve regurgitation(s) and regurgitation 

fraction
• Ventricular outflow
• Branch pulmonary arteries (dimensions and split net flow 

ratio between right and left lungs)
• Pulmonary venous return
• Interatrial communication
• Aortic arch patency
• Identification of venovenous collaterals and aortopulmo-

nary collaterals and their hemodynamic impact

CMR study can be combined with measurement of inter-
nal jugular venous pressure after the CMR scan under the 
same general anesthesia. This allows estimation of the pres-
sure in the pulmonary arteries. Care needs to be taken if there 
are bilateral superior caval veins and no bridging vein or if 
there is stenosis of superior caval vein or proximal pulmo-
nary branches. Although this is a common practice, there is 
some evidence that internal jugular venous pressure might 
not be the best parameter to predict post-Fontan outcome. 
Venovenous collaterals are developed as consequence of 
pressure difference between superior and inferior caval veins 
in patients with bidirectional Glenn. Recent study has shown 
that venovenous decompressing grade but not jugular venous 

pressure correlates with length of stay after Fontan comple-
tion and early- and medium-term outcome [14]. Jugular 
venous pressure might be an underestimate of true  pulmonary 
vascular resistance as the superior caval vein offloading 
allows venous decompression. Therefore, careful assessment 
of venovenous collaterals on gadolinium enhanced CMR 
angiography is important.

Aortopulmonary collaterals can be visualized on contrast- 
enhanced angiography (conventional or time-resolved). 
Several studies showed association of their amount with length 
of hospital stay and pleural drainage after Fontan completion. 
Therefore, some units prefer their closure prior to Fontan sur-
gery. The amount of aortopulmonary collaterals can be calcu-
lated by subtraction of superior and inferior caval venous flow 
from aortic flow or subtraction of pulmonary venous flow 
from pulmonary right and left artery flow [15–17].

Flow assessment is an important part of pre-Fontan evalu-
ation. Numerous through-plane flows are acquired using 2D 
phase contrast imaging or 4D flow acquisition. 4D flow is 
now routinely used in many centers for flow measurements 
in pre-Fontan and Fontan patients although the relatively 
long scan times are still a limiting factor. Different to 2D 
phase contrast CMR, the imaging data cover a 3D volume 
that allows assessment of flow volumes and velocities in ret-
rospect within every vessel of the acquired volume. More 
recently, commercially available CMR software has embed-
ded tools that allow analysis of 4D flow image data. In addi-
tion to simple flow measurements, 4D flow enables to 
visualize the flowing blood during the cardiac cycle with 
several approaches such as pathlines or streamlines 
(Fig. 12.5; Movie 12.5). Another advantage of 4D flow is the 

Fig. 12.5 4D flow with streamline visualization in a child with complex single ventricle anatomy after Fontan completion. The streamlines show 
the blood flow in the Fontan pathways, the ventricle, and the thoracic aorta
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assessment of advanced hemodynamic markers (e.g., kinetic 
energy, vorticity, and helicity) that are still mainly used for 
research purposes but might have the potential to become 
future imaging biomarkers [18, 19].

Historically, all children undergoing completion of Fontan 
have had diagnostic cardiac catheterization to detail anatomy 
and measure pulmonary artery pressure and transpulmonary 
gradient (pulmonary artery pressure minus left atrial pres-
sure) prior to the procedure. Many units have changed this 
practice, but there is no consensus in diagnostic approach in 
this group of patients so far. Whereas some units still per-
form catheterization in all patients, another ones prefer to 
perform CMR together with internal jugular venous mea-
surement in the majority of the patients and reserve invasive 
catheterization only for the most risky patients [20] with 
poor ventricular function, high suspicion of increased pul-
monary vascular resistance, or need for intervention on aor-
tic arch or pulmonary branches to optimize the findings prior 
to Fontan procedure. An alternative approach preferred by 
some clinicians is aggressive closure of aortopulmonary col-
laterals before proceeding to Fontan. As no randomized trials 
are published so far, it is difficult to comment, which from 
these approaches is the most beneficial for the patients.

So far, CMR has been shown to be safe and effective and 
less costly alternative to routine catheterization in the evalu-
ation of selected patients before the bidirectional cavopul-
monary anastomosis operation [21, 22].

Examples of CMR findings in the preoperative Fontan 
patient are illustrated in Figs.  12.6 and 12.7. Points to be 
included in the report are shown in Table 12.3.

12.7.2  Assessment Post-Fontan Completion

12.7.2.1  Goals of Imaging
Detailed complex anatomy of Fontan patient can be described 
using several sequences including multislice scouts, trans-
axial cine stack, tailored cines, 3D SSFP, and contrast- 
enhanced magnetic resonance angiogram (MRA). As 
detailed above, there are several factors that may contribute 
to failure of a Fontan circulation. CMR can be used as a tool 
to assess for many of these [23].

 1. Elevated resistance of the cavo-(atrio)-pulmonary 
vasculature

Assessment of:
 (a) the pulmonary arteries for anastomotic stenoses, 

branch pulmonary artery stenoses, or hypoplasia, 
split net flow between right and left lungs, which 
allows to assess clinical significance of potential uni-
lateral narrowing

 (b) thrombosis in the Fontan pathways (Fig. 12.4a)
 (c) pulmonary vein stenosis or pulmonary vein compres-

sion caused by right atrial distension after atriopul-
monary connection (Fig. 12.4b)

 2. Thromboembolism:
 (a) A stack of transaxial SSFP cines, for example 

5 mm slice thickness with no gaps, is a good way 
to look for evidence of thrombus in cavo-atriopul-
monary pathways, backed up by early gadolinium 
inversion recovery imaging (inversion time 
450 ms) of any suspected thrombus, which should 
then appear as dark signal void relative to bright 
blood signal.

 3. Ventricular function:
 (a) Volumetric measurement is performed from a short- 

axis cine stack. If a second, usually small ventricle is 
present and communicating with the dominant ven-
tricle, combined ventricular volume measurement is 
usually performed. Separate volume and function 
measurements might be useful, e.g., in case of two 
well-developed ventricles or if small ventricle is dys-
functional and assessment of contractility of domi-
nant ventricle is desirable.

Increased total functional indexed end-diastolic 
ventricular volume was found to be the strongest 
independent predictor of death or transplant. 
Moreover, patients with ventricular dilatation and 
worse global circumferential strain are at highest risk 
[24]. Cardiac strain measured by CMR feature track-
ing was recently found to be an early indicator of sys-

Fig. 12.6 CMR cine image acquired prior to a Fontan procedure in a 
5-year-old child with Ebstein’s malformation. Previous Starne’s proce-
dure (oversewing of the tricuspid valve) and atrial septectomy. Four 
chamber view shows thrombus in the right ventricle. The interatrial 
communication is widely patent. *thrombus in the right ventricle. RA, 
right atrium; LA left atrium; LV, left ventricle
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a b

c d e

Fig. 12.7 Cardiac magnetic resonance scan pre-Fontan of a 2.5-year- 
old child with tricuspid atresia, ventriculo-arterial discordance and 
interrupted aortic arch. Previous aortic arch repair and pulmonary artery 
banding, followed by Damus–Kaye–Stansel procedure and right modi-
fied Blalock–Taussig shunt. Followed by bidirectional cavopulmonary 
anastomosis. (a) Four chamber view showing absent right connection 
(tricuspid atresia) and dominant left ventricle. The interatrial communi-

cation is widely patent. (b) Unobstructed cavopulmonary anastomosis 
(arrowed). The left pulmonary artery (LPA) is uniformly of lower cali-
ber than the right (RPA). (c) Critical narrowing of the Damus–Kaye–
Stansel anastomosis (arrowed). (d) Residual coarctation of the aorta 
just distal to the left subclavian artery. (e) Varicose dilatation of the 
anterior jugular veins in the neck. Ao, aorta

Table 12.3 Points to include in the report for pre- and post-Fontan patient

Underlying anatomy (situs, AV and VA connections, ventricular morphology, systemic and pulmonary venous anatomy, and aortic arch)
Any Fontan pathway stenosis (SVC-PA and IVC-PA anastomoses)
Fontan pathway thrombosis
Branch pulmonary artery size and stenosis
Pulmonary vein narrowing
Ventricular function
Interatrial communication
Any atrioventricular valve regurgitation
Any aortic valve regurgitation
Any outflow tract +/− aortic arch obstruction
Anatomy and calculated amount of aortopulmonary collaterals
Descriptiton of venovenous collaterals
Presence and hemodynamic impact of fenestration
Extracardiac anomalies (e.g., scoliosis, pleural effusions, hematomegaly, splenomegaly, and abnormalities of the kidneys)
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tolic ventricular decline even when ejection fraction, 
cardiac index, and clinical status are still preserved 
[25].

 (b) Long-axis cines should be acquired aligned with 
each ventricular inflow and outflow tract looking for 
evidence of regurgitation or stenosis which should be 
assessed further if found (Fig. 12.8).

 4. Assessment of collaterals and fenestration:
 (a) systemic veins to pulmonary veins collaterals 

(Fig. 12.9c)
 (b) aortopulmonary collaterals
 (c) fenestration

Gadolinium enhanced MRA is used to assess great 
vessels and collaterals. Two three-dimensional data sets 
are usually acquired. These can be assessed using multi-
planar reconstruction (MPR) in any plane. Measurements 
of vessels in perpendicular view can be also performed. 
3D reconstructions represent a valuable tool for present-
ing the data to the clinicians.

Noncontrast ECG and respiratory navigator-gated 3D 
SSFP imaging is another way of 3D data acquisition. This 
sequence is particularly useful for assessment of intracardiac 
anatomy, aorta, and Fontan pathways.

Flow analysis is very helpful when assessing the postop-
erative Fontan patient. Differential flow in the right and left 
pulmonary arteries can be an indicator of stenoses, although 
there can be other explanations. One of them is a marked 
variability of flow from the caval veins toward the right and 

left pulmonary arteries [23]. Most current CMR systems are 
subject to background phase offset errors that can affect 
measurements of flow. Post-acquisition correction using an 
acquisition in a static phantom may be needed. Unilateral 
pulmonary venous obstruction can also result in differential 
pulmonary artery blood flow, with reduced pulmonary artery 
flow on the side with pulmonary venous obstruction.

Although less issue then pre-Fontan, aortopulmonary col-
laterals and venovenous collaterals need to be assessed ana-
tomically and using calculations mentioned above [16].

Evaluation of myocardial fibrosis by late gadolinium 
enhancement may be informative in patients with impaired 
ventricular function. Myocardial fibrosis has been shown to 
be common in Fontan survivors and associated with adverse 
ventricular mechanics and a higher prevalence of non- 
sustained ventricular tachycardia [26].

Patients undergoing post-Fontan assessment have usually 
undergone multiple previous surgical and catheterization pro-
cedures that may have involved coils, devices, or stenting pro-
cedures. These can affect image quality, some earlier devices 
causing significant artifacts [27]. Sequences need to be changed 
appropriately; GRE (gradient echo sequence) is usually used. 
Contrast-enhanced MRA might be helpful in some cases.

Examples of CMR findings in the postoperative Fontan 
patient are illustrated in Figs.  12.4, 12.8, 12.9, and 12.10. 
Comprehensive imaging protocol for postoperative Fontan 
patient is outlined in Table 12.2. Protocols must be individu-
alized for each particular patient as the underlying anatomy 
and surgical technique may vary considerably. Figure 12.11 

a b

Fig. 12.8 Problems with the left ventricular inflow valve or the out-
flow tract after Fontan procedure. (a) Mitral regurgitation (arrow) con-
tributes to back pressure in the pulmonary vessels and so back to the 
systemic veins. In this particular patient who also had a pleural effu-

sion, treatment of fluid retention alleviated the regurgitation. (b) Left 
ventricular outflow obstruction after Fontan operation caused by a mod-
erately restrictive VSD and hypertrophy of the infundibulum of the 
rudimentary, subaortic right ventricle
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a b

c d

Fig. 12.9 Desaturating shunts in three different patients. (a, Movie 
12.4) A diastolic leak through the detachment of a patch placed across 
the right atrioventricular valve of a patient with double-inlet left ven-
tricle and an atriopulmonary Fontan connection. (b) Magnetic reso-
nance contrast angiogram showing evidence of right pulmonary 

arteriovenous malformations (arrows) in a patient after Kawashima 
operation in whom hepatic venous return was flowing to the left lung 
but not the right. (c, d) Subcutaneous (black arrow) and intrathoracic 
(white arrows) branches of systemic venous to pulmonary venous col-
lateral veins

shows all sites of through-plane flows which are acquired as 
part of the protocol. Points to be included in the report are 
described in Table 12.3.

12.7.3  Cardiac Magnetic Resonance Imaging 
for Guiding Intervention in Fontan 
Patients

Patients following the Fontan procedure are at risk of devel-
oping atrial arrhythmias which can be particularly difficult to 

treat. They may require repeat electrophysiological interven-
tions or repeat surgery. If no fenestration is left, access into 
the atrial mass is not possible at cardiac catheterization with-
out creation of a fenestration in the wall of the conduit/lateral 
tunnel.

CMR can have a role in identifying or excluding the pres-
ence of thrombus pre-procedure, and 3D CMR acquisitions, 
for example by SSFP, can allow a “road map” of the cardio-
vascular pathways to be reconstructed which can be super-
imposed on the angiographic image to guide the 
interventionist.
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a b c

d e f

Fig. 12.10 A 15-year-old patient with situs inversus, dextrocardia, 
bilateral superior caval veins, atrioventricular discordance with a 
single- outlet and pulmonary atresia, large perimembranous ventric-
ular septal defect, and right aortic arch was found to have incidental 
finding of dissection of the TCPC conduit at routine CMR scan (a 

and d show short axis and b and e long axis of the dissected con-
duit). Figure d shows very narrowed true lumen of the conduit at 
insertion to the pulmonary artery. Patient underwent cardiac cathe-
terization (c). Figure f shows successful stent implantation into the 
conduit

Fig. 12.11 Sites of through-plane flows which are acquired as part of 
a comprehensive protocol of a pre- and post-Fontan patient

12.8  Discussion, Limitations, and Common 
Pitfalls

CMR’s noninvasiveness and freedom from ionizing radiation 
are particularly relevant as patients often now have comple-
tion of Fontan at 3–4 years of age, with a life-long need for 
serial assessment. Multiple procedures using ionizing radia-
tion can significantly increase the risk of malignancies later 
in life and should be avoided. In addition, CMR allows fairly 
easy quantification of ventricular function, flow analysis and 
myocardial viability.

However, patients may have intracardiac or pulmonary 
devices, stents, or coils that can cause artifacts. They are also 
susceptible to arrhythmia, and some Fontan patients have 
pacing systems which makes study by CMR challenging.

Computed tomography (CT) offers excellent spatial reso-
lution and relatively unrestricted access in much shorter 
acquisition times than CMR. This can be beneficial for chil-
dren as there is no need for an anesthetic, newer technology 
has greatly reduced ionizing radiation dose making CT angi-
ography a more viable option for young children in specific 
cases.

Computed tomography is superior for imaging the epicar-
dial coronary arteries and their relation to adjacent structures 
or conduits. As with CMR contrast angiography, the route of 
contrast passage relative to the cavopulmonary connections 
needs consideration. Given its high spatial resolution, CT 
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angiography is likely to depict small vessels such as aorto-
pulmonary collateral arteries more clearly. Angiography, 
similarly with direct injection into collateral vessels, pro-
vides superior imaging of collateral vessels and their 
connections.

Transthoracic and/or transesophageal echocardiography 
still remains the first-line cardiovascular imaging modality in 
patients with congenital heart disease due to its availability 
and portability for bedside use. Although imaging is fre-
quently very good in young patients, suboptimal acoustic 
access can be problematic in older patients particularly fol-
lowing cardiovascular surgery. Echocardiography is usually 
preferable to CMR for the identification of small baffle 
shunts, structural abnormalities of valve leaflets, and their 
suspensory apparatus, assessment of gradients (when ade-
quate Doppler angle gained), and infective endocardial 
vegetations.

12.9  Conclusion

The range of procedures known as Fontan operations is pal-
liative procedures, not corrections, and there is no such thing 
as a “perfect” Fontan operation. Patients invariably have 
complications at some point. Follow-up needs to be lifelong, 
by cardiologists with specific knowledge of the peculiarities 
of Fontan pathophysiology. Expert imaging, including CMR, 
is an important aspect of assessment of the preoperative and 
postoperative Fontan patient. A potential cascade of compli-
cations underlines the importance of excellent pre-Fontan 
management and decision-making, careful selection and 
planning for surgery, excellent surgical technique, and from 
then on, appropriate diagnostic follow-up and management. 
CMR is an excellent imaging technique, which allows serial 
follow-up scans and assessment of morphology, function, 
and risk stratification of patients with adverse outcome.
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13Transposition of Great Arteries

Joel R. Wilson and Mushabbar A. Syed

13.1  Introduction

Transposition of the great arteries (TGA) is a form of 
conotruncal abnormalities in which the aorta arises from the 
morphological right ventricle (RV) and pulmonary artery 
arises from the morphological left ventricle (ventriculoarte-
rial discordance). TGA encompasses two distinct defects, 
complete TGA and congenitally corrected TGA. Complete 
TGA has a prevalence of 0.31/1000 live births [1] and repre-
sents ∼3–5% of all congenital heart disease [2]. It is the ninth 
most common congenital heart defect and the second most 
common cyanotic lesion after tetralogy of Fallot [1]. 
Complete TGA occurs in the setting of D-looped ventricles 
in situs solitus or L-looped ventricles in situs inversus. 
Congenitally corrected TGA is rarer, recognized in 0.02–
0.07 per 1000 live births [3], or less than 1% of congenital 
heart defects [2].

Whereas patients with congenitally corrected TGA can 
survive unrecognized into adulthood, patients with com-
plete TGA present with varying degrees of cyanosis in 
infancy and almost always require early surgical interven-
tion. Beginning in the late 1950s, surgical treatment for 
patients with complete TGA was revolutionized with the 
advent of the Senning and Mustard atrial shunt procedures. 
Although the arterial switch procedure was first described in 

1976, it only became the corrective procedure of choice in 
the 1980s.

The role of cardiac magnetic resonance imaging 
(CMR) in these defects is dictated by the specific cardiac 
anatomy and by the reparative surgical interventions 
present (if any). In cases of congenitally corrected TGA, 
CMR can be instrumental in discriminating between the 
morphologic right and left ventricles, in characterizing 
abnormalities of viscero- atrial situs and in describing the 
associated cardiac anomalies that are nearly universally 
present. In the patients with complete TGA, almost all of 
whom will have had corrective surgery early in life; CMR 
can assess patency of conduits and baffles and presence 
of residual defects. Furthermore, when the morphologic 
RV is in the systemic position, it is prone to failure over 
time. Traditional methods of right ventricular function 
assessment are less accurate in this setting, and ventricu-
lar function and reserve may be better assessed by CMR 
in such cases.

13.2  Definitions and Morphology

13.2.1  Developmental Terms

• Bulboventricular looping: During normal embryologic 
development, the heart tube undergoes a bending and 
rightward rotation (dextro = d-looping). This normal 
d-looping indicates that the right ventricular inflow lies to 
the right of the left ventricle. l-looping (levo = L) is the 
abnormal leftward rotation of the heart tube, with the 
result that the right ventricular inflow becomes situated to 
the left of the left ventricle.

• Conotruncal development: In the primitive heart tube, the 
truncus arteriosus is the common origin for the aorta and 
pulmonary artery. Ventriculo-arterial connections are 
formed through growth or regression of muscular tissue, 
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the conus, beneath each of the eventual semilunar valves. 
Growth of the conus beneath the pulmonic valve directs it 
anteriorly, while regression of conus beneath the aortic 
valve directs it posteriorly and creates fibrous continuity 
between the aortic and the mitral valve.

13.2.2  Transposition of Great Arteries (TGA)

Transposition refers to ventriculoarterial discordance, when 
the morphologic RV leads to the aorta and the left ventricle 
to the pulmonary artery. The aorta is situated posterior and to 
the right in normal individuals. The direction of transposition 
(dextro- or levo-) refers to the rotation of the aorta relative to 
the pulmonary artery. By definition, the aorta follows the 
right ventricle in transposition syndromes.

• D-TGA or complete TGA (Fig. 13.1): Dextro-TGA signi-
fies rightward rotation of the aorta and pulmonary artery 
(counterclockwise viewed from below). The aortic valve 
becomes displaced anteriorly and to the right of the pul-
monic valve due to growth of conus tissue beneath the 

aortic valve and resorption of tissue beneath the pulmonic 
valve (Fig.  13.2). In most cases, the ventricles are 
D-looped, so atrioventricular (AV) concordance is pre-
served. The aorta overlies a systemic right ventricle 
(which lies to the right of the left ventricle) that is in turn 
connected to the right atrium. Systemic and pulmonary 
circulations are arranged in a parallel circuit with one 
another; thus, a shunt, e.g. septal defect, is required for 
mixing of oxygenated and deoxygenated blood for sur-
vival of baby.

• L-TGA or congenitally corrected TGA, ventricular inver-
sion, or double discordance—atrioventricular discor-
dance and ventriculoarterial discordance (Fig.  13.3): In 
this condition, left and right ventricle positions are 
switched. Venous blood returns from the body into the 
right atrium and then passes through the mitral valve into 
the morphological left ventricle, also called subpulmonic 
ventricle. Blood then enters the lungs through the main 
pulmonary artery. Pulmonary venous blood returns to the 
left atrium and then through the tricuspid valve into the 
morphological RV, which acts as the systemic ventricle. 
Blood then exits through the aorta. The great arteries are 

Aorta emerges
from right ventricle

Pulmonary artery
emerges from
left ventricle

Patent ductus 
arteriosis

Ventricular septal
defect 

Aortic arch branches

Superior 
vena cava

Descending 
aorta

Inferior
vena cava

Left pulmonary
artery

Left pulmonary
veins

Right pulmonary
 artery

Right pulmonary
veins

Atrial septal
 defect

Fig. 13.1 Complete transposition of the great arteries (complete TGA, 
D-TGA). Schematic showing the arterial connections and flow of blood 
in the case of unrepaired complete TGA. The right atrium leads into the 
morphologic right ventricle and the left atrium into the morphologic left 
ventricle (atrioventricular concordance). The aorta arises from the mor-
phologic (systemic) right ventricle, whereas the pulmonary artery origi-

nates from the morphologic left ventricle (ventriculoarterial 
discordance). In the unrepaired patient, the systemic and pulmonary 
circulations run in parallel. In order for blood in the systemic circula-
tion to oxygenate, mixing must occur through one or more communica-
tions, such as a ventricular septal defect, atrial septal defect, or patent 
ductus arteriosus
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typically arranged side by side in patients with congeni-
tally corrected TGA, rather than anterior and posterior. 
Systemic and pulmonary circulations are arranged in a 
series circuit with one another, analogous to normal 
individuals.

13.2.3  Corrective Surgeries for Complete TGA

• Atrial baffle procedures (Senning and Mustard operation, 
also called atrial switch procedures; Fig. 13.4): Performed 
with either autograft (Senning) or synthetic (Mustard) 
baffle material, atrial baffle operations involve removal of 
the interatrial septum and creation of a partition which 
directs systemic venous return from the superior and infe-
rior venae cavae into the left atrium and the pulmonary 
venous return into the right atrium. The baffle runs in an 
oblique coronal orientation and is roughly shaped like a 
pair of pants. One leg of the pants is in each of the venae 
cavae, and the waistband surrounds the nonsystemic 
(mitral) atrioventricular valve. The excluded portions of 
the common atrium form the return pathway for the pul-
monary veins to the systemic circulation through the mor-
phologic RV.

• Arterial switch procedure (Jatene operation; Fig.  13.5): 
The aorta and main pulmonary arteries are transected at 
the level of the sinotubular junction. The coronary artery 
ostia with buttons are removed from the original aortic 
root and reimplanted in the previous main pulmonary 
artery root (the “neo-aorta”). The main pulmonary artery 
is brought forward and anastomosed to the previous aortic 
root, while the aorta is relocated posterior to the branch 
pulmonary arteries and anastomosed to the neo-aorta. As 
a result, the right pulmonary artery runs anterior to the 
ascending aorta in its new position. The Lecompte maneu-
ver may also be performed during the surgery to avoid 

AO

PA

Fig. 13.2 Axial black blood image of a patient with complete transpo-
sition of the great arteries (complete TGA, D-TGA). In normal indi-
viduals, the aorta lies slightly posterior and to the right of the pulmonary 
artery. In most cases of complete TGA, the aorta is anterior and to the 
right of the pulmonary artery; however this spatial relationship is vari-
able. This example, in which the aorta (Ao) lies anterior and to the left 
of the pulmonary artery (PA), demonstrates the variability in the rela-
tionship of the great arteries in transposition syndromes. The diagnosis 
of transposition should rely on the presence of ventriculoarterial discor-
dance rather than on the position of the aorta

Aorta emerges from
the right ventricle

Pulmonary artery
emerges from the

left ventricle

Right atrium

Mitral valve

Left ventricle

Left atrium

Tricuspid valve

Right ventricle
(systemic ventricle)

Superior 
vena cava

Inferior
vena cava

Left pulmonary
artery

Left pulmonary
veins

Right pulmonary
 artery

Right pulmonary
veins

Fig. 13.3 Congenitally 
corrected transposition of the 
great arteries (congenitally 
corrected TGA, L-TGA). 
Schematic demonstrating the 
arterial connections and flow 
of blood in the case of 
congenitally corrected 
TGA. The right atrium leads 
into the morphologic left 
ventricle and the left atrium 
into the morphologic right 
ventricle (atrioventricular 
discordance). The aorta arises 
from the morphologic 
(systemic) right ventricle, 
whereas the pulmonary artery 
originates from the 
morphologic left ventricle 
(ventriculoarterial 
discordance). Because of the 
“double discordance,” the 
systemic and pulmonary 
circulations are in series with 
one another, as in normal 
individuals, but the right 
ventricle becomes the 
systemic ventricle
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The morphologic right ventricle
acts as the systemic ventricle

The morphologic left ventricle
receives blood from systemic baffle 
and pumps blood into the 
pulmonary artery

Superior
 vena cava

Inferior
vena cava

Left pulmonary
artery

Left pulmonary
veins

Right pulmonary
 artery

Systemic
baffle

Fig. 13.4 Complete TGA with atrial baffle procedure (Mustard or 
Senning). This schematic illustrates the flow of blood in patients with 
complete TGA who have undergone repair with atrial baffle proce-
dures. The interatrial septum is removed creating a single combined 
atrium. The systemic baffle (the shunt for blood returning from the sys-
temic venous circulation) is shaped like a “pair of pants” with one “leg,” 

or limb, connected to the superior vena cava and the other to the inferior 
vena cava. The “waist” of the pants is sutured to the mitral valve annu-
lus. Blood returning from the pulmonary circulation enters the systemic 
right ventricle by flowing through the areas of the combined atria that 
are excluded by the systemic baffle

Aorta
Aorta “switched” with
pulmonary artery

Pulmonary
artery

Coronary
arteries

Coronary arteries are
reimplanted in the root 
of the pulmonary 
artery (neo-aorta)

a b

Fig. 13.5 Complete transposition of the great arteries with arterial 
switch procedure (Jatene operation). The arterial switch procedure is 
currently the favored approach for surgical correction of complete 
TGA. The coronary arteries and a cuff of aortic tissue surrounding the 
ostia are detached from the aorta and reimplanted in the root of the 
pulmonary artery. The aorta and pulmonary artery are transected and 
the pulmonary artery and the right main pulmonary artery are brought 
anterior to the aorta (see panel a). Note the new position of the right 
pulmonary artery in panel b is different than the normal anatomic posi-
tion beneath the aortic arch. The pulmonary artery is anastomosed to 

the remaining rim of aortic tissue superior to the aortic valve. The aorta 
is anastomosed to the root of the pulmonary artery with the reimplanted 
coronary arteries, now termed the neo-aortic root. Residual shunts are 
repaired. The normal relationship of the pulmonary and systemic circu-
lations is restored with the left ventricle in the systemic position. Blood 
returning from the lungs passes into the left atrium, through the mitral 
valve into the left ventricle, and out into the systemic circulation 
through the pulmonic valve and neo-aorta, which is now anastomosed 
to the aorta (panel b)
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Fig. 13.6 Complete 
transposition of the great 
arteries (TGA) with Rastelli 
procedure. The Rastelli 
procedure is used as a primary 
surgical correction in the 
minority of patients with 
complete TGA who have a 
ventricular septal defect 
(VSD), and often stenosis in 
the pulmonary outflow. It 
involves patching and 
sometimes enlarging the VSD 
in such a manner as to create 
a left ventricular outflow 
through the VSD to reach the 
aorta. After resecting 
obstructions, the right 
ventricle is connected to the 
main pulmonary artery with a 
valved conduit. The 
morphologic left ventricle is 
now in the systemic position 
(correcting the 
ventriculoarterial 
discordance)

Table 13.1 Conditions associated with transposition syndromes

Complete TGA Congenitally corrected TGA
Ventricular septal defect 
(VSD): 45–50%, can be 
present in any region of 
the ventricular septum

Ventricular septal defect (VSD): 
70–80% typically perimembranous

Left ventricular 
(subpulmonic) outflow 
tract obstruction: 25%

Left ventricular outflow tract obstruction 
(pulmonic/subpulmonic stenosis): 
30–70%

Patent ductus arteriosus 
usually present at birth

Patent ductus arteriosus: 10%

Anomalies of coronary 
artery origin and course: 
∼30%

Atrioventricular (AV) node and his 
bundles: abnormal position and course 
common. Presentation with heart block 
common. Those without heart block 
progress to AV block at ∼2%/year

Coarctation of the aorta: 
∼5%

Coarctation of the aorta: ∼5%
Abnormalities of the systemic 
atrioventricular valve: 80–90%, usually 
an apically displaced valve, but without 
other features of a typical Ebstein’s 
anomaly

distortion of the branch pulmonary arteries in the process 
of switching the great vessels by relocating the aorta pos-
terior to the pulmonary artery such that both branch pul-
monary arteries drape anterior to the aorta.

• Rastelli procedure (Fig.  13.6): Used in the minority of 
patients (<10%), who have pulmonary outflow tract ste-
nosis and a ventricular septal defect (VSD), blood flow is 
directed from the left ventricle through the ventricular 
septal defect to the aorta. The normal flow of blood on the 
right side is reestablished by oversewing the pulmonary 
outflow tract and placing a conduit between the RV and 
the pulmonary artery.

13.3  Associated Anomalies

In contrast to other conotruncal abnormalities such as 
tetralogy of Fallot, chromosome 22q11.2 deletions are not 
seen in patients with complete TGA. Males are affected 
twice as often as females in both complete and congeni-
tally corrected TGA [3–5]. There are no associated syn-
dromes with TGA, nor is there a familial form [4, 5]. In 

both forms of TGA, there are few extracardiac anomalies 
reported, but associated cardiac anomalies are common 
(Table 13.1) [2, 5].
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13.4  Clinical Presentation

13.4.1  Complete TGA

Clinical presentation and age of presentation are usually 
determined by the presence or absence of a ventricular septal 
defect (VSD). In the absence of a VSD, newborns will pres-
ent with cyanosis, either within the first day or as the ductus 
arteriosus closes during the first week [2]. In the remainder, 
the presenting signs and symptoms depend upon the degree 
of mixing between systemic and pulmonary blood pools. 
With VSD present, children may present between 4 and 
8 weeks old with poor feeding, tachypnea, and tachycardia, 
with cyanosis less prominent [6]. The presence of VSD with 
subpulmonic stenosis can mimic tetralogy of Fallot. In other 
cases, it may be difficult to distinguish complete TGA from 
double outlet right ventricle [5].

The majority of children with complete TGA will have 
undergone corrective surgery, since unrepaired there is a 
90% mortality in the first year of life. Dyspnea, fatigue, 
and arrhythmias are common presenting complaints for 
late complications following corrective surgery. 
Arrhythmias may be poorly tolerated in patients with mar-
ginal hemodynamics. Exercise capacity is usually 
decreased due to a combination of factors, one of which is 
often sinus node dysfunction. Additionally, specific com-
plications arise in association with the various corrective 
surgeries.

Long-term survival after atrial baffle procedures (Mustard 
and Senning operations) in experienced centers is up to 77% 
at 25 years [7]. In addition to systemic (morphologic RV) 
ventricular dysfunction and tricuspid valve regurgitation, 
pulmonic stenosis or subpulmonic obstruction may arise 
when enlargement of the systemic ventricle distorts these 
left-sided structures. Other important long-term sequelae 
include baffle leak or stenosis and pulmonary hypertension. 
Baffle stenosis, typically of the upper limb of the two-legged 
systemic baffle, presents with facial fullness, upper extrem-
ity edema, or subtle mental status changes mimicking a 
superior vena cava syndrome when severe. Stenosis of the 
lower limb of the systemic baffle may present as edema, 
ascites or hepatic dysfunction. When pulmonary return is 
compromised, pulmonary hypertension may develop. 
Hemodynamically significant baffle stenosis is relatively 
common and likely under-recognized, although often man-
aged without intervention [8].

First performed in 1976, the arterial switch procedure is 
the preferred surgical management in uncomplicated com-
plete TGA infants. Survival following this procedure is 
around 90% at 10 years, and quality-of-life scores are better 
for children who have undergone arterial switch procedures 
than those who have had atrial baffle procedures [2, 9]. The 
most common late complication following arterial switch 
operations is main pulmonary artery or branch pulmonary 

artery stenosis, sometimes as a result of neo-aortic root dila-
tation. Other complications include coronary insufficiency, 
coronary ostial narrowing, and coronary kinking leading to 
myocardial ischemia. Ventricular dysfunction, semilunar 
valve regurgitation, and arrhythmias are also relatively 
common.

Survival following the Rastelli procedure is approxi-
mately 60% at 20  years [10]. Late complications include 
left- or right-sided outflow tract or conduit obstruction, 
residual VSD, hypertrophy or chamber enlargement, aortic 
regurgitation, and aortic root dilatation.

13.4.2  Congenitally Corrected TGA

Despite the fact that most (80–90%) patients with congeni-
tally corrected TGA have associated anomalies [4], in the 
majority of patients congenitally corrected TGA remains 
unrecognized until adulthood. Two-thirds of patients with 
associated abnormalities and one-quarter without will 
develop heart failure by age 45 [2]. Compromise of the sys-
tolic function of the systemic RV probably develops due to a 
combination of myocardial supply-demand mismatch and 
regurgitation of the systemic atrioventricular valve. Other 
presenting features depend upon the associated abnormali-
ties. Patients with subpulmonic/pulmonic stenosis and a 
VSD may present with variable degrees of cyanosis. 
Presentation with AV block or atrial tachyarrhythmia is 
common.

13.5  CMR Imaging

13.5.1  Indications and Goals of Imaging

Lifelong follow-up is needed as residual lesions and sequelae 
are common. The basic indications for CMR in patients with 
congenital heart disease are when the echocardiographic 
assessment is suboptimal or ambiguous. In infants present-
ing with complete TGA, echocardiography typically pro-
vides sufficient information and adjunctive CMR imaging is 
rarely required. However, surgeries for complete TGA are 
never curative. Thus, the primary indication for CMR is in 
long-term follow-up after corrective surgery and in monitor-
ing systemic right ventricular function, where routine sur-
veillance is often indicated [9, 11]. CMR will often be 
obtained for further information when clinicians are 
 contemplating surgical or catheter-based interventions, and 
it is useful for imagers to be familiar with indications for 
reoperation procedures [9].

For patients with unrecognized congenitally corrected 
TGA presenting prior to diagnosis, CMR may be initially 
requested for further evaluation of ventricular dysfunction or 
dextrocardia. It is important for the imager to be familiar 
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with the findings in transposition in order to make the diag-
nosis. Goals in this setting include establishing viscero-atrial 
situs, segmental cardiac anatomy, course of great vessels, 
quantifying ventricular function particularly of the systemic 
right ventricle, and the degree of tricuspid regurgitation. 
Once the diagnosis of TGA has been established, the pres-
ence of associated anomalies, such as subpulmonic stenosis 
or stenosis of pulmonary valve, should be explored.

In the postsurgical patient, there is often limited visualiza-
tion of heart and blood vessels by echocardiography while 
CMR does not have these limitations [12]. In these patients, 
knowledge of the type of prior surgical procedures per-
formed is critical to the imaging assessment. In patients with 
congenitally corrected TGA or complete TGA with atrial 
baffle operations, periodic assessment of the systemic right 
ventricular systolic function and the severity of systemic 
atrioventricular valve (tricuspid valve) regurgitation are indi-
cated. Systemic atrioventricular valve dysfunction in trans-
position represents an entity comparable to mitral valve 
regurgitation in patients without transposition syndromes. It 
is essential that tricuspid repair or replacement be performed 
before the ejection fraction of the systemic RV falls below 
45%. Competence of the surgically created baffles (after 
Mustard/Senning operations) and conduits (after Rastelli 
operation) should be assessed during follow-up. Shunts, 
whether from baffle leak or residual VSD, are another indi-
cation for intervention when the Qp/Qs is greater than 1.5:1, 
when they result in progressive dysfunction or chamber dila-
tation or when they cause symptoms. For patients with prior 
arterial switch operations, the presence of main pulmonary 
artery or branch pulmonary artery obstruction, as well as the 
size of the neo-aortic root, should be assessed during follow-
 up. Regurgitation of the semilunar valves should also be 
evaluated. Additionally, all adult patients should have the 
patency of the coronary arteries evaluated at least once [9], 
which may be accomplished by CMR in some cases or car-
diac computed tomography (CT).

Approximately 1% of patients with prior atrial switch 
procedures will undergo heart transplantation [7]. As part of 
the evaluation prior to cardiac transplantation, CMR imaging 
goals include describing the atrio-visceral situs and venous 
return abnormalities, which complicate transplantation sur-
gery. A large fraction of patients with transposition syn-
dromes will require pacemaker implantation [2, 7]. In 
patients referred prior to pacemaker placement, the indica-
tion includes assessing the feasibility of a transvenous 
approach. Additionally, evaluation for small baffle leaks or 
residual VSD is indicated in this setting, as the presence of 
these increases the risks of paradoxical embolism during 
instrumentation.

Physiologic assessments such as stress tests are some-
times indicated for evaluation of symptoms like exercise 
intolerance or for evaluation for ischemia following arterial 
switch procedures. In patients with poor exercise tolerance, a 

dobutamine or exercise stress protocol can evaluate whether 
systolic function can be augmented. Because of the long- 
term risks for coronary artery insufficiency following arterial 
switch procedures and because presentation can be clinically 
silent, intermittent surveillance for ischemia by CMR stress 
or other modalities has been suggested [13]. This topic is 
discussed in more detail in the Stress MRI in Congenital 
Heart Disease chapter.

13.5.2  CMR Sequences and Imaging Protocols

As with clinical presentation and CMR indications, details of 
specific sequences will depend upon what form of TGA is 
present, which prior surgical procedures have been per-
formed, if any, and the clinical setting; therefore the imaging 
protocol should be indivudialized. An example of CMR 
imaging protocol used in our institution is shown in 
Table 13.2.

Table 13.2 CMR protocol for imaging transposition of great arteries

Sequences common to all transposition syndromes:
   1. Localizer scout images
   2.  Static multislice SSFP in axial, coronal and sagittal planes 

covering the whole chest
   3.  Electrocardiogram (ECG) gated, expiratory breath-held SSFP 

cine images
    (a) Two- and four-chamber views
    (b) Short-axis stack from base to apex
     •  A 7 mm slice thickness with a 3 mm interslice gap. Use the 

same spacing for late gadolinium enhancement
    (c)  Outflow views: Oblique sagittal and oblique coronal views 

of the systemic and subpulmonic outflow tracts (“right 
ventricular outflow tract” and “left ventricular outflow tract” 
or “three- chamber” views)

    (d)  Contiguous axial SSFP cine stack from aortic arch to 
diaphragm

   4. Contrast magnetic resonance angiography (MRA)
     Bolus-timed MRA is typically used to study great vessels. High 

temporal resolution MRA images can track the bolus to evaluate 
abnormal connections (septal defects and baffle patency)

   5.  Phase contrast velocity-encoded cines. In-plane images 
(breath-held) in four-chamber, LVOT and RVOT orientations to 
assess valvular function. Through-plane images of ascending 
aorta, main pulmonary artery and branch pulmonary arteries for 
shunt and flow quantification

   6. Late gadolinium enhancement (LGE)
    (a)  TI scout: Use a mid-ventricular slice to acquire the correct 

TI time to null normal myocardium
    (b)  Inversion recovery LGE imaging in short-axis and long-axis 

planes (similar to cine images)
Additional sequences specific to clinical setting:
In complete TGA:
Following atrial baffle procedures:
   1. SSFP cine images
    (a)  Contiguous oblique coronal views parallel to the SVC and 

IVC to evaluate systemic baffle function

(continued)
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13.5.2.1  Static Multislice SSFP in Axial, Coronal, 
and Sagittal Planes Covering 
the Whole Chest

Images obtained in the three anatomical reference planes 
allow for localization of structures and can be used to pre-
scribe further images. A series of ECG-gated, breath-held 
axial, coronal, and sagittal images with close spacing of 
slices covering the entire thorax (slice thickness of 5  mm 
obtained every 3–5  mm, for example) provides sufficient 
detail to identify the relationship of the great vessels and to 
determine abdominal visceral situs. As an alternative to 
steady state free precession (SSFP) sequences, some centers 
prefer to use dark blood techniques for these images.

13.5.2.2  SSFP Cine Images
Cine images using SSFP-based sequences will typically be 
obtained in more than one imaging plane to sufficiently 
delineate the complex anatomy of TGA syndromes. Cine 
images are ECG-gated and should ideally be breath-held, 
except in the assessment of ventricular interdependence.

Complete TGA Following Atrial Baffle Operation
Contiguous, axial, or parallel four-chamber cine stacks from 
the aortic arch to the lower heart border provide information 
on ventricular function, systemic atrioventricular valve 
 competence, and venous and arterial anatomy (Figs.  13.7 

Table 13.2 (continued)

    (b)  Contiguous oblique sagittal views through the pulmonary 
baffle

   2. Phase contrast velocity-encoded cines
    (a)  In-plane images (breath-held) in regions of suspected 

narrowing or flow acceleration on SSFP images, initial 
VENC of 100 cm/s is appropriate for baffle evaluation

    (b)  Through-plane images (breath-held) to transect regions of 
suspected flow acceleration, increasing VENC by 50 cm/s 
until aliasing disappears (for peak velocity assessment)

    (c)  If shunt or baffle leak suspected: Through-plane systemic 
and pulmonary flow (free breathing) assessments for shunt 
fraction quantification. Systemic flow obtained with 
through-plane images above the sinotubular junction. 
Pulmonary flow obtained with through-plane images 
transecting the main pulmonary artery

Following Rastelli operation:
   1. SSFP cine images
    (a)  Contiguous oblique coronal and sagittal images parallel to 

the outflow tracts (parallel left and right ventricular outflow 
tract views)

    (b)  Cine of the prosthetic valve within the RVOT conduit is 
obtained orthogonal to the RVOT views

   2. Phase contrast velocity-encoded cines
    (a)  If residual VSD or other shunt is suspected, free breathing 

systemic and pulmonary flow images are obtained for shunt 
fraction quantification as described above

    (b)  If flow acceleration is suspected in the right ventricular 
outflow tract or pulmonary arteries from in-plane LVOT & 
RVOT images, then through-plane images are acquired 
oriented to transect confirmed flow accelerations. Initial 
VENC of 200 cm/s is appropriate for arterial flows, 
increasing by 50 cm/s until aliasing disappears

Following arterial switch procedure:
   1. Phase contrast velocity-encoded cines
    (a)  In-plane images of the aortic root, main pulmonary artery 

and branch pulmonary arteries
    (b)  Through-plane images to transect regions of flow 

acceleration on in-plane images
   2.  Isotropic respiratory-navigated three-dimensional SSFP 

coronary MRA to evaluate proximal vessels
   3.  Pharmacologic stress testing with myocardial perfusion 

imaging, if ischemia suspected
Stress and resting first-pass perfusion imaging obtained in 
representative basal, mid, and apical short-axis slices
In unoperated congenitally corrected TGA:
   1. SSFP cine images
    (a)  Contiguous coronal SSFP cine stack from anterior chest 

wall through descending aorta to delineate the relationship 
of the great vessels

   2. Phase contrast velocity-encoded cines
    (a)  In-plane images in regions of suspected VSD or stenosis on 

SSFP images
    (b)  If VSD is present, through-plane systemic and pulmonary 

flow assessments for shunt fraction quantification as 
described above

   3.  If VSD suspected, GRE cine images with saturation bands can 
be helpful to localize VSD and characterize direction of jet. 
Care must be taken to orient saturation band to cover just one 
side of the heart

Fig. 13.7 Complete transposition of the great arteries following atrial 
baffle procedure. Still frame of an axial SSFP cine showing the sys-
temic baffle to the left ventricle. The asterisk is located in the conflu-
ence of the superior and inferior limbs, which attach to the superior and 
inferior vena cavae, respectively (anastomoses not shown). The waist of 
the systemic baffle attaches to the mitral valve annulus
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Fig. 13.8 Complete transposition of the great arteries following atrial 
baffle procedure. Still frame of a four chamber SSFP cine loop through 
the pulmonary baffle. Pulmonary veins can be seen draining into the 
posterior portion of the atrium, then through the pulmonary baffle 
(asterisk) to enter into the systemic right ventricle. The tricuspid valve 
is typically dysmorphic and is prone to regurgitation (arrow)

and 13.8; Movies 13.1 and 13.2). From these images or from 
the axial static SSFP images, oblique coronal SSFP cines 
may be obtained to evaluate baffle function. These should be 
oriented parallel to the SVC and IVC planes. A contiguous 
stack of straight coronal and/or sagittal cines is an alternative 
initial approach [14, 15]. In the majority of cases, oblique 
sagittal or oblique coronal views optimally visualize the full 
extent of the systemic venous baffle, with double oblique 
views less frequently required, whereas axial or oblique cor-
onal views are best for the pulmonary venous pathway [16]. 
A short-axis stack should be obtained for quantification of 
the systolic function and chamber dimensions of the sys-
temic RV. Short-axis slices are usually obtained with a 7 mm 
slice thickness and a 3 mm inter-slice gap such that 10 short-
axis slices can be obtained through the ventricle from base to 
apex. Left ventricular (LV) outflow tract cines should be 
obtained for evaluation of subpulmonic stenosis. Additional 
cine views include the two-chamber/vertical long-axis and 
right ventricular outflow tract cines for further qualitative 
assessment of ventricular and valvular function.

Complete TGA Following Rastelli Operation
As the pertinent postsurgical anatomy following the Rastelli 
operation is around the outflow tracts and pulmonary arter-
ies, pulmonary artery cines to evaluate for stenosis in axial 
plane usually replace the oblique coronal cines. Each of the 
branch pulmonary arteries should have cine images pre-
scribed parallel to blood flow and orthogonal to the axial 
scouts or cines. Pulmonary artery bifurcation is usually seen 

on axial cine. Cine of the prosthetic valve within the right 
ventricular outflow tract (RVOT) conduit should be obtained 
orthogonal to the RVOT views. More than one RVOT view 
(parallel RVOT views) may be needed to evaluate the RV to 
main pulmonary artery conduit (Movie 13.3). Similarly, par-
allel views may be needed to evaluate the left ventricular out-
flow tract (LVOT) as it tunnels through the repaired VSD 
(Movie 13.4). Contiguous parallel four-chamber or axial 
cine stacks can assess qualitative evaluation of ventricular 
function and evaluate for residual VSD. The long-axis views 
and short-axis stack are obtained as above.

Complete TGA Following Arterial Switch Operation
Cine views should be obtained in several imaging planes, 
focusing primarily on the outflow tracts, neo-aortic root and 
pulmonary arteries. Contiguous axial cine stacks from the 
lower heart border or mid-ventricle to the aortic arch, paral-
lel three-chamber (LVOT) cines, and parallel RVOT cines 
allow for dynamic assessment surrounding the sites of surgi-
cal anastomoses. A cine view of the bifurcation of the main 
pulmonary artery should be obtained. Aortic valve cine 
should be obtained parallel to the aortic cusps to evaluate 
morphology. Assessment of ventricular function is obtained 
from short-axis cine stack and two- and four-chamber views. 
A contiguous parallel coronal cine stack from the posterior 
aspect of the sternum through the descending aorta is also 
recommended by some [17].

Congenitally Corrected TGA
The typical individual long-axis cines (two-, three-, and four-
chamber) and short-axis cine stack should be obtained for 
qualitative and quantitative left ventricular function. Cines in 
a coronal orientation can demonstrate the parallel arrange-
ment of the great vessels and provide additional information 
on semilunar valve function. A contiguous stack of cines ori-
ented perpendicular to the line of coaptation of this valve can 
assess valvular morphology. Additional contiguous axial or 
parallel four-chamber cine stacks allow for assessing regurgi-
tation and for the presence of an associated ventricular septal 
defect. Coverage should extend through the outflow tracts, as 
most VSDs in congenitally corrected TGA are perimembra-
nous. Right-sided outflow tract and pulmonary artery cines 
are also indicated given the frequency with which pulmonic 
stenosis and subpulmonic obstructions are associated.

13.5.2.3  Phase Contrast (Velocity-Encoding) 
Imaging

Estimating Stenosis Severity
Volumetric coverage with SSFP cine images in more than 
one imaging plane allows for identification of regions of flow 
acceleration and anatomic narrowing and guides the acquisi-
tion of phase contrast imaging. This is particularly useful in 
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exploring baffle stenosis, although other areas of flow accel-
eration may include the subpulmonic outflow tract, main 
pulmonary artery, branch pulmonary arteries, or along the 
ventricular septum at the site of a residual or unrecognized 
VSD. In-plane velocity-encoded images, with the frequency 
encoding direction parallel to the jet or blood flow, can help 
to further localize the jet envelopes if not well seen on SSFP 
images.

Through-plane phase contrast images should be obtained 
in a plane perpendicular to the jet or blood flow near the ori-
fice. An initial velocity encoding (VENC) level of 100 cm/s 
is appropriate for evaluating baffles, increased in increments 
of 50  cm/s if aliasing exists. The estimated peak gradient 
across the defect, obtained using the modified Bernoulli’s 
equation, will not exceed 4 × (VENC)2 where the VENC is 
the level at which aliasing disappears. Flow curves in combi-
nation with peak velocity can provide additional useful 
information for estimating stenosis severity (Table 13.3).

These criteria must be interpreted in the clinical context.
For interrogating arterial or outflow tract stenosis, in- 

plane followed by through-plane phase contrast imaging 
with an initial VENC level of 200 cm/s is appropriate. Further 
characterization of gradients follows principles outlined 
above; perpendicularly transect the jet near the orifice and 
increase the VENC level on subsequent acquisitions if 
needed until aliasing disappears. In-plane and through-plane 
phase contrast imaging can be attempted for the valved con-
duit to assess for stenosis in patients with prior Rastelli oper-
ations; however susceptibility artifacts may compromise 
interpretation when stented bioprosthetic valves are used.

Flow Quantification
The ratio of pulmonary to systemic blood flow (Qp/Qs) is an 
important indicator of the need for surgical intervention in 
patients with TGA as in other conditions. An abnormal Qp/
Qs may elucidate a need for further imaging for a VSD or 
baffle leak. A Qp/Qs of 1.5:1 or greater is an indication for 
repair of a baffle leak [4, 9, 11, 18]. Slice prescriptions for 
assessing pulmonary flows can be based on RVOT or pulmo-
nary artery images and should be a cross section of the main 
pulmonary artery between the pulmonic valve and the bifur-
cation. Aortic flow measurement is obtained as a cross sec-

tion of the aorta above the sinotubular junction and can be 
prescribed from coronal views. Flow quantification measure-
ments are usually non-breath-held, ECG-gated acquisitions 
with an initial velocity encoding (VENC) value in the 
through plane between 150 and 200 cm/s. Quantitative flows 
through the great vessels also provide estimates of regurgi-
tant volumes across the semilunar valves. Subtracting stroke 
volume assessed by phase contrast from the stroke volume 
obtained by volumetric assessment of ventricular size pro-
vides another means of calculating atrioventricular valve 
regurgitant volumes and fractions.

13.5.2.4  Contrast Angiography (MRA)
Contrast-enhanced MRA can provide a qualitative, three- 
dimensional overview of complex anatomy. Contrast- 
enhanced MRA acquisitions are usually bolus-timed to study 
specific anatomy. This technique is useful in the evaluation 
of main or branch pulmonary artery stenosis following arte-
rial switch procedures or in the setting of congenitally cor-
rected TGA.  Dynamic angiography, or three-dimensional 
time-resolved contrast-enhanced MRA, is a three- 
dimensional fast gradient echo sequence obtained once pre-
contrast then repeated successively about every 5  s (high 
temporal resolution) during contrast administration. Since 
successive images are acquired as the contrast bolus moves 
through the circulation, it is potentially useful to detect shunt 
and baffle stenosis. However, mild stenosis may be missed 
by dynamic angiography, and thus it is probably best used as 
an adjunct to other imaging sequences [15].

13.5.2.5  Noncontrast Angiography
Three-dimensional noncontrast MRA is acquired with a 
bright blood SSFP-based sequence that is diaphragm- 
navigated and ECG-gated. The standard acquisition window 
covers the entire heart and mediastinum. It requires no breath 
holding or gadolinium contrast, but acquisition times are 
lengthy. There is potential utility in the assessment of all 
transposition syndromes. Since it is ECG-gated, it is more 
useful for measurements of the aortic root than non ECG- 
gated contrast-enhanced MRA and should be considered for 
follow-up evaluations of patients after arterial switch proce-
dures. It can be helpful in the assessment of pulmonary artery 
stenosis. While it can also be useful for assessing baffles, 
care must be taken to position the diaphragm navigator such 
that the saturation effect of the navigator band does not inter-
fere with signal in the pulmonary venous pathways.

By including fat saturation, noncontrast diaphragm- 
navigated three-dimensional acquisitions can also be 
modified for coronary angiography to assess for anoma-
lies of coronary origins and potentially rule out proximal 
stenoses or kinking in patients following arterial switch 
procedures [19].

Table 13.3 Estimating severity of baffle stenosis by characteristics of 
velocity-encoding images when anatomic narrowing is also present 
[15]

Estimated 
severity Flow curve

Peak velocity 
(m/s)

Mild Pulsatile, peaking in early 
diastole

<1

Moderate Pulsatile 1–1.5
Severe Damped curve, continuous 

flow
>1.5
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13.5.2.6  Late Gadolinium Enhancement (LGE)
LGE has been evaluated in limited numbers of patients with 
transposition syndromes, and the significance of the finding 
in this population is debated [19, 20, 21]. Nonetheless, in 
patients who are receiving gadolinium-based contrast for 
other imaging sequences such as contrast MRA, LGE images 
should be obtained in the short- and long-axis orientations 
used for SSFP cine images. In patients with prior arterial 
switch procedures in whom coronary ostial narrowing and 
coronary kinking is a potential late complication, LGE may 
have some clinical utility. In one small series, LGE was seen 
in 2 out of 16 pediatric patients who had prior arterial switch 
procedures. However, both of these patients had previously 
known or suspected peri-surgical myocardial infarctions, so 
it is unclear how LGE findings affected patient management 
[19]. The prognostic utility of LGE in patients with transpo-
sition syndromes needs further study.

13.5.2.7  Stress Myocardial Perfusion Imaging
First-pass myocardial perfusion imaging has established effi-
cacy in patients being evaluated for atherosclerotic coronary 
artery disease. Typical protocols use vasodilator medications 
(regadenoson, adenosine, and dipyridamole) for stress imag-
ing. SSFP, echo planar, and FLASH imaging sequences have 
been used. Stress and rest cine acquisitions are obtained in 
three representative short-axis slices (base, mid, and apex); 
gadolinium contrast is infused during both acquisitions. 
CMR stress protocols may be reasonable alternatives to 
nuclear stress testing in order to avoid repetitive radiation 
exposures over long-term follow-up [22].

13.5.3  CMR Findings

Abnormalities of atrio-visceral situs and ventricular orienta-
tion should be assessed in all patients with transposition syn-
dromes (Figs.  13.9 and 13.10). Regurgitation of 
atrioventricular valves is common, more so when the mor-
phologic RV is the systemic ventricle.

13.5.3.1  Congenitally Corrected TGA: 
Unoperated

The trabecular pattern and position of the atrioventricular 
valve are features which help to distinguish the morpho-
logic right from left ventricle. The morphologic RV has 
increased trabeculations. A moderator band may be visible. 
The tricuspid valve has a septal attachment that is apically 
displaced relative to the mitral valve, and the ventricles 
usually associate with their respective atrioventricular 
valve [2]. Fibrous continuity exists between the mitral 
valve and the semilunar valve in the morphologic left ven-
tricle but not RV.  Atrioventricular and semilunar valve 

Fig. 13.9 SSFP image of a patient with congenitally corrected trans-
position of the great arteries and dextrocardia. The systemic right ven-
tricle is posterior and is identified by its coarse trabecular pattern and its 
association with the morphologic tricuspid valve, demonstrated by the 
apical position of its septal attachment relative to the mitral valve 
(arrows)

Fig. 13.10 Coronal view of a patient with congenitally corrected 
transposition of the great arteries (TGA), dextrocardia, and situs inver-
sus. The outflow tracts are seen in a side-by-side configuration, which 
is typical in congenitally corrected TGA. Regurgitation is seen in the 
systemic semilunar (aortic) valve. The liver is seen on the left
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Fig. 13.11 Still frame of first-pass perfusion imaging in a parallel 
four-chamber orientation in patient with congenitally corrected TGA 
and situs inversus. Contrast enhancement of the nonsystemic ventricle 
outlines several non-enhancing masses consistent with thrombi along 
the base of the interventricular septum (arrows)

Fig. 13.12 Still frame of a coronal SSFP cine in a patient with com-
plete transposition of the great arteries following an atrial baffle proce-
dure. Anatomic narrowing of the inferior limb of the systemic baffle is 
seen (arrow) with concomitant dilation of the inferior vena cava (aster-
isk). LV, left ventricleregurgitation can be seen in many cases. By quantifying 

stroke volumes for both ventricles, the regurgitant fraction 
of a single regurgitant valve can be calculated by subtract-
ing the ventricular stroke volumes from one another, 
divided by the stroke volume of the regurgitant ventricle. 
The typical orientation of the outflow tracts in congenital 
TGA is side by side (Movie 13.5). When ventricular func-
tion is abnormal, perfusion imaging can demonstrate coex-
isting pathologies (Fig.  13.11; Movie 13.6). Other 
associated abnormalities include malformations of the sys-
temic atrioventricular valve, ventricular septal defect, left 
ventricular outflow tract obstruction, and pulmonic stenosis 
(Movie 13.7). Abnormalities of coronary origin and course 
can also be seen.

13.5.3.2  Complete TGA: Unrepaired
Patients with complete TGA present early in infancy, and the 
role of CMR in these patients is limited. Echocardiography 
is the main modality for evaluating these patients. The major-
ity of newly diagnosed patients will undergo arterial switch 
procedures; however many adult patients will have under-
gone atrial switch operations.

13.5.3.3  Complete TGA Following Atrial Baffle 
Operations

Baffle leaks, fenestrations, or stenosis can be identified by 
flow artifact on SSFP images or by anatomic narrowing on 
three-dimensional imaging and confirmed with velocity- 
encoded images [8, 16]. While there is no standard definition 
of baffle stenosis, an internal dimension of <10 mm in either 
major or minor axis has been used by some to define ana-

tomic narrowing [8] (Fig.  13.12). If present this finding 
should prompt further investigation to determine hemody-
namic significance, such as azygous vein dilation >5 mm or 
flow reversal in the azygous system on axial images 
(Fig. 13.13). The typical arrangement of the aorta is anterior 
and to the right of the pulmonary artery in patients with com-
plete TGA (D-TGA).

13.5.3.4  Complete TGA Following Rastelli 
Operation

The course of the left ventricular outflow tract as it passes 
from the posterior morphologic left ventricle to the anteri-
orly displaced aortic valve can be traced (Fig. 13.14a). The 
left ventricular outflow tract may be stenotic. Residual VSD 
can be seen along the VSD patch/conduit. The RVOT con-
duit (Fig. 13.14b) can be incompetent, stenotic, or aneurys-
mal. The native pulmonic valve may be present, or a valved 
conduit may have been used.

13.5.3.5  Complete TGA Following Arterial 
Switch Operation

During the arterial switch operation, the pulmonary artery is 
moved anterior to the aorta. In this position, the pulmonary 
arteries can be especially susceptible to obstruction, espe-
cially when there is enlargement of the neo-aortic root. The 
morphologic pulmonic valve remains attached to the left 
ventricle and therefore is vulnerable to regurgitation. 
Occasionally, stenosis of the coronary arteries or coronary 
kinking may be suspected by MRA.
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a b

Fig. 13.13 Baffle stenosis in a patient with complete transposition of the great arteries. Axial black blood image (a) and coronal SSFP image (b) 
demonstrate a dilated azygous vein (arrows), suggesting baffle stenosis

ba

Fig. 13.14 SSFP images in a patient with complete transposition of 
the great arteries following a Rastelli operation. (a) The left ventricular 
outflow tract courses through a patched ventricular septal defect (LV 

indicates left ventricle). (b) The right ventricular outflow tract is formed 
by a conduit from the right ventricle (RV) to the main pulmonary artery
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13.6  Discussion

While CMR has been considered adjunctive to echocardiog-
raphy in the evaluation of transposition syndromes according 
to society guidelines [9, 11, 17], a more central role of CMR 
in the management of congenital heart disease is rapidly 
evolving. This is illustrated by the change in the European 
Society of Cardiology (ESC) guidelines for management of 
grown-up congenital heart patients from 2003 to 2010. The 
2003 ESC guidelines indicate that CMR is “rarely required if 
transesophageal echocardiography is available” in the evalu-
ation of complete transposition following atrial baffle proce-
dure [23]. In 2010, the ECS became the first major society to 
issue separate guidelines specific to the use of CMR in adults 
with congenital heart disease. In these guidelines, CMR 
should be employed in scenarios when it “usually informs 
management more effectively” such as in the evaluation of 
systemic and pulmonary veins, quantification of RV volumes 
and ejection fraction, shunt quantification, conduit function, 
and evaluation of the great vessels [17].

Echocardiography has several advantages relative to 
CMR, chiefly that it is portable, readily available, and inex-
pensive. While availability is sometimes cited as an advan-
tage of echocardiography relative to CMR, all patients with 
transposition syndromes should be followed at specialized 
centers, where CMR should also be available [9]. Periodic 
echocardiographic surveillance of systemic right ventricular 
function is a Class I indication by current ACC/AHA guide-
lines, generally every 1–2 years [9, 24]. At least one institu-
tion has implemented a combined approach to longitudinal 
monitoring of patients after atrial baffle procedures, using 
transthoracic echocardiography (TTE) routinely but with CT 
or MRI every 4–5 years adjunctively [8]. When initial TTE 
windows are suboptimal, echo contrast with either micro-
bubbles or agitated saline can be employed, or the patient 
can be referred for further imaging with either transesopha-
geal echocardiography (TEE), CMR, or CT.  There are no 
published data comparing efficacy or accuracy of TEE to 
CMR or CT to CMR in the management of transposition 
syndromes. The decision as to which modality to use when 
questions remain after TTE depends upon clinical setting 
and the discretion of the clinician.

CMR has been the gold standard in assessing ejection 
fraction in patients with systemic right ventricles in several 
studies. Accurate measurement of ventricular function is 
especially critical in patients with systemic right ventricles, 
as deterioration in function is a major source of morbidity 
and mortality. Echocardiography-derived measures of myo-
cardial function, including myocardial performance index 
[25] and global longitudinal strain rate [26], correlate with 
right ventricular ejection fraction as assessed by CMR in 
patients with systemic right ventricles. However, it is not 

clear that this offers more prognostic information than ejec-
tion fraction alone. TTE derived parameters have shown 
mixed efficacy to directly predict surrogates of clinical con-
dition. While tricuspid annular peak systolic excursion and a 
qualitative assessment of global systemic right ventricular 
systolic function by TTE correlate with NYHA class, maxi-
mal exercise capacity and NT-proBNP levels, parameters 
such as peak systolic velocity, tissue Doppler-derived strain, 
and diastolic parameters did not [27].

There are important limitations to echocardiography. 
CMR is regarded to be superior to TTE and TEE in the 
assessment of great arteries and veins [9] and in the quantifi-
cation of ventricular masses and volumes [18]. Inadequate 
sonographic windows have often been cited as a major limi-
tation of TTE, but it is difficult to determine how often this is 
the case. One prospective study of echocardiography in adult 
patients with systemic RVs excluded 8% of their initial sam-
ple because of inadequate transthoracic windows [27]. A ret-
rospective study of 12 patients with prior atrial baffle 
procedures demonstrated limitations to viewing systemic 
baffles by TTE in most patients studied: there was inade-
quate visualization of the common baffle in 4 patients (33%), 
of the SVC limb in 7 patients (58%), and of the IVC limb in 
8 patients (67%) [28]. Finally, TTE with Doppler has been 
shown to be inferior to a combination of other modalities 
(75% CMR, 15% CT, 10% invasive) in detecting superior 
limb baffle stenosis, but the reasons for this discrepancy 
were not stated [8]. TEE was not performed in any of these 
studies, however.

Noninvasive CT coronary angiography may have an 
expanding role in imaging patients with complete TGA 
treated by arterial switch operations. Many of the patients 
treated with arterial switch operations are now adults, in 
whom assessment of coronary artery patency is warranted 
[9]. MRA of coronary arteries can be challenging and is gen-
erally best suited for evaluation of proximal vessels and 
anomalies of coronary origins. Given its high negative pre-
dictive value, CT coronary angiography is an attractive alter-
native to invasive catheterization in patients who are 
otherwise low atherosclerotic risk and asymptomatic. Like 
CMR, it has the advantage of unhindered anatomic assess-
ment of the great vessels and venous anatomy. Assessments 
of baffle leaks and baffle stenosis are also possible by CT 
angiography [8, 10]. However, CT may not be suitable for 
lifelong surveillance of congenital heart disease patients due 
to radiation effects.

13.6.1  Areas of Emerging Data

Patients with systemic RVs who are asymptomatic by self- 
report often have dramatically decreased peak oxygen con-
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sumption and exercise tolerance, so clinical condition can be 
difficult to judge by history alone. Several studies have used 
dobutamine stress CMR protocols to unmask subclinical 
defects in patients with systemic RVs. The prognostic utility 
of such studies has not been well described, however. 
Additionally, abnormal resting blood flow distribution in the 
main and branch pulmonary arteries as measured by CMR 
has been found to correlate with poor cardiopulmonary 
response to exercise. The two exams have complementary 
information that may help to decide functional significance 
of stenoses in pulmonary arteries [29].

13.7  Limitations and Common Pitfalls

The frequency of contraindications to CMR is difficult to 
determine in patients with transposition syndromes. Long- 
term follow-up of patients with prior atrial switch procedures 
indicates that around a third of patients will require perma-
nent pacemaker implantation, most as adults [7]. In congeni-
tally corrected patients, ∼2% per year will develop 
atrioventricular node dysfunction [2]; presumably a large 
fraction of those patients will require pacemaker implanta-
tion. Presence of pacemaker is not a contraindication for 
CMR; however device-related artifacts may affect adequate 
visualization of cardiac structures. One study of systemic 
right ventricular function excluded 34% of enrolled patients 
from CMR analysis for unstated reasons. Furthermore, atrial 
dysrhythmias are common and may complicate ECG gating 
and image quality.

Evaluation for baffle leaks requires care and an under-
standing of phase contrast techniques, but reliance on one 
CMR method of assessing baffle function is not recom-
mended. Atrial baffles generally have fairly low-pressure 
gradients, and care must be taken in selecting the VENC 
settings. Unrestricted baffle leaks may be missed if they 
generate too little turbulence and therefore dephasing to be 
identified on SSFP cine images. Reversal of azygous vein 
flow was only present in 53% of patients with hemodynam-
ically significant SVC baffle stenosis in one cohort [8]. 
Mild baffle stenosis is less well characterized by contrast 
MRA compared to the reference standard phase contrast 
mapping [15]. Similarly, while navigated 3D SSFP noncon-
trast MRA may be useful for assessing baffles, the satura-
tion effect of the navigator band can potentially decrease 
signal in the pulmonary venous pathways. None of these 
techniques have been extensively evaluated against inva-
sive methods.

Finally, for quantification of volumes and mass in the sys-
temic right ventricular, extensive trabeculations may compli-
cate delineation of muscle from cavity and therefore 
potentially decrease reproducibility and accuracy.

13.8  Conclusion

Transposition of the great arteries (TGA) refers to ventricu-
loarterial discordance and encompasses two distinct enti-
ties, complete TGA and congenitally corrected 
TGA. Whereas the former is usually associated with cyano-
sis and therefore nearly always identified and surgically cor-
rected in infancy, the latter may not be diagnosed until 
adulthood. Associated cardiac anomalies are common, but 
syndromic associations are absent. Three surgical proce-
dures are commonly performed to correct complete TGA, 
and the method used informs the role of CMR in long-term 
follow-up. Periodic monitoring of systemic right ventricular 
function for patients with congenitally corrected TGA or 
complete TGA treated with atrial baffle procedures is 
required, with careful attention to the severity of regurgita-
tion of the systemic atrioventricular valve. Stenosis or 
obstructions in the subpulmonic outflow tract through the 
branch pulmonary arteries can be seen in any form of TGA, 
but is especially common following arterial switch opera-
tions. CMR is especially useful following atrial baffle 
repairs and Rastelli procedures, where the complex, dis-
torted anatomy can be especially challenging to evaluate by 
echocardiography. CMR exam should be performed under 
supervision of a physician familiar with imaging and inter-
pretation of congenital heart disease in both preoperative 
and postoperative settings.

Practical Pearls
• Consider the diagnosis of congenitally corrected TGA in 

the presence of dextrocardia with situs solitus.
• For the postsurgical patient, knowledge of the type of 

prior surgical procedures performed is critical to the 
imaging assessment.

• Multiple breath-held sequences can be fatiguing, espe-
cially in patients who often have some degree of exercise 
intolerance or systolic function. The choice of which cine 
slice orientations to obtain first should be tailored to 
address the most pressing indication for a CMR study. For 
example, if systolic function is paramount, short-axis cine 
stacks should be acquired early, whereas if a baffle steno-
sis is likely, coronal and axial stacks should be 
prioritized.

• Azygous vein enlargement (>5 mm) and flow reversal can 
be clues to the presence of baffle stenosis. Flow reversal 
indicates a superior baffle or vena cava obstruction. These 
determinations usually do not require separate acquisi-
tions as the azygous vein is frequently well seen on axial 
localizers and Qs phase contrast images.

• Aortic root measurements require ECG-gated imaging 
with either cine or 3D MRA protocols, for example fol-
lowing arterial switch operations.
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14Aortic Anomalies

Sylvia S. M. Chen and Raad H. Mohiaddin

14.1  Introduction

Aortic congenital anomalies are common and comprised of a 
heterogenous group of conditions that may be due to either 
embryological or vessel wall architectural defects. Imaging 
is crucial for diagnosis, management, follow-up, and reas-
sessment after intervention of these conditions. 
Cardiovascular magnetic resonance (CMR) is a valuable 
noninvasive imaging method for providing detailed anatomi-
cal, functional, and hemodynamic information on a wide 
spectrum of aortic anomalies and intra- and extracardiac 
associated abnormalities. The technique is radiation free and 
is ideally suited for diagnoses as well as serial follow-up pre 
and post-interventions such as a dilated aortic root in Marfan 
syndrome and aortic coarctation. This chapter reviews the 
role of CMR in the management of a wide spectrum of con-
genital aortic anomalies and provides CMR scanning proto-
cols and clinical reporting of the anomalies both in the native 
and post-repair states.

14.2  Aortic Anomalies

Aortic anomalies consist of a spectrum of conditions. The 
anomalies are usually due to abnormality either in embryo-
logical development or in the architecture of the vessel wall. 
Abnormal persistence or regression of the branchial arches 
during embryogenesis, for example, may result in a double 
aortic arch and vascular ring [1]. Architectural defects due to 
genetic mutations such as Marfan syndrome [2] or biochemi-
cal derangements as seen in the aortic matrix in the context 
of a bicuspid aortic valve [3] may result in aortic aneurysms 
that are susceptible to dissection or rupture. These aortic 
abnormalities may be associated with other cardiac defects 
that may also require treatment and follow-up.

Diagnosis, instigation of treatment, and subsequent fol-
low- up are therefore crucial. Definition of the anatomy is 
needed for diagnosis of the abnormality and its hemody-
namic effects, its relationship to its surrounding structures, 
and its associated cardiac anomalies. An important compo-
nent of assessment is the impact of the anomaly on the heart. 
For example, what is the severity and therefore effect of 
coarctation of the aorta (CoA) on the heart? Is there left ven-
tricular hypertrophy and left ventricular impairment, or is the 
dilated aortic root in Marfan syndrome causing aortic regur-
gitation? Detailed structural and functional information is 
vital not only for diagnosis but to help guide management 
decisions, feasibility of a particular type of intervention, and 
in the post-repair phase, follow-up for residual defects, com-
plications of repair, and recurrent disease.

14.2.1  CMR and Other Imaging Modalities 
for Aortic Anomaly Assessment

High-quality and informative imaging is a valuable part of 
the process of diagnosis and management and can be pro-
vided easily by CMR [4]. Traditionally, chest X-ray (although 
rarely used for diagnosis alone), cardiac catheterization, and 
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echocardiography were used to image the aorta. More 
recently, cardiac CT angiography (CTA) has become more 
available and is very useful for assessing the aorta.

CMR is perhaps the most ideal imaging technique as it is 
able to provide high-quality and detailed examination of the 
anatomy and function of the entire aorta, its branches, rela-
tionship to the surrounding mediastinal structures, and asso-
ciated anomalies. It is noninvasive and does not use radiation 
or iodinated contrast agents, both of which are ideal attri-
butes for serial follow-up. Its ability to image in multiple 
planes is an advantage as it allows accurately aligned images 
to be obtained and therefore accurate depiction of the anom-
aly. The duration of study time is longer compared to other 
modalities but may be shortened if the operator is experi-
enced. The main contraindications for CMR are the presence 
of metallic devices, i.e., drug infusion pump, non-MRI- 
compatible devices including defibrillators, permanent 
 pacemakers, and biventricular pacing for cardiac resynchro-
nization therapy or other metallic objects in particular 
regions of the body such as the eye. Several reports have 
described feasibility of safely performing CMR in selected 
patients with non- MRI conditional pacemakers and defibril-
lators. MRI conditional pacemaker and defibrillator models 
are also clinically available, and patients with these devices 
may be able to undergo routine CMR. Other potential diffi-
culties may be overcome. Claustrophobia may be helped by 
using partial sedation or alternative positioning, for example, 
entering the scanner feet first or using glasses that reflect out 
toward the control room. Careful counselling prior to scan-
ning can be very valuable in alleviating anxiety. Similarly in 
our experience, children excluding the very young (<4 years 
old) may undergo CMR study without sedation or anesthesia 
if they and their parents have been well prepared and coun-
selled prior to study. Play therapists are extremely useful in 
the preparation including venous cannulation of these chil-
dren. In the presence of impaired renal function or if venous 
cannulation was not possible, imaging that usually requires 
contrast agent enhancement such as angiography may be 
done using an alternative CMR sequence, 3D whole heart 
balanced steady-state precession with fat suppression (3D 
whole heart), done without the use of contrast agents.

In comparison, apart from echocardiography, other imag-
ing modalities usually have the disadvantages of the need to 
use radiation and iodinated contrast agents and/or are inva-
sive. These modalities are:

• Chest X-ray: It is easily available and quick to perform. 
Widening of the mediastinum raises the suspicion of aor-
tic dilatation and evidence of a CoA by the presence of rib 
notching or the “3 sign,” which is the silhouette formed 
by a dilated left subclavian artery above, and dilated distal 
descending aorta below the level of CoA [5] may be 
detected. However, specific diagnosis and detailed exami-

nation of all the various anomalies or serial follow-up of 
an enlarging aneurysm cannot be achieved using X-ray 
alone.

• Cardiac catheterization and aortography: Aortography 
allows examination of the structure and size of the tho-
racic aorta and its branches. Cardiac catheterization’s 
particular advantage over CMR and the other modalities 
is its ability to provide information of pressure gradients 
crucial, for example, in CoA. It also allows the opportu-
nity to intervene at the same time if appropriate, for 
example, closing a patent ductus arteriosus (PDA) or 
stent implantation for CoA. However, although the coro-
nary anatomy can be examined, other associated anoma-
lies may not be easy to assess. Furthermore, it is invasive 
and may have complications of vascular injury, inducing 
ventricular arrhythmia, stroke, or distal embolization 
and ideally should not be used alone for serial 
follow-up.

• CTA: It is a quick study compared to CMR and therefore 
more suitable in acute settings such as aortic dissection 
and for children who may tolerate a short period of time 
in a CT scanner, but not the longer duration required to 
perform a CMR study. CTA is useful as an alternative to 
CMR for patients with non-MRI-compatible pacemakers. 
As with CMR, CTA is able to provide detailed structural 
information of the aorta, its branches, its relationship to 
other structures in the mediastinum, other coexisting car-
diac anomalies, and the size and location of the defects. 
Compared to CMR, CTA is better in the assessment of the 
coronary arteries and their course and lumen, in identify-
ing calcification which can be a useful tool in assessing, 
for example, a PDA prior to surgery [6, 7], and when 
studying the integrity of an aortic stent which has the 
potential to cause metallic artifacts on CMR. CTA, how-
ever, is not the ideal modality for serial follow-up for con-
ditions such as aortic aneurysm because of the risk of 
complications from accumulative doses of radiation and 
iodinated contrast agents. Radiation may be reduced 
using prospective ECG-gated imaging which is good for 
structural assessment but not for functional analysis of the 
ventricles and valves, which may also be abnormal in aor-
tic anomalies. Retrospective ECG-gating, with higher 
doses of radiation, must be used instead. The temporal 
resolution achieved using retrospective ECG-gating, 
however, is less than CMR, and therefore ventricular vol-
ume and function assessment is inferior in comparison 
[8].

• Echocardiography: As with CMR, it is noninvasive, does 
not use radiation, and is highly informative on anatomy 
and function. It is more widely available and has a shorter 
duration of study time, and bedside imaging is possible 
using portable machines and should be used in most 
instances, as the first imaging modality of choice for diag-
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nosis and follow-up. Estimation of pulmonary vascular 
and right ventricular systolic pressure relevant in PDA 
assessment, for example, can be done on echocardiogra-
phy but not easily on CMR. However, compared to CMR, 
good-quality imaging is dependent on an adequate echo-
cardiographic window, patient’s body habitus, and 
 presence of lung disease such as asthma. The aorta is not 
easily visualized in its entirety and especially in an adult. 
Detailed examination of aneurysms or stenosis in the arch 
or proximal descending aorta and arch vessel anomalies 
cannot be done easily on echo, but excellent imaging of 
these regions can be achieved using 
CMR. Echocardiography is limited also in its ability to 
assess aortic dissection and rupture. Similarly, the pulmo-
nary artery and its branches are best assessed by 
CMR.  Transesophageal echocardiography can provide 
more detailed examination compared to transthoracic 
echocardiography but is semi- invasive and require at least 
partial sedation.

14.2.2  Indications and Goals for CMR Imaging

CMR is indicated for diagnosis, planning management strat-
egies, serial follow-up for progression of disease or the 
development of complications, and reassessment after inter-
vention. Imaging has to demonstrate the anatomy and func-
tional significance of the anomaly and be precise in the 
alignment of the imaging planes so that measurements of 
aortic dimensions including aneurysms and stenosis may be 
as accurate as possible and reproducible in subsequent 
repeated studies for follow-up. Assessment for associated 
anomalies and cardiac function must also be performed.

14.2.3  CMR Assessment of the Aorta

A suggested protocol (to be altered accordingly to suit the 
particular condition under assessment) is tabulated on 
Table 14.1.

14.2.3.1  Anatomical Imaging

• The aorta may be examined using any or all of the 
sequences in the suggested protocol. The entire aorta is 
imaged, from the left ventricular outflow tract to the 
descending aorta at diaphragm level. A cross-sectional 
plane through the aortic valve for valve morphology is 
also recommended. The “hockey stick” or “candy cane” 
image of the aorta (Fig. 14.1a) gives an overview of the 
aorta but may not necessarily be completely aligned in all 
the segments of the aorta as the aorta is rarely in one 
plane. Therefore, separate specifically aligned images to 

Table 14.1 Suggested CMR protocol

Sequences Parameters
Localizers: true fast imaging 
with steady-state precession

TR 337.1, TE 1.16, slice thickness 
8 mm, matrix 2.4 × 1.6 mm

Half-Fourier acquisition 
single-shot turbo spin echo 
(HASTE) multislice imaging in 
a transverse orientation

TR 700, TE 42, slice thickness 
6 mm, matrix 2.3 × 1.3 mm

Steady-state free precession 
(SSFP) multislice imaging in 
the transverse, coronal, and 
sagittal oblique orientations

TR 292.2, TE 1.22, slice thickness 
6 mm, matrix 2.0 × 1.3 mm

SSFP cine imaging TR 40.2, TE 1.13, slice thickness 
7 mm, matrix 1.7 × 1.7 mm, 
temporal resolution 25 frames

Phase contrast flow and velocity 
quantification: in-plane and 
through-plane flow

In-plane: TR 61, TE 3.09, slice 
thickness 6 mm, matrix 
2.5 × 1.3 mm, temporal resolution 
20 frames
Through-plane: TR 60, TE 2.32, 
slice thickness 10 mm, matrix 
2.5 × 1.3 mm, temporal resolution 
20 frames

Turbo spin echo (TSE) imaging TR 700, TE 29, slice thickness 
6 mm, matrix 2.2 × 1.3 mm

Contrast-enhanced magnetic 
resonance angiography (MRA)

TR 2.85, TE 1.19, slice thickness 
1.3 mm, matrix 1.1 × 0.9 × 1.3 mm

3D whole heart balanced 
steady-state precession with fat 
suppression (3D whole heart)

TR 275.81, TE 1.63, slice 
thickness 1.5 mm, matrix 
1.5 × 1.0 × 1.0 mm

Fig. 14.1 Sites of aortic measurements: a = ascending aorta at the 
level of the pulmonary artery, or at its widest dimension if dilated; 
b = proximal arch just before the origin of the right brachiocephalic 
artery; c  =  mid aortic arch, between the origins of the left common 
carotid and subclavian arteries; d = distal arch; e = mid-descending tho-
racic aorta, between d and f; f = descending aorta at the diaphragm
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Fig. 14.2 (a) Two slice imaging without a gap transecting the aortic 
sinus at its widest dimension, in the sagittal and oblique coronal orien-
tations to obtain the image in (b–d). (b) Diastolic cusp-commissure 
measurements of the aortic root in its cross-sectional orientation. (c) 

Diastolic cusp-cusp measurements of the aortic root in its cross sectional 
orientation. (d) Diastolic cusp-cusp and cusp-commissure measure-
ments of the aortic root of a bicuspid aortic valve in its cross-sectional 
orientation

the aortic segments (ascending aorta, arch, and descend-
ing aorta) may be necessary for accurate assessment and 
measurement. Cross-sectional or orthogonal planes to the 
sites in Fig.  14.1a is recommended for more accurate 
measurements of aortic dimensions.

• Careful alignment of the imaging plane is crucial. The 
aorta is usually circular in the cross-sectional plane, and 
the most accurate measurement of aortic diameters is at 
its widest point, that is, through the middle of the vessel. 
Several orthogonal planes through the area of interest 
may be required to obtain the most accurately aligned 
imaging plane. This is particularly important for repeated 
studies over years, for patients with conditions such as 
CoA and aortic aneurysms with regular follow-up studies 
for disease progression. It is difficult to attribute differ-
ences in measurement as true changes in dimensions if 
the imaging planes are not exactly the same. This is par-
ticularly relevant and important to clinical management 
decisions with regard to reintervention as a result of the 

CMR study. It is recommended that previous studies 
should be available at the time of the present study and 
comparative images acquired.

• Aortic root: A diastolic cross-sectional plane through the 
widest diameter of the aortic sinus is recommended for 
the measurement of aortic root dimension [9] (Fig. 14.2a). 
To account for through-plane movement that may cause 
inaccuracies in measuring the diameters, it is recom-
mended that two consecutive slices without an interslice 
gap are acquired.

• Dark blood sequences using half-Fourier acquisition 
single- shot turbo spin echo (HASTE) and T1-weighted 
turbo spin echo (TSE) sequences are useful for vessel 
wall inspection, for example, in aortic dissection.

• Metallic artifacts (due to stents, for example) preclude 
detailed examination of the aorta on steady-state free pre-
cession (SSFP) cine and multislice imaging (Fig. 14.3). 
Dark blood and fast low-angle shot imaging (FLASH) 
sequences can be used in this circumstance, although 
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Fig. 14.3 Imaging after stent implantation in CoA. (a, b) SSFP images 
on the left and TSE images on the right. Metallic artifact precludes 
detailed examination on SSFP, but the aortic lumen is well visualized in 
TSE. A small aneurysm (arrowed) in the proximal stent is seen on TSE 
but not on SSFP in (a), and narrowing of the descending aorta distal to 
the stent (arrowed) is visualized on TSE but not easily on SSFP in (b). 

(c) An aneurysm seen in the stent (arrowed) on MRA. (d) Collateral on 
MRA supporting the suspicion of stenosis within the stent. (e) Serial 
CMR studies 2005–2010 to assess progression of an aneurysm at the 
site of a stent. TSE imaging in similar planes show increasing 
dimensions

FLASH is also susceptible to metallic artifact. A stent 
cannot be seen on dark blood images, but the lumen of the 
vessel is visible, and therefore some assessment of the 
diameter of the lumen can be made. Complications such 
as an in-stent aneurysm cannot be seen on cine imaging 
but may be visualized on TSE or HASTE imaging 
(Fig. 14.3a, e).

• Contrast or non-contrast-enhanced magnetic resonance 
angiography (MRA) is useful for its three-dimensional 
assessment, particularly for planning of intervention.

14.2.3.2  Function

• Judgment on the severity of the lesions such as stenosis or 
the relationship of the vessel to and its impact on its sur-
rounding structures may be made using cine imaging, 
phase contrast flow, and velocity mapping.

• Again, careful alignment of the imaging plane to the jet, 
whether in the long axis or transacted planes, is crucial for 
accurate assessment.

• MRA is useful for the detection of collateral vessels, for 
example, in the severe CoA.

14.2.4  Reporting a CMR Study

Important features to include are:

• Detailed description of the aortic abnormality: Anatomical 
detail and dimensions, location, and severity of and 
impact of the anomaly on its surrounding structures (e.g., 
trachea compression from a vascular sling) should be 
reported.

• Aortic dimensions: Measurements may be made on 
images acquired using any of the sequences described 
previously. For consistency and repeatability, measure-
ments should be made on the same type of sequence on 
subsequent follow-up studies. Documentation of where 
the measurements were made and on which sequence 
especially in the presence of a stent should ideally be 
made in the report. Previous documentation is useful for 
repeated studies over years for accurate assessment of 
progression of stenosis or increasing aneurysm size. If 
previous record is not available, then it is recommended 
that measurements of the previous study at similar loca-
tions to the current study are performed by the same 
reporter (Fig.  14.3e). Maximum extra-luminal dimen-
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sions perpendicular to the aortic wall are recommended 
[9]. The intraluminal diameter does not always reflect the 
external aortic diameter when there is intraluminal throm-
bus, wall inflammation, or dissection. Both diameters, 
external and internal, are useful in these circumstances. 
Cine SSFP and dark blood spin echo images such as 
HASTE or TSE are recommended for these measure-
ments. Figure 14.1 illustrates the recommended sites of 
measurement from the ascending aorta to the descending 
aorta at the diaphragm. The ascending aorta is best mea-
sured in its cross-sectional plane at the level of the RPA 
(Fig.  14.1b) or at the widest diameter if dilated. 
Measurement of the aortic root at the sinus level is recom-
mended from the cross-sectional image described above 
using the diastolic cusp-commissure diameters 
(Fig. 14.2b) as they correspond closer with respect to age 
and body surface area compared to other measurements 
using diastolic cusp-cusp or systolic cusp-commissure or 
the widest diameters measured from the left ventricular 
outflow tract images in the coronal and sagittal oblique 
orientations [10]. Diastolic cusp-cusp diameters may also 
be measured for an overall assessment of aortic root 
dimensions (Fig. 14.2c). For a bicuspid aortic valve, the 
aortic sinus may be measured using the diastolic cusp-
cusp and commissure- commissure diameters (Fig. 14.2d). 
Normal values for aortic root dimensions in adult males 
and females and in children by CMR have been reported 
previously and can be used as a reference [10–12].

• Associated anomalies: Coexisting congenital defects such 
as ventricular septal defect or bicuspid aortic valve and/or 
consequences of the disease such as aortic valve regurgi-
tation or left ventricular hypertrophy.

• Cardiac function: Dimensions, ejection fraction, and 
hypertrophy of the right and left ventricles must be 
reported.

14.3  Coarctation of the Aorta

Coarctation of the aorta (CoA) is a narrowing in the aortic 
lumen (Movie 14.1). It is usually discrete, commonly located 
distal to the left subclavian artery and opposite the ligamen-
tum arteriosum but may also be found in the aortic arch and 
descending thoracic or abdominal aorta or as complete inter-
ruption of the aorta [11]. More diffuse narrowing may be 
present and usually in association with other congenital 
anomalies such as a bicuspid aortic valve, ventricular septal 
defect, Shone’s syndrome (subvalvular, valvular, and supra-
valvular aortic stenosis and mitral valve abnormality), or 
complex congenital heart disease, for example, transposition 
of the great arteries. CoA is present in about 7% of congeni-
tal heart disease with a male preponderance of 1.5:1 [5]. The 

region of coarctation is related to posterior infolding of the 
aorta, seen as a ridge that protrudes into the lumen. It is likely 
that CoA represents a more diffuse arteriopathy, as cystic 
medial necrosis is present not only at the site of coarctation 
but also in the aorta proximal and distal to coarctation [13]. 
These aortic wall abnormalities may account for aneurysmal 
dilatation in the descending aorta distal to the site of coarcta-
tion and aneurysms found around the site of previous repair. 
Other associated abnormalities are aneurysms of the circle of 
Willis (in 10%) and Turner syndrome.

The mode of presentation depends on the severity of the 
lesion. In the more severe cases, patients present soon after 
birth commonly with heart failure, or, in the less severe, with 
hypertension, claudication in the lower limbs during exer-
cise, or nonspecific symptoms of headache or epistaxis. After 
CoA repair, patients with recurrent or residual stenosis may 
present with hypertension or lower limb claudication. 
Aneurysms that develop after intervention are usually silent, 
unless there is dissection or rupture of the aneurysm.

Management is usually surgical repair for young children. 
Percutaneous balloon angioplasty and stent implantation 
(Fig. 14.3) may be an option for adults or older children and 
have the advantages of a smaller procedure without the use 
of cardiopulmonary bypass. There are various options for 
surgical repair: resection and end-to-end anastomosis 
(Fig.  14.4a), subclavian flap repair (Fig.  14.4b, c), patch 
repair using artificial material such as Dacron (Fig. 14.4d, e), 
interposition graft repair (Fig. 14.4f), and bypass graft repair 
(Fig. 14.4g, h). The most common complications after repair 
are stenosis (residual or recurrent or at suture lines, 
Fig. 14.4a,b, d) and aneurysm formation (Fig. 14.4c, e, f, h) 
[14]. In subclavian flap repair, residual stenosis is probably 
due to inadequate resection of the periductal tissue and may 
be seen on CMR as an indenting ridge at the site of previous 
repair (Fig. 14.4b) [15]. Aneurysms may form at the site of 
previous repair (Figs. 14.3a, c, e and 14.4c, e) or may occur 
at or/and around suture lines (Fig. 14.4f, h). Dacron patch 
repair, for example, is predisposed to aneurysm formation 
[13] in the aortic wall around the patch (Fig. 14.4e). Discrete 
aneurysms may form as a result of percutaneous balloon 
angioplasty or at the suture lines after interposition graft 
repair (Fig. 14.4f).

14.3.1  CMR of CoA

The protocol may be followed as described previously but 
with additional attention to:

• Site of coarctation, native or post-repair: Precise align-
ment through the region of coarctation is crucial and 
should be done in at least two planes orthogonal to each 
other and aligned through the center of the aortic lumen. 
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Fig. 14.4 (a) Resection and end-to-end repair with post-stenotic dila-
tation (arrowed). (b, c) Subclavian flap repair showing a residual 
infolding ridge (b, arrowed) and aneurysm formation (c). (d, e) Patch 
repair with stenosis and jet formation, (d, arrowed) and aneurysm for-
mation (e). (f) Interpositional graft repair with discrete aneurysms at the 
proximal and distal suture lines (arrowed). (g, h) Two bypass graft 

repairs. In (g), the bypass is connected to the ascending aorta and the 
descending aorta at the diaphragm. In (h), the bypass is located just 
distal to the origin of the left subclavian artery and connected to the 
mid-descending thoracic aorta. There is a discrete aneurysm at the dis-
tal suture line (arrowed)

a b

c d
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Fig. 14.4 (continued)
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Any aneurysm formation should be interrogated, taking 
cross-sectional planes through the aneurysm at its widest 
points. Consider high temporal resolution imaging for 
small aneurysms.

• The aortic root and remaining thoracic aorta as described 
previously.

• Through-plane flow: Most commonly, done at the level 
just distal to the site of coarctation at the point of highest 
velocity as seen on the in-plane flow. This allows peak 
velocity measurement and also quantification of flow 
through the site of coarctation. Through-plane aortic 
flows at the level of coarctation and at the diaphragm can 
also be performed for comparative flow quantification at 
these sites [16].

• MRA: Important for detailed anatomical information 
on dimensions, anatomy, and assessment for collaterals 
(which are not so easily assessed on cine imaging 
alone).

• Stent: Metallic artifact may be problematic in imaging. 
As described previously, dark blood and FLASH 
sequences may be used. Instent aneurysm or stenosis in or 
near the stent, for instance, may be better visualized 
(Fig. 14.3a, b) on dark blood imaging. In addition, MRA 
may be useful for closer examination and measurement of 
an aneurysm at the site of the stent (Fig.  14.3c). MRA 
may also provide evidence of instent stenosis by demon-
strating collateral flow (Fig. 14.3d). SSFP cine imaging is 
still useful, as in the case of aneurysms, it may demon-
strate flow into the aneurysm (Movie 14.2).

14.3.2  Analysis of CoA

The following should be reported:

• Site of coarctation, native: Dimensions of the stenosis and 
its location. Intraluminal dimensions are recommended. 
The anatomy is also crucial, for example, angulation or 
tortuosity of the site can have important implications on 
the type of intervention needed. The dimension of the ste-
nosis, presence or absence of collaterals, and peak 
recorded velocity through the stenosis (normal <1.5 m/s) 
can and should be used to assess severity of the stenosis. 
A diastolic tail or forward flow persisting into diastole is 
also indicative of severity, but is not always easy to see on 
through-plane flow mapping done distal to the site of 
CoA. Flow curves may be helpful in demonstrating a dia-
stolic tail on the flow curve. The presence of collaterals 
can also be demonstrated by higher aortic flow at the level 
of the diaphragm compared to flow at the coarctation 
[16]. Associated aneurysm formation or anomalous neck 
vessels such as an anomalous origin of the right subcla-
vian artery from the proximal descending aorta close to 

the coarctation must also be reported as they must also be 
considered in planning management strategies.

• The aortic root and the remaining aorta: Measurement of 
the diameters of the aortic root and ascending aorta must 
be made as one or both segments of the aorta may be 
dilated, particularly in the presence of a bicuspid aortic 
valve. It is not uncommon to find dilatation of the descend-
ing aorta distal to the site of CoA even after successful 
repair (Figs. 14.3d and 14.4a). This is commonly referred 
to as “post-stenotic” dilatation.

• Left ventricle: Left ventricular hypertrophy indicates sys-
temic hypertension and is another sign of severity of ste-
nosis. Hypertension may also occur in the absence of 
stenosis and is a recognized complication of CoA.

• Associated anomalies: Bicuspid aortic valve, ventricular 
septal defect, left ventricular outflow obstruction from 
supra or/and subaortic valve stenosis, mitral valve abnor-
malities, and other anomalies.

Assessment after repair: As described above, but with 
special attention to:

• Site of coarctation: Detailed assessment of the repair site 
for restenosis and aneurysm formation (anatomy, dimen-
sions, and severity). Serial CMR studies may be done to 
assess progression of an aneurysm, and it is therefore cru-
cial that there is consistency in measurements. Stents may 
be difficult to assess because of metallic artifact. Dark 
blood sequences should be used to assess for intra-stent 
aneurysm. Stenosis proximal or distal to the stent may not 
be visualized adequately on SSFP cine imaging but may 
be seen on dark blood imaging (Fig. 14.3b). MRA is use-
ful to assess for any aneurysm formation as measurements 
and detailed assessment of its anatomy can be made. 
Evidence for stenosis may be indicated on MRA by the 
presence of collaterals (Fig. 14.3d).

14.4  Aortic Aneurysms

Aortic aneurysms secondary to congenital defects affect, 
predominantly, the aortic root and ascending aorta. Marfan 
syndrome is the most common genetic cause of aortic aneu-
rysm, and its estimated prevalence is between 1 in 5000 and 
1  in 10,000 [2]. Intrinsic wall architecture abnormality 
from mutations in the fibrillin 1 gene cause aneurysmal 
dilatation of the aorta, predominantly in the aortic root. A 
bicuspid aortic valve also predisposes to aortic aneurysms, 
previously reported to be about 60% in the ascending aorta, 
and 40% in the aortic root by echocardiography study [17] 
and appear to be due to multiple mechanisms, including 
high ascending aortic wall shear stress [18]. Cystic medial 
degeneration, fibrillin 1 gene defect that is also found in the 
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Fig. 14.5 (a–d) Left sinus of valsalva aneurysm without rupture in (a, 
b). Right sinus of valsalva aneurysm with compression into and rupture 
into the RVOT in (c, d). (e–g) Bicuspid aortic valve with patch aneu-

rysm after CoA patch repair and dissection in the ascending aorta (e). 
(f) Is a slice from a coronal stack through the area of dissection, and (g) 
from a transaxial stack, the dissection flaps are arrowed in images e-g

main pulmonary artery of these patients, and ‘post-stenotic’ 
dilatation of the ascending aorta due to jet flow from a ste-
notic aortic valve and other causes have all been proposed 
[2, 3, 19].

Aneurysm of the sinus of Valsalva differs from aortic 
root dilatation as it is enlargement of one aortic sinus 
(Fig.  14.5a–d), between the aortic annulus and the sino-
tubular junction, and accounts for 0.14–0.23% of Western 
surgical series and 0.46–3.5% of Asian surgical series [20]. 
It is due to a weakness in the aortic wall from congenital 
absence of elastic lamellae causing disruption of the aortic 
media in the sinus and the media adjacent to the aortic annu-
lus [21]. The most common aortic sinus involved is the right 
sinus (65–85%) and less commonly, the noncoronary sinus 
accounting for 10–30% and the left sinus in less than 5% of 
cases [22].

Arch and descending aortic aneurysms in the context of 
congenital heart disease are rarer and mostly due to compli-
cations of previous repair. CoA is the main cause, and aneu-
rysms (Figs.  14.3 and 14.4) can be found at the site of 
previous repair or as a “post-stenotic” dilatation in the 
descending aorta and is thought to be due to flow disturbance 
from the stenosis (native or recurrent). CoA is described in 
more detail earlier in this chapter.

14.4.1  Associated Cardiac Defects

 1. Marfan syndrome: mitral regurgitation due to either 
mitral valve prolapse or annular dilatation.

 2. Bicuspid aortic valve: aortic stenosis or/and regurgita-
tion, CoA (Fig. 14.5e).

 3. Aneurysm of the sinus of Valsalva: most commonly, a 
ventricular septal defect (30–60%), aortic regurgitation 
(up to 30%), bicuspid aortic valve, CoA, pulmonary ste-
nosis, and atrial septal defect [20]. Coronary artery anom-
alies may rarely coexist.

 4. Coarctation of the aorta: bicuspid aortic valve in up to 
85% of patients and associated aortic stenosis or/and 
regurgitation and ventricular septal defect. CoA may 
occur as part of complex congenital heart disease, in 
which other defects such as transposition of the great 
arteries may be present.

14.4.2  Complications

The main complications of aortic aneurysms are aortic regur-
gitation due to annular dilatation from an aortic root 
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 aneurysm and aortic dissection or rupture. Clinical presenta-
tion in the acute setting of dissection and rupture is usually 
with chest pain radiating to the back or, more dramatically, 
with hemodynamic compromise with or without heart fail-
ure. Dissection may also present more insidiously, with 
chronic back pain, or incidentally found on follow-up imag-
ing. Aortic regurgitation presents either with a murmur found 
on clinical examination or in the more severe cases, with 
heart failure.

Other complications are more specific to the underlying 
condition. In aneurysm of the sinus of Valsalva, obstruction 
to the right ventricular outflow tract (RVOT) (Fig.  14.5c), 
coronary artery ostium, or rarely the left ventricular outflow 
tract may occur, depending on the particular sinus involved. 
A right sinus aneurysm usually ruptures into the RVOT 
(Fig. 14.5d) or more rarely the pulmonary artery, the non-
coronary sinus into the right atrium, and the left sinus into 
the left ventricular outflow tract. Coronary artery tear or dis-
section and thrombus formation may also present following 
rupture of a sinus of Valsalva aneurysm.

14.4.3  Management

Surgical repair with or without aortic valve replacement (for 
concurrent aortic valve disease) is the treatment of choice for 
aortic aneurysms. For smaller aneurysms of the aortic root 
and ascending aorta that do not need surgical repair, medical 
therapy may be instituted [19]. A more recent innovation for 
Marfan syndrome is the bespoke external aortic root support 
(EARS), a support structure that is wrapped around the 
external surface of the aorta from the level of the annulus to 
just beyond the right brachiocephalic artery [23–25] 
(Fig. 14.6). The support structure is fashioned after a com-
puter derived model adjusted specifically to the patient’s aor-
tic measurements made from preliminary CMR images 

acquired according to a dedicated protocol. Initial results 
have shown reduction in the aortic root dimensions at 1-year 
follow-up [23].

14.4.4  CMR of Aortic Aneurysms

Early detection and intervention of aortic aneurysms result in 
more successful management and better prognosis [9]. 
Baseline imaging should be performed at the time of diagno-
sis of the underlying condition and then repeated imaging at 
a time frequency appropriate for the condition, for example, 
annual imaging for Marfan syndrome [9]. More frequent 
imaging should be done if the aneurysm is increasing in size. 
CMR is the modality of choice for patients with hemody-
namically stable chronic aortic dissection who require regu-
lar follow-up imaging for surveillance. A patient with acute 
aortic dissection and unstable hemodynamic should not 
undergo CMR as the study is longer in duration than that of 
cardiac CT or transesophageal echocardiography. 
Furthermore, monitoring of and quick access to the patient 
should there be any deterioration in hemodynamics are dif-
ficult within the confines of a CMR scanner. Although access 
to the patient in a CT scanner may also be similarly difficult, 
a CT scan is much quicker to perform in comparison to a 
CMR study.

In addition to that already described for imaging of the 
aorta, particular attention should also be given to:

• Dissection or rupture: A stack of transaxial slices from the 
aortic arch to the aortic root or in another orientation 
aligned with the area of interest is useful (Fig. 14.5f, g) to 
assess the extent of dissection.

• Localized aneurysm: This may occur after repair of CoA, 
for example, as a discrete aneurysm (usually a pseudoan-
eurysm) at the suture line of an interpositional graft 

a b c

Fig. 14.6 (a) Marfan syndrome with dilated aortic root, unrepaired. (b, c) Same patient as (a), post-EARS insertion. The device is seen as a 
thickened layer of aortic wall, seen in the SSFP image (b), and better seen on TSE imaging in (c)
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(Fig. 14.4). Images carefully aligned to the widest points 
of the aneurysm are useful for measurements. High spa-
tial and temporal resolution SSFP may be helpful if the 
aneurysm is small.

• Aortic valve: For functional assessment particularly of 
aortic regurgitation in aortic root aneurysm.

• Flow mapping: May be helpful in rupture to visualize 
leakage better or to visually assess the amount of 
leakage.

• Dissection flap: May be assessed using either SSFP cine 
imaging, TSE or MRA.

• Thrombus in dissection: May be seen on SSFP, TSE, and 
MRA, or, alternatively, in the early phase after contrast 
injection.

• Imaging for complications such as RVOT obstruction 
from a right sinus of Valsalva aneurysm.

14.4.5  Analysis of Aortic Aneurysms

The following should be reported:

• Dimensions of the aorta: It is useful to record the location 
of the measurements as a reference for repeated studies in 
the future. Either the external or internal aortic dimensions 
can be used, but the key is consistency especially as most 
of these patients will have repeated studies for follow- up. 
If there is intramural thrombus, the internal and external 
diameters will be quite different. TSE imaging is useful in 
this instance for measurement of the internal diameter.

• Aneurysm: The shape of the aneurysm should be 
described (e.g., asymmetrical, fusiform, or saccular). 
Measurements will depend on its form. The widest and 
the longest (for aneurysms apart from aortic root aneu-
rysm) dimensions are recommended. Discrete aneurysms 
should also be similarly measured and described.

• Dissection and rupture: The extent of the dissection includ-
ing branch artery involvement, intramural hematoma, rela-
tive widths of the false and true lumen, and leakage from 
rupture should be described. The chamber or region that 
the aneurysm has ruptured into, if it is contained or not, 
persistent leakage from the aorta and the impact on the 
surrounding structures should also be reported.

• Aortic valve structure and function. Severity of stenosis 
and/or regurgitation should be reported.

Assessment after repair:

• The site of repair and the aorta: report on dimensions, 
presence of further or new dissection, intramural hema-
toma, and any new aneurysm formation.

• Assessment of aortic valve replacement if that has also 
been done at the time of aortic aneurysm repair.

14.5  Truncus Arteriosus

Truncus arteriosus is a single arterial trunk arising from 
the heart that divides into the pulmonary, systemic, and 
coronary artery circulations and results from failed septa-
tion of the aortopulmonary septum [1]. It accounts for 
<1% of all congenital heart anomalies. The truncal valve 
is tricuspid in 70% of patients, bicuspid in 21%, and 
quadricuspid in 9% (Fig. 14.7a). A subarterial ventricular 
septal defect is invariably present and is usually large and 
nonrestrictive. Other associated anomalies are right aor-
tic arch (30%), interrupted aortic arch (10%) in associa-
tion with a patent ductus arteriosus (PDA) (Fig. 14.7b), 
coronary artery abnormalities, and the DiGeorge 
syndrome.

Classification according to Collette and Edwards [26] is 
commonly used (Fig. 14.8). In type 1 (48–68%), the main 
pulmonary artery arises from the common arterial trunk 
and branches into the right and left pulmonary arteries 
(Movie 14.3 and Fig.  14.7c–e); in type 2 (29–48%), the 
main pulmonary artery is absent, and the right and left pul-
monary arteries arise separately but close to each other on 
the posterior aspect of the common arterial trunk 
(Fig. 14.7f); and in type 3 (6–10%), the branch pulmonary 
arteries arise separately and further away from each other. 
There is complete absence of the pulmonary arteries in type 
4. The lungs are perfused by aortopulmonary collaterals, 
and type 4 is no longer considered as part of the spectrum 
of truncus arteriosus but, instead, a variant of pulmonary 
atresia.

Patients present early in infancy with cyanosis or heart 
failure. Rarely, survival without repair may occur and is 
mainly due to the development of pulmonary hypertension. 
However, it is uncommon to survive beyond the third decade 
without intervention.

Surgical repair involves detachment of the pulmonary 
arteries from the arterial trunk, closure of the ventricular sep-
tal defect, connection of the pulmonary arteries to the right 
ventricle using a valved or valveless conduit, and repair of 
the truncal valve if regurgitant.

14.5.1  CMR of Truncus Arteriosus

In addition to the previously described suggested protocol, 
imaging of:

• Common arterial trunk and pulmonary arteries, prior to 
repair: Two planes perpendicular to each other aligned to 
the left ventricular outflow tract for assessment of the out-
flow tract and truncal valve function. A cross section 
through the truncal valve to define valve morphology 
should be done. Planes aligned to the pulmonary arteries 
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d e f

b c

Fig. 14.7 (a) Quadricuspid truncal leaflet. (b) Truncus arteriosus type 
2 with interrupted arch and PDA (arrowed). (c–e) Surface-rendered 3D 
reconstruction after contrast-enhanced MRA of truncus arteriosus type 
1  in (c). There is a short main pulmonary arising from the common 

trunk (labelled CAT) and then dividing into the right pulmonary artery 
(labelled * in d) and left pulmonary artery (labelled * in e). (f) Truncus 
arteriosus type 2 with the pulmonary arteries arising separately from the 
posterior aspect of the common truncus (labelled CAT)

RPA RPA

RPA

LPA

LPA

LPA
PA

a b c d

Fig. 14.8 Classification of truncus arteriosus. Type 1 (a) the main pul-
monary artery arises from the common arterial trunk. Type 2 (b) sepa-
rate but close origins of the left and right pulmonary arteries from the 
common arterial trunk. Type 3 (c) separate but distant origins of the left 

and right pulmonary arteries from the common arterial trunk. Type 4 
(d) absence of the pulmonary arteries with aortopulmonary collaterals 
supplying blood flow to the lungs. RPA right pulmonary artery, LPA left 
pulmonary artery, PA pulmonary artery

for anatomical assessment of the pulmonary arteries and 
phase contrast flow mapping are useful if there is pulmo-
nary stenosis to evaluate the severity of stenosis.

• MRA: May be helpful to further delineate pulmonary 
artery anatomy and, if present, CoA.

• Ventricular septal defect.

• Associated aortic interruption and PDA with phase 
contrast flow mapping for shunt direction and 
quantification.

• After repair: Interrogation of the RVOT to assess pulmo-
nary homograft valve function and homograft conduit ste-
nosis. Careful assessment of the pulmonary arteries and 
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flow mapping should be done if there is pulmonary arte-
rial stenosis. The function of the truncal valve or the 
replaced valve and the truncal root dimension should all 
be assessed.

14.5.2  Analysis of Truncus Arteriosus

The following should be reported:

• Definition of the type of truncus arteriosus.
• Pulmonary artery: Morphology and function. If there is 

stenosis, report on its location and severity.
• Dimensions of the common arterial trunk.
• Truncal valve morphology and function.
• Ventricular septal defect: Report on the size, location, 

shunt direction, and quantification.

Assessment after repair:

• Pulmonary homograft valve and conduit: Report on the 
competency of the valve and if there is any stenosis in the 
conduit.

• Pulmonary arteries: Location and severity of pulmonary 
arterial stenosis should be reported.

• Truncal valve: Assessment of the function of the native or 
replaced valve.

• Arterial trunk: Report on its dimensions.
• Residual ventricular septal defect and other anomalies 

such as CoA or a patent ductus arteriosus.

14.6  Aortopulmonary Window

An aortopulmonary window is a rare congenital anomaly 
and result from a defect in the aorticopulmonary septum [1]. 
The pulmonary artery and aorta have separate pulmonary 
and aortic valves. The defect is usually located midway 
between the level of the aortic and pulmonary valves and the 
pulmonary bifurcation (Fig.  14.9) and may be circular or 
helical in shape. This defect may occur in isolation or in 

association with CoA, aortic interruption, tetralogy of Fallot, 
and anomalous origin of one branch pulmonary artery, usu-
ally the right, from the ascending aorta [25].

Aortopulmonary window causes a left to right shunt. 
Large defects present early in childhood with heart failure. 
Late presentation with pulmonary hypertension and cardiac 
failure is rarer. Repair is usually with a direct suture or patch 
closure. There are reports of a limited number of small 
defects that have been closed using a percutaneous device.

14.6.1  CMR of Aortopulmonary Window

In addition to the protocol already described:

• Aortopulmonary window: A large defect should be easily 
seen on the initial multislice images and followed by 
appropriately aligned SSFP cine and phase contrast flow 
mapping for shunt direction and quantification. If the 
defect is small and not easily seen on the multislice 
images, then a stack of thin sliced (5-mm-thick) SSFP 
cine images in a transverse orientation taken from the 
level of the pulmonary bifurcation down to the level of the 
aortic and pulmonary valve should be done. If the defect 
cannot be seen on those images, a stack in the sagittal 
oblique orientation, aligned parallel to the wall of the 
ascending aorta, may be helpful.

14.6.2  Analysis of an Aortopulmonary Window

The following should be reported:

• Aortopulmonary window: The size and location of the 
defect including shunt size and direction and any associ-
ated anomalies should be reported.

• Evidence of pulmonary hypertension: Dilated branch pul-
monary arteries with limited expansion, right ventricular 
hypertrophy, and septal flattening in systole.

• After repair: Report on any residual defect and shunt size.
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Fig. 14.9 Aortopulmonary window seen in coronal (a), transaxial (b), and sagittal oblique (c) orientations (SSFP imaging). Right ventricular 
hypertrophy on short-axis SSFP (d) imaging, suggestive of pulmonary hypertension
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14.7  Patent Ductus Arteriosus

A PDA is a vascular connection between the proximal 
descending aorta and the pulmonary artery, usually near the 
origin of the left pulmonary artery. It forms from the left 
sixth aortic arch [1] and, in fetal life, functions as a conduit 
for the portion of blood flow that passes between the right 
ventricle and the descending aorta. The duct normally closes 
after birth but may persist in preterm babies because of 
immaturity or in term babies due to a combination of struc-
tural, genetic, and environmental factors [27]. The incidence 
of PDA in term babies is about 5–10% of all congenital heart 
disease. It may occur as an isolated finding or as part of a 
group of other congenital anomalies. A PDA is usually on 
the left, but occasionally, a right sided PDA can occur par-
ticularly if the aortic arch is also right sided.

Presentation of a PDA depends on the size of the duct and 
the shunt. A duct may be silent and only discovered as an 
incidental finding, for example, on transthoracic echocar-
diography performed for other reasons. A continuous mur-
mur is heard on clinical examination. Infective endarteritis 
can complicate a small PDA and in those with more signifi-
cant shunts, heart failure, arrhythmia, and pulmonary hyper-
tension (Fig. 14.10) may present later in life [27, 28]. In the 
most severe cases, there is differential cyanosis of the lower 
limbs.

Other intracardiac shunts such as an atrial or ventricular 
septal defect may coexist with a PDA.  A PDA may also 
occur in the context of complex congenital heart disease 
such as pulmonary atresia or hypoplastic left heart 
syndrome.

Treatment for a PDA is either surgical ligation or clip or 
percutaneous device closure using coils or an Amplatzer (or 
other similar) device.

14.7.1  CMR of PDA

The transaxial, coronal, and sagittal SSFP multislice local-
izer stacks should be used to locate the PDA prior to SSFP 
cine imaging. It should be possible to see it on one or more 
of these stacks but may be difficult if it is small in size. If it 
is not obvious on the initial stacks, look also for a hint of it 
on the coronal SSFP stack, as a bright spot in the main pul-
monary artery as it passes below the aortic arch.

Once a PDA is visualized on the initial stacks, cine imag-
ing should be performed first to delineate the structure of the 
PDA and its relation to its surrounding structures.

• PDA: Ideally, at least two images in different orientations 
should be acquired. An in-plane flow map to demonstrate 
the direction of the shunt is useful; however, a through- 

a b

Fig. 14.10 Patent ductus arteriosus with Eisenmenger physiology. There is reversed flow into the descending aorta on SSFP (a) and flow mapping 
(b) and RV hypertrophy
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plane flow map through the PDA is not essential. Shunt 
quantification is done by through-plane ascending aortic 
to main pulmonary artery flow ratio.

• If a PDA cannot be easily seen on the initial transaxial, 
coronal, and sagittal stacks, it is probably small and may 
be difficult to find on CMR. In this instance, a stack of 
SSFP cine imaging in the transaxial orientation from the 
aortic arch to the main pulmonary artery, done using thin 
slices of 5 mm without gaps, can be very useful to pick up 
a small PDA.  If this stack fails to show a PDA, then a 
similar stack but in a sagittal oblique orientation, aligned 
perpendicular to the descending aorta and the left pulmo-
nary artery as seen in the transaxial orientation can be 
used. If a PDA cannot be seen on these images, then 
ensure that the aortic and pulmonary artery through-plane 
flows for shunt quantification are done to confirm the 
presence (in this case then, a small PDA) or absence of a 
PDA.

• Repaired PDA: Metallic artifact from the clip or device 
may preclude detailed examination of the site of repair. 
FLASH imaging may be used to try and overcome the 
problem with the artifacts. Shunt quantification should be 
done to assess for a residual defect.

14.7.2  Analysis of a PDA

The following should be reported:

• PDA: Size, structure, and dimensions of the PDA. These 
are useful in clinical decisions on management and the 
type of intervention.

• Shunt direction and quantification.
• Evidence for pulmonary hypertension: dilated branch 

pulmonary arteries with limited expansion, right ventricu-
lar hypertrophy, and septal flattening in systole.

• Biventricular volumes and function: Overloading of the 
left ventricle may be present and indicates a more signifi-
cant shunt.

Assessment after repair:

• Assess for a residual PDA and improvement in ventricu-
lar function if there was pre-surgical impairment.

14.8  Vascular Rings and Sling

The aortic arch, its branches, and the pulmonary arteries are 
the result of the embryologic development or regression of 
the six paired aortic arches that are connected to the ventral 
and dorsal aortas. Of these arches, the third, fourth, and sixth 
pairs normally develop into the carotid arteries, the aortic 

arch, and the proximal right pulmonary artery, left pulmo-
nary artery, and ductus arteriosus, respectively [1]. 
Abnormalities in the pattern of regression or persistence of 
these arches result in vascular rings and sling.

Vascular rings are rare with a prevalence of <1% of all 
congenital heart defects. It forms a ring around the esopha-
gus and trachea and causes respiratory and feeding difficul-
ties by compression. It may be complete or partial, depending 
on whether the esophagus and trachea are fully surrounded 
by the ring or not [29].

Complete vascular ring (Fig. 14.11a, b): A double aortic 
arch (Movie 14.4) is the most common complete vascular 
ring (40%) and results from persistence of the right aortic 
arch. Both arches with their respective arch branches fuse 
dorsally to form the descending aorta. The second most com-
mon complete ring is a right aortic arch with a persistent left 
ligamentum arteriosum. The ring is formed by the ascending 
aorta anteriorly, the arch on the right, an aberrant left subcla-
vian artery that arises as the fourth arch vessel and passes 
posterior to the esophagus and trachea, and on the left, is a 
persistent ligamentum arteriosus between the descending 
aorta and the left pulmonary artery.

Partial vascular rings (Fig. 14.11c, d) include an aberrant 
origin of the right brachiocephalic artery from a more left-
ward position on the arch and causes compression as it 
passes anteriorly toward the right and anomalous origin of 
the right subclavian artery as the fourth neck vessel on a left 
sided aortic arch and passing posterior to the esophagus (or 
anomalous left subclavian artery origin from a right sided 
aortic arch, Movie 14.5 and Fig. 14.12a).

A vascular sling is an anomalous left pulmonary artery 
origin from the right pulmonary artery and causes compres-
sion as it passes between the trachea and the esophagus dur-
ing its course to the left lung (Fig. 14.12b).

Symptoms and clinical presentation depend on the sever-
ity of trachea and esophageal compression and are mainly 
related to respiratory compromise. Dysphagia is less com-
mon. Associated anomalies are tetralogy of Fallot, transpo-
sition of the great arteries, CoA, and ventricular septal 
defects.

Surgery is not commonly indicated. If needed, division 
can be done of the smaller of the arches in double aortic arch 
or the ligamentum arteriosum for a right aortic arch ring and, 
for a vascular sling, division and reimplantation of the left 
pulmonary artery.

14.8.1  CMR of a Vascular Ring or Sling

Diagnosis is possible using CMR, but most rings are diag-
nosed on clinical symptoms and by barium esophagography. 
CMR is extremely useful in examining the relationship 
between the vascular ring and the surrounding structures.
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Fig. 14.11 Complete and partial vascular rings. (a) Double aortic 
arch. (b) Right aortic arch and a persistent ligamentum arteriosus. (c) 
Compression of the trachea by a more leftward origin of the right bra-
chiocephalic artery (arrowed). (d) Anomalous origin of the right sub-
clavian artery from the proximal descending aorta with a retroesophageal 

and tracheal course. (e) Left pulmonary artery arising from a right pul-
monary artery. RC right carotid artery, LC left carotid artery, RSA right 
subclavian artery, LSA left subclavian artery, LBT left brachiocephalic 
trunk, Ao ascending aorta, LPA left pulmonary artery, RPA right pulmo-
nary artery, MPA main pulmonary artery

• SSFP cine imaging: unless the anomaly can be visualized 
in a single plane (and often it is not as vessels may be 
tortuous and traverse more than one plane), a stack of 
images is recommended (Fig. 14.12d). Orientation may 
be in the transaxial or coronal (or both) whichever follows 
the course of the vessel best. Thin slices of 5 mm without 
gaps are recommended as vessels may be small in diam-
eter. Cine imaging may be advantageous over a 3D whole 
heart or SSFP multislice imaging as assessment may also 
be made (to a degree) of the effect of systolic expansion 
of the anomalous vessels on the trachea and esophagus.

• 3D whole heart: This method may be useful and may be 
used as an adjunct to cine imaging.

• MRA: this is not essential but may be useful if there is 
concurrent stenosis in the vessels of interest.

14.8.2  Analysis of a Vascular Ring or Sling

The following should be reported:

• The morphology and course of the vascular ring or sling.
• The relationship of the vascular ring or sling to its sur-

rounding structures and the degree of compression.
• After repair: report on any evidence of residual 

compression.
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Fig. 14.12 (a) Right aortic arch with a Kommerell diverticulum at the 
origin of an anomalous left subclavian artery. The left subclavian artery 
courses behind the esophagus and trachea (arrowed), causing compres-
sion (HASTE and SSFP multislice imaging). (b) Unusual left pulmo-
nary artery sling causing esophageal and tracheal compression 

(arrowed). (c) Double aortic arch. Contrast-enhanced (near transaxial 
orientation) image showing a complete vascular ring on the left and a 
surface-rendered 3D reconstruction after contrast-enhanced MRA on 
the right. (d) SSFP multislice imaging showing a double aortic arch

14.9  Limitations and Common Pitfalls

CMR is somewhat limited by the image degrading effect 
of metallic artifacts, but this can be overcome to a degree 
as described earlier in the chapter. Tortuous aortas and 
branch vessels may be difficult to image on SSFP cine 
imaging, but MRA largely compensates. The most com-

mon pitfall is inaccurate measurements due to misalign-
ment of the imaging planes, and reproducibility in 
measurements of studies done over time may be difficult. 
Again, by careful planning of the planes prior to imaging 
and using previous studies as a guide, reproducibility and 
accuracy of measurements and therefore assessment may 
be improved.
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14.10  Conclusion

Aortic anomalies comprise a heterogenous group of defects 
and can be assessed in detail using CMR for diagnosis and in 
planning management strategies, surveillance, and follow-up 
for residual or progressive and/or recurrent abnormalities. Its 
ability to image the aorta in all orientations and projections 
is an advantage as detailed and accurate assessment of can be 
made. In addition, phase contrast and velocity mapping 
allow measurement of blood flow, useful in quantification of 
severity of the lesions. CMR is a versatile imaging modality 
for the evaluation of the aorta with the added advantages of 
its noninvasive nature and the lack of radiation and use of 
iodinated contrast agents.
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15Inherited Cardiomyopathies

Theodore Murphy, Rory O’Hanlon, 
and Raad H. Mohiaddin

15.1  Introduction

In order to plan optimal management and treatment strate-
gies in patients with a suspected inherited cardiomyopathy, 
the key initial factor is to establish the diagnosis and underly-
ing etiology at an early stage. While many patients will pres-
ent with symptoms and demonstrable ventricular dysfunction 
on echocardiography, often the underlying cause is not 
apparent, thus necessitating many “routine” invasive and 
noninvasive investigations such as angiography, echocar-
diography, Holter monitoring, treadmill testing, and nuclear 
studies. There has been considerable progress in recent years 
in the development of imaging technologies which are now 
able to characterize a much wider number of cardiomyop-
athic processes than ever before in a noninvasive manner. 
Gadolinium-enhanced cardiac magnetic resonance imaging 
(CMR) and more recently parametric mapping have dramati-
cally changed the noninvasive work-up of patients with a 
suspected cardiomyopathy. In a single-scan setting, it is now 
possible to provide a comprehensive assessment of both 
ischemic and nonischemic cardiomyopathies providing 
detailed information on cardiac anatomy, function, tissue 

characterization, assessment of epicardial and microvascular 
perfusion, valvular flows, and coronary and peripheral angi-
ography (Fig. 15.1). This comprehensive examination can be 
completed in a short period of time, typically 30–45  min, 
without the need for prolonged breath holds or ionizing radi-
ation. This establishes a definitive diagnosis with the greatest 
degree of clarity, helps guide and monitor therapeutic 
response, and assists in optimal risk stratification. 
Gadolinium-based contrast agents are remarkably safe, and 
the incidence of adverse reactions or nephrogenic systemic 
sclerosis (NSF) is exceedingly low. Follow-up imaging to 
monitor progression and response to interventions can be 
performed safely and without any concern regarding cumu-
lative radiation exposure.

In this chapter we will primarily focus on the inherited/
congenital cardiomyopathies with a defined genetic basis. 
There will be scope for the discussion of non-inherited car-
diomyopathies as there is often a phenotypic overlap since 
patients often do not present with a known genetic diagnosis; 
rather they present with symptoms or are incidentally found 
to have an abnormal clinical exam or screening test and are 
subsequently found to have a hypertrophied or dilated heart 
warranting further investigation.
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Fig. 15.1 Typical CMR sequences and post-processing tools available 
for routine use. In a single-scan setting typically taking no more than 
35–40 min, a complete evaluation of cardiac structure, function, myo-

cardial characterization, myocardial perfusion, and valvular assessment 
can be performed.

15.2  CMR Techniques

In the CMR work-up of a suspected cardiomyopathy, a wide 
range of sequences are acquired following dedicated proto-
cols as outlined by the Society of Cardiovascular Magnetic 
Resonance [1]. Initial dark blood single shot scout images 
are acquired in transaxial, coronal, and sagittal imaging 
planes. Following this, dynamic cine images of the heart are 
acquired along its long and short axis using balanced steady- 
state free precession (bSSFP) cine imaging. Cine images 
can be acquired in any given imaging plane without the 
limitation of acoustic windows as seen with echocardiogra-
phy. CMR is validated as the gold-standard imaging tool to 
quantify biventricular volumes and function using short-
axis cine images of the left ventricle (LV) and right ventricle 
(RV) acquired from the base to the apex. The availability of 
normalized values for CMR-measured dimensions, cor-

rected for age, sex and body surface area helps to establish 
subtle ventricular abnormalities and provides a more suit-
able method for follow-up of serial measurements given the 
superior interstudy reproducibility over other imaging 
modalities [2, 3].

Tissue characterization can also be performed by the use 
of both intrinsic and extrinsic contrast imaging sequences. 
T1- and T2-weighted turbo-spin echo (TSE) sequences are 
useful to assess the pericardium where the clinical question 
concerns constrictive vs. restrictive cardiomyopathy. Short 
tau inversion recovery (STIR) imaging with a triple inversion 
protocol nulls signal from fat, is T2-weighted, and is used to 
identify areas of increased myocardial water content, indica-
tive of myocardial edema and inflammation which are seen 
in conditions such as acute myocarditis, cardiac sarcoidosis, 
and acute myocardial infarction. Native T1 mapping is used 
to characterize interstitial fibrosis using a modified look- 
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locker inversion recovery pulse sequence (MOLLI sequence) 
or a shortened MOLLI (ShMOLLI) sequence [1]. Myocardial 
T2*-weighted imaging exploits the loss of signal owing to 
greater field inhomogeneities and is used to assess myocar-
dial iron, since iron is ferromagnetic and leads to a dose- 
dependent breakdown in field homogeneity which can be 
quantified [4]. Valvular heart disease is assessed using veloc-
ity flow mapping. Similar to echocardiography’s tissue 
Doppler velocity imaging, myocardial tagging can quantify 
cardiac deformation and assess contraction and relaxation in 
the radial, longitudinal, and circumferential directions [5]. 
Myocardial feature tracking using vendor specific software 
can also facilitate the assessment of myocardial strain and 
deformation from routinely acquired cine images [6]. 
Perfusion can be assessed at the microvascular level and is an 
important adjunct in the assessment of suspected inherited 
cardiomyopathies. Following administration of intravenous 
gadolinium contrast into a peripheral vein (0.1–0.2 mmol/kg 
body weight), the passage of the contrast through the right 
heart, the left heart, and the myocardium can be followed, 
providing information about regional myocardial perfusion 
at rest and perfusion reserve during administration of ade-
nosine. Imaging performed immediately (1–3 min) follow-
ing intravenous gadolinium contrast agent is a sensitive tool 
to detect intracardiac thrombi by providing the best delinea-
tion between the enhanced blood pool and myocardium on 
one side and the avascular dark thrombus on the other side. 
Late gadolinium enhancement (LGE) imaging is then per-
formed approximately 5–20 min after gadolinium adminis-
tration. Due to its volume of distribution and washout 
kinetics, it accumulates in areas of increased extracellular 
space (interstitial expansion). The presence of LGE is indica-
tive of abnormal myocardial interstitium typically due to the 
presence of myocardial fibrosis or infarction. The distribu-
tion and patterns of LGE guide both accurate diagnosis and 
risk stratification in both ischemic and nonischemic 
cardiomyopathies.

15.3  Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a common inher-
ited cardiac disorder previously thought to have a preva-
lence of around 1  in 500  in the general population. 
However, more contemporaneous studies report an 
increased prevalence of up to 1 in 200. This is thought to 
be due to four reasons: (1) pathogenic sarcomeric genes 
being more common in the general population than previ-
ously thought, (2) increased availability of genetic testing 
defining a new subset of patients without clinical expres-
sion or LV hypertrophy (genotype- positive, phenotype-
negative), (3) appropriate recognition of alternative HCM 
phenotypes being facilitated by advanced imaging (i.e., 

CMR), and (4) prior prevalence studies not accounting for 
the familial nature of the disease [7, 8].

Histopathology in phenotypical expression of HCM 
reveals hypertrophied myocytes arranged in a disorganized 
and chaotic fashion with a varying amount of interstitial 
fibrosis [9]. The disease is characterized by marked hetero-
geneity with respect to clinical manifestation, natural his-
tory, prognosis, the association with an increased risk of 
sudden cardiac death (SCD), and progression to heart failure 
(HF).

The recently published AHA/ACC 2020 guidelines on the 
diagnosis and treatment of hypertrophic cardiomyopathy 
defines HCM as a disease state in which morphologic expres-
sion is confined solely to the heart. HCM is characterized 
predominantly by left ventricular hypertrophy in the absence 
of another cardiac, systemic, or metabolic disease capable of 
producing the degree of hypertrophy evident in a given 
patient and for which a disease-causing sarcomere (or 
sarcomere- related) variant is identified, or genetic etiology 
remains unresolved [10].

15.3.1  CMR in the Diagnosis of HCM

(See Movies 15.1, 15.2, 15.3, 15.4, 15.5, 15.6, 15.7, and 
15.8)

There are a number of important challenges in the nonin-
vasive evaluation of HCM particularly accurate diagnosis, 
assessment of disease severity, risk stratification in addition 
to screening family members, guiding lifestyle, and thera-
peutic strategies. The question regarding the diagnosis arises 
not infrequently in the assessment of athletes with variable 
degrees of presumed physiological hypertrophy or in patients 
with long-standing hypertension and asymmetrical hypertro-
phy. In addition, there are many phenocopies of HCM includ-
ing lysosomal storage diseases (Fabry’s disease) and 
infiltrative cardiomyopathies (amyloidosis, sarcoidosis) all 
of which can present with ECGs and echocardiograms that 
mimic HCM, although the management of each differs 
greatly from the other.

For the purposes of this review, the role of CMR in diag-
nosis of HCM will refer to typical sarcomeric HCM.  The 
majority of patients with sarcomeric protein gene mutations 
have an asymmetrical pattern of hypertrophy, most com-
monly affecting the interventricular septum. CMR-indexed 
LV volumes are typically small with hyperdynamic systolic 
function. Progression to left ventricular dilatation and sys-
tolic failure occurs in a minority of patients [11]. Although 
the usual clinical diagnostic criteria for HCM is a maximal 
LV wall thickness greater than or equal to 15 mm, genotype- 
phenotype correlations have shown that virtually any wall 
thickness (including those within normal range) are compat-
ible with the presence of a HCM mutant gene. The ECG can 
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Fig. 15.2 Apical HCM “missed” by echocardiography (a) but easily visualized using CMR (b)

be normal or at least unremarkable, without the typical deep 
T-wave inversions or large QRS complexes (approximately 
5–10% of cases), and any pattern of hypertrophy is described 
including concentric hypertrophy, reenforcing the diagnostic 
challenges that exist [12, 13]. The heterogeneity of the phe-
notypical expression of HCM results in many different mor-
phological subtypes identified, namely, classic reverse 
curvature septum, neutral HCM, sigmoid HCM, apical 
HCM, mid-cavity HCM, and genotype +ve phenotype- 
negative HCM. Although not diagnostic of HCM, a number 
of additional morphologic abnormalities, which can be read-
ily seen with CMR, are associated with phenotypical expres-
sion of HCM.  These include hypertrophied and apically 
displaced papillary muscles, myocardial crypts, anomalous 
insertion of the papillary muscle, left ventricular apical aneu-
rysm, elongated mitral valve leaflets, and right ventricular 
(RV) hypertrophy.

Two-dimensional echocardiography is the first line test to 
diagnose HCM.  However, the available acoustic windows 
and the orientation of the heart in the mediastinum often 
limit the quality of images obtained by echocardiography. 
Furthermore, certain areas of the myocardium are not visual-
ized well with echocardiography, and detection of subtle 
areas of abnormal hypertrophy can be missed. CMR images 
can be acquired in any given plane; meaning that oblique 
views are avoided and hypertrophied areas can be visualized 
and measured with confidence and accuracy (Fig. 15.2). A 
study comparing CMR versus echocardiography in the eval-

uation of patients with HCM demonstrated a measurement 
discrepancy occurring in 15% of the patients at diagnostic or 
prognostic cutoffs [14].

An important strength of CMR compared to other imag-
ing modalities is the ability to determine myocardial tissue 
characteristics in  vivo using the late gadolinium enhance-
ment (LGE) technique in addition to parametric mapping 
(T1, T2, T2*, and ECV.) In patients with HCM, the pattern of 
replacement fibrosis is distinct to that seen in CAD or 
patients with DCM.  Typically, it is patchy, mid-wall with 
multiple foci and most commonly found in regions of hyper-
trophy. Several patterns of LGE are seen with a diffuse trans-
septal or RV septal pattern at one end of the spectrum and a 
confluent pattern that may affect the interventricular junction 
or be multifocal at the other end of the spectrum. 
Hypertrophied hearts may appear phenotypically the same 
by echocardiography or based on cine imaging alone. 
Incorporating LGE imaging and parametric mapping, to 
what may seem like phenotypically similar conditions by 
echocardiography or CMR imaging alone, may confer an 
alternative diagnoses (Fig. 15.3) [15–17]. This can be par-
ticularly useful in cases with possible concentric left ven-
tricular hypertrophy seen in atypical HCM, hypertensive 
heart disease, cardiac amyloid, hemochromatosis and ath-
letic remodeling. Additionally CMR strain imaging may also 
further help distinguish ambiguous cases [18].

There is growing interest in HCM individuals who are 
genotype-positive and phenotype-negative, focusing on 
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Fig. 15.3 Four-chamber SSSP images of different patterns of left ven-
tricular hypertrophy (a–d) and corresponding late gadolinium enhance-
ment images (LGE) (e–h). Hypertrophic cardiomyopathy (a, e) 
typically shows patchy mid-wall LGE in the regions of maximal hyper-
trophy. Fabry’s (b, f) shows mid-wall LGE in the basal lateral wall and 

septum. Sarcoidosis (c, g) typically shows focal LGE scarring which is 
typically patchy and involving the basal and lateral segments. Cardiac 
amyloidosis (d, f) showing diffuse subendocardial LGE with “sparing” 
of the epicardium and septum characteristically referred to as a “zebra” 
pattern

morphological changes, perfusion abnormalities, and 
altered parametric values. Recent work has identified novel 
left ventricular morphological features in individuals who 
are genotype- positive, phenotype-negative in comparison 
to normal controls. A novel model looking at morphologi-
cal findings including the presence of an anterobasal hook, 
multiple myocardial crypts, and the ratio of various ven-
tricular dimensions was able to predict the genotype status 
with an area under the curve of 0.92 [0.87–0.97] [19]. In 
addition, contemporary work has illustrated regional and 
global impaired myocardial perfusion occurs in genotype-
positive, phenotype- negative individuals, occurring before 
the development of hypertrophy or fibrosis suggesting that 
perfusion abnormalities may predate left ventricular hyper-
trophy [20]. T1 mapping has also shown to be altered in 
individuals who are genotype-positive, phenotype-negative 
and may help discriminate between hypertensive heart dis-
ease and HCM [21].

As demonstrated, the use of conventional assessment 
algorithms when assessing patients with suspected HCM 
may erroneously misdiagnose patients with important clini-
cal implications. Subsequently, CMR has become much 
more prominent in the most recent 2014 European and 2020 
American guidelines and carries a class 1 indication for indi-
viduals who have suspected hypertrophic cardiomyopathy 
and inadequate echocardiographic windows in order to con-
firm the diagnosis.

15.3.2  CMR in the Prognosis and Management 
of HCM

There are several challenges in the clinical management of 
HCM, but one of the most commonly presented questions 
concerns the decision regarding ICD implantation. There are 
seven established clinical risk factors to help stratify the risk 
of sudden cardiac death and to identify those who may ben-
efit from an ICD [10]. They include the following: family 
history of SCD, unexplained syncope, left ventricular (LV) 
wall thickness >30  mm, occurrence of non-sustained ven-
tricular tachycardia (NSVT), impaired left ventricular sys-
tolic function (LVEF <50%), extensive LGE on CMR 
imaging, and the presence of left ventricular apical aneu-
rysm. Of note four of the seven risk factors are optimally 
assessed with CMR, namely, to accurately determine the 
ejection fraction, wall thickness, in addition to identifying 
the presence of an apical aneurysm and or extensive LGE.

In patients with HCM, maximal LV wall thickness mea-
surements can be underestimated or overestimated with 
echocardiography compared to CMR imaging. In one study 
CMR identified 83% of the population as having left ven-
tricular hypertrophy >30 mm in contrast to only 48% having 
significant hypertrophy on echocardiography [22]. Another 
study with 353 HCM patients who had both a CMR and an 
echocardiogram demonstrated echocardiography both under 
and overestimated the peak wall thickness in 36% and 46% 
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of cases respectfully. Furthermore, echocardiography under-
estimated the LVEF in 88% of cases with the median differ-
ence of LVEF of 12%. In the same population, 
echocardiography only identified 30% of left ventricular api-
cal aneurysms identified on CMR [23]. CMR has now 
become the gold standard in assessing individuals with HCM 
as it has the added benefit of better identifying these key 
binary risk factors highlighted in the risk stratification pro-
cess, facilitating earlier diagnosis and treatment where 
indicated.

In addition to these morphological risk factors, tissue 
characterization with LGE is also one of the most useful 
tools in determining the SCD risk of an individual, and over 
the last 10 years there has been much research in this domain 
[24–26] (Figs. 15.4 and 15.5). A study involving 1293 HCM 
patients demonstrated that those patients with a burden of 
LGE ≥15% of the total myocardium were associated with a 
twofold increase in SCD event risk and an estimated likeli-
hood of a SCD event of 6% at 5 years [27]. Subsequent, to 
this growing body of evidence, the 2020 AHA/ACC 

a

b

c

d

Fig. 15.4 Comparison of in vivo late gadolinium enhancement (LGE) images (a, b) matching macroscopic assessment from autopsy (c) and 
confirmed as myocardial replacement fibrosis on histology sections stained with Picrosirius red (d)
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Fig. 15.5 LGE images in a patient with HCM in four-chamber, three-chamber, two-chamber, and short-axis views (a–d) at the time of the baseline 
scan. Follow-up scanning 4 years later shows marked increase in the severity of LGE in the anterior, septal, and inferior walls (e–h)

a b

c d
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Guidelines now recommend that the presence of a significant 
burden of LGE can act as an arbitrator in cases that are 
ambiguous regarding the insertion of an ICD. Although the 
cutoff value for determining significant LGE is debated, 
what is apparent is that the higher the burden of LGE, the 
higher the adverse event risk [28].

From a prognostic perspective, the established risk factors 
identified by CMR have a varying impact on the clinical 
decision-making process. Maximum left ventricular wall 
thickness is known to have an increased risk of sudden car-
diac death and in a large meta-analysis was found to have a 
HR of 3.17 for increased risk of sudden cardiac death [29, 
30]. The presence of a left ventricular aneurysm in a HCM 
patient is similarly associated with an increased risk of sud-
den cardiac death with an event rate of almost 5%/year 

reported and an adverse event rate of 6.4%/year, which is 
more than threefold greater than that of those without aneu-
rysms [31]. Furthermore, there is also an increased risk of 
thromboembolism with a rate of over 1% a year. Crucially, 
identifying the presence of an apical aneurysm should alert 
the treating physician of a more severe pathological process, 
and early identification may lower the threshold for possible 
intervention with effective treatment modalities such as anti-
coagulation, catheter ablation, and/or ICD implantation [32]. 
Accurate determination of LVEF is vital as LVEF is one of 
the strongest prognostic risk factors. Indeed patients with 
LVEF <50% have more progressive and are associated 
increased adverse events. In a study of 188 patients with 
HCM and an EF of <50% followed up over an extended 
period of time, 20% of the patients had appropriate ICD ther-

e f

g h

Fig. 15.5 (continued)
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Fig. 15.6 Two cases of mid to apical HCM (a, b) appearing phenotypi-
cally similar on cine imaging. By performed adenosine stress perfusion 
followed by LGE imaging, two very different phenotypes emerge. 
Patient A demonstrates preserved microvascular perfusion at basal, 
mid, and apical ventricular levels without evidence of myocardial fibro-

sis on LGE imaging. Patient B shows a similar pattern of hypertrophy 
but with marked circumferential microvascular perfusion abnormalities 
(dark regions) at basal, mid, and apical ventricular levels and evidence 
of diffuse fibrosis in the regions of maximal hypertrophy

apy preventing potentially lethal malignant arrhythmias, and 
interestingly over two thirds of these events occurred in those 
with LVEF between 35% and 49%. Furthermore, the authors 
of this study inferred that timely identification of systolic 
impairment and intervention with ICD, cardiac re- 
synchronization therapy, or transplant was associated with a 
fourfold increase in outcome in comparison with historical 
studies, illustrating the importance of accurate and early 
identification of high-risk morphological features [33].

Additional novel CMR biomarkers such as myocardial 
strain, myocardial perfusion defects, and left atrial function 
and structure have been shown to be possibly associated with 
negative prognostic indicators, although further work is 
needed to further clarify these early findings (Fig.  15.6) 
[34–36].

The use of parametric mapping extends beyond the diag-
nostic process and is now identifying early markers of the 
disease process. A recent study demonstrating prolonged 
native T1 and increased ECV was found in HCM patients 
without LGE, which suggests that early interstitial fibrosis 

precedes focal fibrosis and LGE which may in the future 
facilitate earlier diagnosis and treatment [37].

The role of CMR in HCM encompasses more than just the 
initial diagnostic and prognostic algorithm and is recom-
mended for interval surveillance of disease progression. 
CMR with LGE is recommended in the 2020 AHA/ACC 
Guidelines as a class 2b indication for periodic longitudinal 
surveillance (every 3–5 years) in those individuals without 
an ICD or to assess for any morphological change [10]. The 
consensus is that the progression or development of one or 
more of these high-risk morphological features identified by 
CMR is likely to have a significant impact on any future clin-
ical decisions. Additionally, CMR is useful in planning sep-
tal reduction procedures and by reliably characterizing 
specific features of the LVOT anatomy that may be contrib-
uting to the underlying obstruction.

Future work enhancing and improving the role of CMR in 
HCM is occurring at the diagnostic, prognostic, and through-
out the lifespan of the disease process. Key registries such as 
the HCMR registry will provide a wealth of information in 
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the future to help understand and treat this heterogeneous 
and complex condition [38]. In summary, CMR provides a 
robust single imaging modality to diagnose HCM, out-rule 
phenocopies, accurately risk stratify, and provide ongoing 
longitudinal high quality care to individuals with HCM.

15.4  Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is one of the most common 
cardiomyopathies worldwide and has many causes. It is 
characterized mainly by systolic dysfunction with ventricu-
lar dilatation in one or both ventricles (Movies 15.9 and 
15.10). The ESC 2021 Heart Failure guidelines subdivide 
DCM into two different subtypes – DCM and hypokinetic 
non-dilated cardiomyopathy (HNDC) based on the presence 
or absence of ventricular dilatation. DCM is defined as LV 
dilatation and systolic dysfunction in the absence of known 
abnormal loading conditions or significant CAD. HNDC is 
defined as LV or biventricular global systolic dysfunction 
(LVEF <45%) without dilatation in the absence of known 
abnormal loading conditions or significant CAD. DCM and 
HNDC can be considered “familial” if two or more first- or 
second-degree relatives have DCM or HNDC, or a first- 
degree relative has autopsy-proven DCM and sudden death 
at <50 years of age [39]. For the purposes of this text, DCM 
will refer to both subtypes (DCM and HNDC). DCM can be 
primary (genetic, mixed or predominantly familial nonge-
netic, or acquired) or secondary (e.g., infiltrative, autoim-
mune, toxins, pregnancy). It is important to remember that 
identification of an acquired cause of DCM does not exclude 
an underlying pathogenic gene variant, and this should still 
be assessed as the acquired cause may be the catalyst result-
ing in the genetic phenotypical expression [40]. DCM is 
classified as idiopathic once all nongenetic detectable agents 
are excluded. Prevalence in the general population remains 
unclear and is likely under estimated due to significant het-
erogeneity in diagnostic criteria and incomplete family 
screening historically [41]. DCM disorder develops at any 
age, in either sex, and in people of any ethnic origin. In many 
cases, the disease is inherited and is called familial dilated 
cardiomyopathy; patients without any inheritance pattern are 
classified as having sporadic DCM.  The familial type is 
thought to account for 30–50% of idiopathic DCM cases of 
which 40% have a genetic cause identified [42, 43].

15.4.1  CMR in the Diagnosis of DCM

CMR is a fundamental tool in the diagnosis, prognosis, and 
optimization of therapeutic treatments in the DCM popula-
tion. CMR cine imaging provides accurate and reproducible 
measurements on biventricular volumes, mass, and function 

overcoming limitations specific to other imaging modalities. 
Consequently, CMR is the recommended imaging modality 
of choice in patients with nondiagnostic or sub-optimal 
echocardiography (ESC class 1 recommendation) [39].

After accurate determination of left ventricular volume 
and systolic function, the next diagnostic question is to deter-
mine the absence of significant coronary artery disease. 
Furthermore, this differentiation carries important therapeu-
tic implications in terms of possible revascularization and 
decisions regarding ICD therapy. CMR with LGE can effec-
tively rule in or out significant coronary artery disease by 
identifying myocardial scar in a coronary distribution in 
either a subendocardial or transmural pattern [44]. 
Accordingly, the updated 2021 ESC Heart Failure guidelines 
support the use of CMR with LGE in DCM patients to distin-
guish between ischemic and nonischemic myocardial fibro-
sis (class 2a recommendation) [39]. The reporting 
cardiologist must be cognizant that there may be “bystander 
coronary artery disease,” where an individual may have a 
small subendocardial infarction that does not explain the 
severity of systolic impairment and dilatation. In this sce-
nario it may be useful to consider further imaging with per-
fusion sequences or invasive coronary angiography if 
clinically appropriate. In the potential rare setting of true 
myocardial hibernation secondary to significant ischemia in 
the absence of infarction, perfusion imaging can assess for 
significant coronary artery disease.

The nonischemic late gadolinium pattern in DCM is typi-
cally diffuse, seen in the septal mid-wall or with subepicar-
dial enhancement. However, in most cases 60–70% of DCM 
there is no LGE [45]. In individuals with borderline low 
LVEF and mildly increased ventricular volumes without 
LGE (e.g., athletic remodeling vs. early DCM), native T1 
mapping can be used to help aid the in the diagnostic process 
as T1 values are prolonged in DCM and have been reliably 
shown to help discriminate between normal and myopathic 
myocardium [46–48]. Of note if low T1 values are recorded, 
T2* sequences should be performed to assess for any evi-
dence of myocardial iron overload, which on echocardiogra-
phy can occasionally appear with a DCM-like phenotype 
(Fig. 15.7).

15.4.2  CMR in the Prognosis and Management 
of DCM

Risk stratification for DCM has traditionally focused on con-
ventional markers such as ejection fraction to predict SCD 
risk and the need for ICD implantation. Unfortunately, the 
current risk stratification model appears ineffective at accu-
rately determining those who are at increased risk and who 
may benefit from implantation, leading physicians and 
researchers to seek alternative markers to guide the decision- 
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Fig. 15.7 Dilated cardiomyopathy appearing “phenotypically” one 
disease on cine imaging (top row). Late gadolinium-enhanced images 
(bottom row) demonstrating two different disease processes leading to 
similar phenotype. Mid-wall fibrosis is seen in example (a) consistent 

with DCM, whereas extensive subendocardial fibrosis is seen in exam-
ple (b), consistent with prior myocardial infarction, and diagnostic of 
an ischemic etiology

making process. This was highlighted by the DANISH Trial, 
which demonstrated that ICDs in primary prevention in 
DCM did not reduce total mortality despite lowering the risk 
of SCD [49]. Utilizing CMR may result in improved prog-
nostic stratification, leading to better patient selection of 
those who would benefit from ICD therapy, improving out-
comes while also decreasing adverse events for those who 
are unlikely to benefit from an ICD.

Histologically, DCM is characterized by progressive 
interstitial fibrosis and degeneration of myocytes. 
Replacement fibrosis is also often seen, and unlike in CAD, 
there is mid-wall rather than subendocardial fibrosis, due to 
involvement of the circumferential fiber layer (Fig.  15.8). 
This finding carries important prognostic implications and 
has been found to represent an important substrate for induc-
ible ventricular arrhythmias independent of ejection fraction 
[50]. There are a number of prospective studies evaluating 
the independent prognostic value of myocardial fibrosis in 
DCM [51, 52]. The first of these studies was published by 
Assomul et al. following 101 consecutive patients with DCM 
for a mean of 658 ± 355 days. Mid-wall fibrosis (seen in 35% 
of patients) was an independent predictor of major adverse 
cardiac events, including all-cause death and hospitalization 

for a cardiovascular event (HR 3.4; p = 0.01). Multivariate 
analysis showed mid-wall fibrosis as the sole significant pre-
dictor of death or hospitalization. Mid-wall fibrosis also pre-
dicted secondary outcome measures of sudden cardiac death 
(SCD) or ventricular tachycardia (HR 5.2, p = 0.01). Mid- 
wall fibrosis remained predictive of SCD/VT after correction 
for baseline differences in left ventricular ejection fraction 
between those with and without fibrosis. More recently Alba 
et al. performed a large multinational retrospective study of 
1672 DCM patients followed for an average of 2.3  years 
[45]. After adjustment for other clinical risk factors, LGE 
presence was independently associated with a 1.5-fold 
increased risk of all-cause mortality, heart transplantation, or 
left ventricular assist device implant and a 1.8-fold increased 
risk of malignant arrhythmic event. Specifically, presence of 
LGE was associated with an annual mortality risk of 4.0% 
versus only 1% in patients without LGE. Similarly the annual 
risk of SCD or appropriate ICD shock was 4.0% versus only 
1.5% in patients without LGE.  A recent meta-analysis by 
Becker et al. reported the presence of LGE was associated 
with a 3.4-fold unadjusted increased mortality and a 4.5-fold 
unadjusted increase risk for arrhythmic events [53]. 
Interestingly, in a study of 847 individuals with DCM, there 
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Fig. 15.8 Dilated cardiomyopathy. Cine image (a) showing dilated LV with wall thinning and mild increase in lateral wall trabeculation. Late 
gadolinium images (b) show typical mid-wall enhancement, confirmed macroscopically (c), and microscopically as myocardial fibrosis (d)

does not appear to be a linear relationship between volume of 
LGE and increasing risk (unlike with HCM). The presence 
of even a small amount of septal LGE is associated with a 
large increase in the risk of death and SCD events and slightly 
increased with concomitant septal and free-wall LGE [54].

Based on these findings, a large multicenter registry 
called the DERIVATE study evaluated 1508 DCM patients 
with a novel risk score that included male sex, LVEDVI 
>120.5 ml/m2, and the presence of ≥3 segments with LGE 
mid-wall enhancement [55]. This score made it possible to 
reclassify approximately 1/3 of patients who met the current 
criteria for ICD implantation as low-risk patients, while also 
providing a net reclassification improvement of 64%. These 
findings were confirmed in a validation cohort of 508 indi-
viduals. This study demonstrated that this CMR-based risk 
score provided incremental prognostic value beyond the cur-
rent standard of care and infers that CMR has a key role in 
prognostic stratification and ICD selection. A recent study 
has further demonstrated that T1 mapping and calculation of 
the ECV add prognostic value in the majority of DCM 

patients without LGE [56]. Future prospective trials such as 
the CMR GUIDE trial and the ReCONSIDER study will 
help determine the magnitude of CMR in improving clinical 
outcomes [57, 58].

15.5  Arrhythmogenic Ventricular 
Cardiomyopathy (AVC)

Arrhythmogenic cardiomyopathy (AVC) is a primary heart 
muscle disorder presenting clinically with ventricular 
arrhythmias, sudden death, or heart failure. It is character-
ized pathologically by progressive myocardial loss with 
fibrous or fibrofatty replacement caused by abnormal cell 
connections through the desmosome [59, 60]. Traditionally, 
AVC was thought to have regional or global alteration in the 
function of the right ventricle with or without anomalies of 
the left ventricle and was subsequently known as arrhythmo-
genic right ventricular cardiomyopathy (ARVC). However, it 
is now known that this cardiomyopathy can present with iso-

T. Murphy et al.



263

lated abnormalities in either the right or the left ventricle or 
indeed in a biventricular pattern. Therefore, in order to define 
the broader spectrum of disease, the term “arrhythmogenic 
ventricular cardiomyopathy” AVC has been proposed.

The estimated prevalence of AVC in the general popula-
tion ranges from 1 in 2000 to 1 in 5000; men are more fre-
quently affected than women, with an approximate ratio of 
3:1. The condition is a major cause for SCD in the young and 
athletes. Dysfunctional desmosomes resulting in defective 
cell adhesion proteins, such as plakoglobin (JUP), desmopla-
kin (DSP), plakophilin-2 (PKP-2), and desmoglein-2 (DSG- 
2), consequently cause loss of electrical coupling between 
cardiac myocytes, leading to myocyte cell death, fibrofatty 
replacement, and arrhythmias. LV or RV dilatation and func-
tional impairment often result in regional wall motion abnor-
malities and regional aneurysmal dilatation (Movies 15.11 
and 15.12). Subtle changes are typically confined to the 
inflow tract, outflow tract, or apex of the RV, the so-called 
triangle of dysplasia which has now evolved into the “quad-
rangle of dysplasia” to include the left ventricular inferolat-
eral wall, the most frequently involved LV region [61].

The traditional diagnosis of ARVC involved the use of a 
2010 task force criteria, which used major and minor criteria 
based on electrocardiographic, morphological, histological, 
clinical, and genetic findings. The cornerstone of the diagno-
sis was based on accurate assessment for any regional or 
global morphological changes in the right ventricle, with or 
without changes in the left ventricle [62]. Echocardiography 
traditionally was the most extensively used imaging tool to 
evaluate these individuals. However, the RV is difficult to 
completely evaluate with echocardiography owing to near 
field signal dropout and its crescent shape; furthermore, pre-
dominant left ventricular AC can be particularly difficult to 
diagnose on echocardiography alone. Given the evolution of 
ARVC to AVC, the proposed 2020 Padua criteria provide a 
working framework to improve the diagnosis of AVC. This 
criteria introduces myocardial tissue characterization with 
LGE as a key part of the diagnostic criteria, in addition to 
ECG abnormalities and ventricular arrhythmia features for 
the diagnosis of the left ventricular phenotype [63].

CMR has a much better diagnostic performance for AVC 
when compared with echocardiography. In a study of 102 
patients with AVC, the diagnostic performance of echocar-
diography was low in contrast to CMR with a sensitivity of 
50% and specificity 70%, positive predictive value 80%, and 
negative predictive value 37% [64]. In a study of 200 AVC 
patients who had a CMR, there were three main patterns of 
disease expression: (1) classic; defined as isolated RV dis-
ease or LV involvement in the presence of notable RV 
enlargement and/or dysfunction; (2) left-dominant; promi-
nent LV manifestations in the setting of relatively mild right- 
sided disease; and (3) biventricular; characterized by equal 
bilateral ventricular involvement [65]. 5% had left-dominant 

disease, and 56% showed a biventricular pattern. Classic dis-
ease expression was observed in 39%, of which 59% had LV 
involvement. Of note 80% had CMR evidence of LGE in the 
LV.  The inferolateral wall was most commonly affected 
(85%) in subepicardial and mid-wall locations. Other loca-
tions include the inferoseptal junction, anterolateral wall, 
and anterior wall (Fig. 15.9).

CMR is not only fundamental in the diagnosis of AVC 
but also helps prognosticate the severity of the disease while 
simultaneously guiding decisions regarding implantable 
defibrillators. A study by Zorzi et al. demonstrated that the 
presence of major morphological criteria and of moderate- 
severe RV dysfunction was significantly higher in those 
with malignant arrhythmic events [66]. Furthermore, it is 
becoming increasingly apparent that involvement of the left 
ventricle is associated with a worse prognosis in comparison 
to abnormalities limited to the right ventricle [67]. In a study 
of 140 AVC patients with a median follow-up of 5 years, 
34% had major events. However, none occurred in patients 
with a normal CMR.  Patients with LV involvement 
(LV-dominant and biventricular) had a worse prognosis than 
those with RV only (p < 0.0001). A RV only presentation 
was more frequent in patients without major events than 
others (OR: 0.3; 95% CI: 0.2 to 0.7; p = 0.03). By contrast, 
those with cardiac events had more often a LV-dominant 
(OR: 4.3; 95% CI: 1.5 to 12.0; p = 0.004) or a biventricular 
(OR: 2.6; 95% CI: 1.3 to 5.4; p = 0.04) presentation. Overall, 
a LV involvement was found in 36 of 48 patients (75%) with 
events and in 32 of 92 (35%) without (OR: 5.6; 95% CI: 2.6 
to 12.3; p  <  0.0001) [68]. Of note the 5-year ARVC risk 
score underestimated the risk when the LV was involved. 
Consequently, the authors recommend ICD implantation in 
those who have evidence of left ventricular disease and no 
ICD in those with normal CMR studies and to use the 5-year 
ARVC risk score to assess risk for those with RV only dis-
ease [69].

In predominant left ventricular AVC, diffuse disease may 
result in left ventricular heart failure, and ventricular arrhyth-
mias may or may not be present. Consequently, it can be 
difficult to differentiate from DCM particularly in from the 
hypokinetic non-dilated cardiomyopathy subclass (HNDC) 
[70]. From an imaging perspective, patients with predomi-
nant left ventricular AC are more likely to have focal areas of 
hypokinesia in contrast to global hypokinesia, subepicardial 
LGE in contrast to either no LGE or septal mid-wall fibrosis, 
and an inverse relationship between the extent of the LGE 
and LVEF seen in the AVC but not in the HNDC phenotype 
[71, 72].

CMR is cornerstone to the diagnosis, risk assessment, and 
management in patients with AVC.  CMR has an excellent 
negative predictive value and can better identify those at 
greater risk of cardiac arrhythmias who may benefit from 
ICD implantation.
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Fig. 15.9 Arrhythmogenic right ventricular cardiomyopathy. Four- 
chamber and RVOT view cine images show a markedly dilated RV (a) 
with local aneurysmal in the RVOT (b). Corresponding LGE imaging 
shows extensive fibrosis in the RV walls and in the septum, preferen-

tially in the RV septal wall extending to the LV inferior and anterior 
epicardial regions (c, d). A representative postmortem heart showing 
RV septal fibrosis (red arrow) confirmed as ARVC on microscopy 
showing typical fibrofatty replacement (e, f)
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15.6  Left Ventricular Noncompaction 
(LVNC)

Left ventricular noncompaction (LVNC) is a rare primary 
genetic cardiomyopathy first described over 30 years ago 
and is hypothesized to be a result of arrested compaction of 
the developing myocardium [73]. Morphologically LVNC is 
typically characterized by a bilayered appearance of the 
myocardium, with excessive trabeculations and deep inter-
trabecular recesses [74, 75] (Movies 15.13, 15.14, and 
15.15). Based on the unique morphological features, LVNC 
was initially defined as a distinct cardiomyopathy with early 
studies suggesting that LVNC may be an aggressive cardio-
myopathy with increased risk of heart failure, cerebrovascu-
lar events, and arrhythmias [76, 77]. However, as the 
cardiology community’s knowledge and understanding of 
this cardiomyopathy grew, there has been significant debate 
as to whether or not LVNC is a distinct cardiomyopathy or 
morphological feature of remodeling [78, 79]. Indeed, in 
2008 the ESC position statement defined LVNC as an 
“unclassified cardiomyopathy”; however, more recently this 
has been clarified in the 2021 ESC Guidelines on Heart 
Failure which states LVNC is not to be treated as a separate 
disease entity, but as a separate rare presentation of a genetic 
susceptibility to either HCM or DCM [39, 73]. The reason-
ing is due to the overlap that exists in families with DCM and 
HCM phenotypes, as commonly individuals with features of 
LVNC are found in families where other affected relatives 
have typical DCM or HCM.

CMR is key in clarifying the diagnosis of LVNC and car-
ries a class 1 recommendation for the diagnosis and charac-
terization of myocardial tissue in suspected cases [39]. There 
are currently four different CMR criteria for the diagnosis of 
LVNC; by assessing the ratio between noncompacted and 
compacted myocardium at end diastole (Petersen method) or 
at end systole (Stacey method) or by assessing the mass ratio 
between total and trabeculated mass (Jacquier method) or by 
fractal dimension (Captur method) [80–83]. As expected, 
using different criteria results in varying prevalence of indi-

viduals fulfilling the CMR criteria of LVNC.  One single- 
center study demonstrated that applying the different criteria 
to 700 patients referred for CMR for various indications 
found that the prevalence of increased trabeculations using 
the Petersen, Stacey, Jacquier, and Captur criteria was 39%, 
23%, 25%, and 3%, respectively [84]. Furthermore, there 
was also absence of a correlation between the diagnosis of 
LVNC by any of the criteria and any clinical outcomes. In 
terms of guiding prognosis, a study of 339 patients who met 
echocardiographic or CMR diagnostic criteria for LVNC 
illustrated that those with preserved systolic function and 
noncompaction limited to the apex have a benign prognosis 
with the 5-year survival being the same as the general popu-
lation. Increased age, lower left ventricular ejection fraction, 
and noncompaction extending beyond the left ventricular 
apex to the mid-basal segments were associated with 
increased mortality among patients meeting LVNC criteria 
[85]. In light of the multiple clinical criteria for the diagnosis 
of LVNC and the high prevalence of individuals meeting 
imaging-based criteria, with nonsignificant clinical out-
comes in otherwise normal studies, diagnosing LVNC on 
increased trabeculations in an otherwise normal CMR is 
challenging. Indeed some have proposed that there is no 
need to routinely quantify the extent of trabeculations, unless 
there is a known high pretest probability for LVNC because, 
firstly, a clinical diagnosis would be very unlikely, and sec-
ondly there seems to be no evidence of incremental prognos-
tic value [86]. In individuals who have increased 
trabeculations and a high pretest probability, with confirmed 
genetic mutations, there is no association between increased 
trabeculation and a poorer prognosis. However, as expected, 
evidence of LGE and impaired systolic function has been 
demonstrated to be associated with a more malignant trajec-
tory [87, 88]. The authors suggest therefore that a clinical 
diagnosis of LVNC based on increased trabeculations alone 
should be avoided unless there is a high pretest probability 
and instead should be interpreted in the clinical context, 
regarding family history, arrhythmias, and history of neuro-
muscular disease and symptoms (Figs. 15.10 and 15.11).
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Fig. 15.10 Left ventricular non compaction (LVNC). Representative 
cine images in four-chamber, three-chamber, two-chamber, and short- 
axis  imaging planes (a–d) demonstrating marked increase in trabecular 

meshwork, with a noncompact trabecular to compact trabecular ratio 
>2.3:1 at end diastole. The apical regions are easily visualized using 
CMR
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Fig. 15.11 Left ventricular non compaction (LVNC). Representative 
cine images in three-chamber, four-chamber, two-chamber, and short- 
axis imaging planes (a–d). This example demonstrates the more “tradi-

tionally” described trabecular pattern in LVNC with predominant 
noncompact trabeculations seen in the lateral and apical walls

15.7  CMR in the Diagnosis and Evaluation 
of Muscular Dystrophies (MD)

Muscular dystrophies (MD) encompass a rare heterogeneous 
group of genetic diseases with many overlapping, yet dis-
tinct, phenotypes, most often relating to muscular weakness 
secondary to progressive muscular degeneration. Various 
inheritance patterns are seen including X-linked, autosomal 
dominant or autosomal recessive. Common to all MDs is 
cardiac involvement with the severity of the presentation 
dependent on the genetic basis of the MD phenotype. 
Examples of manifestation of cardiac disease include heart 
failure, arrhythmias, and conduction abnormalities [89]. 
However, patients often have subclinical cardiac abnormali-
ties for many years that are not diagnosed resulting in patients 

presenting symptomatically with advanced cardiac pathol-
ogy. A recent registry publication illustrated that 30% of 
patients with Duchene muscular dystrophy had not had an 
echocardiogram and only 40% of those diagnosed with a car-
diomyopathy were on cardioprotective medications [90]. 
Furthermore, there is an increasing body of evidence that 
suggests that cardiac evaluation and treatment before symp-
toms improve mortality [91–93]. This highlights the need for 
early, accurate diagnosis to facilitate timely commencement 
of cardioprotective therapies to improve outcomes. While 
echocardiography has traditionally been used as the initial 
imaging modality of choice, there is increasing evidence that 
the use of CMR aides early and prognostically relevant infor-
mation that would not be available with echocardiography 
[94]. It is important to be cognizant that these patients often 
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have respiratory incompetence and may not tolerate lying 
flat for long periods of time; furthermore in those patients 
that require ventilatory support, the suitability and practical-
ity of performing a study must be carefully considered.

There are three main types of MD in which CMR has 
been shown to be of use: dystrophinopathies (Duchenne and 
Becker), myotonic dystrophies (myotonic dystrophy type 1 
and type 2 and LMNA gene), and mitochondrial myopathies. 
Of these three types, most of the research to date has focused 
on Duchenne muscular dystrophy (DMD) and Becker mus-
cular dystrophy (BMD).

DMD and BMD are X-linked recessive disorders affect-
ing males primarily and female carriers with milder symp-
toms [95]. Cardiomyopathy is the principal cause of death, 
and cardiac manifestations are present in 60–75% of patients 
with BMD and almost every patient with DMD [96–98]. 
CMR has been shown to identify cardiac involvement in 
patients with normal echocardiograms. In one study of BMD 
patients, 53% had an impaired ejection fraction on echocar-
diography, yet 73% had LGE on CMR imaging [99]. 
Typically, LGE is subepicardial or mid-wall and progresses 
to transmural and is located in the inferolateral left ventricu-
lar wall [100]. Additional studies have demonstrated that in a 
study of 314 DMD patients, LGE is present in 30%. It occurs 
early and is progressive, increasing with age and decreasing 
systolic function suggesting that the time course and LGE 
may be an important clinical biomarker in the management 
of DMD-associated cardiac disease [101]. A CMR study of 
88 DMD/BMD patients demonstrated that an impaired 
LVEF ≤45% and a transmural pattern of LGE independently 
predicted the occurrence of adverse cardiac events. 
Furthermore, in patients with an LVEF >45%, LGE was of 
additive prognostic value [102]. Secondary to the clear ben-
efit of utilizing CMR in this population, the 2017 American 
Heart Association scientific statements comment that peri-
odic use of advanced tissue imaging modalities such as CMR 
in the care of DMD/BMD patients is reasonable particularly 
in those with poor echocardiographic views or for assessing 
myocardial fibrosis (class 2a; level of evidence B) [89]. 
Female carriers who present without muscle weakness are 
also found to have a high burden of dilated cardiomyopathy, 
with LV dysfunction present in 14–40% of DMD with CMR 
demonstrating LGE in a similar pattern to males in 35–60% 
of DMD carriers and 19–20% of BMD carriers [101].

Myotonic dystrophy type 1 is caused by a CTG triplet 
repeat manifesting with myotonia, cataracts, diabetes, and 
cardiac arrhythmias. Conduction abnormalities are the pri-
mary cardiac complication, although CMR can demonstrate 
abnormalities with dilatation, hypertrophy, systolic impair-
ment, and LGE. LGE is seen in approximately 10–30% of 
MD individuals typically in the mid-myocardial septal and 
basal inferolateral wall [103, 104]. There is also an associa-

tion of increased post-contrast T1 values in DM individuals 
which likely represents the diffuse myocardial fibrosis [105].

It is apparent that CMR has a growing role in the diagno-
sis and management of MDs; the long-term prognostic rele-
vance of these findings remains to be determined, but with 
the increasing use of CMR in this population, this is expected 
in the near future.

15.8  Iron-Related Cardiomyopathies

There are two main types of iron overload-related cardiomy-
opathies. Primary iron overload is seen in the context of 
hereditary hemochromatosis, and secondary iron overload is 
seen in the context of multiple blood transfusions required 
for management of hereditary anemias (thalassemia/sickle 
cell disease) or acquired anemias (e.g., myelodysplastic syn-
dromes). Iron overload cardiomyopathy can manifest in a 
restrictive, mildly hypertrophied fashion before possibly 
evolving into a dilated phenotype with progression of the 
disease. Crucially myocardial iron overload can be prevented 
by either chelation therapy or venesection depending on the 
underlying etiology. Indeed the use of CMR with T2* is 
attributed as a key contributor to the improvement of out-
comes in thalassemia patients and has demonstrated a prog-
nostic role guiding treatment regarding chelation therapy 
[106, 107]. CMR with T2* allows quantitative assessment of 
myocardial iron overload with a clear inverse correlation 
between systolic function and severity of myocardial iron 
overload, with increased iron deposition associated with 
decreasing systolic function [108, 109]. The typical T2* 
value for iron load assessment is <20 ms; however, this is a 
conservative value in order to ensure optimal specificity 
rather than sensitivity. Recent studies have demonstrated that 
T1 mapping is more sensitive and at the T2* range of 
20–30ms may help identify small values of myocardial iron 
accumulating and potentially guide more timely interven-
tions with the hope of improving outcomes [110, 111].

15.9  Conclusion

CMR is a comprehensive and single imaging modality used 
to diagnose inherited cardiomyopathies, to differentiate phe-
notypes, and to provide key prognostic information. CMR 
utilizes various imaging approaches including high- 
resolution cine imaging, T1- and T2-weighted images, myo-
mapping (T1, T2, T2*), stress perfusion, and late gadolinium 
imaging to provide diagnostic and prognostic information to 
the referring clinician. The use of CMR imaging is increas-
ing at a phenomenal rate internationally and is now recom-
mended in many guidelines as the imaging technique of 
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choice. Unique insights into disease manifestation and pro-
gression are being acquired, and in the future CMR may 
hopefully provide more data on genotype-phenotype correla-
tions beyond what standard imaging currently provides.

Practical Pearls

• In a single-scan setting, CMR can acquire high-resolution 
cine images with a wide field of view; can characterize 
tissue to define fat, edema, infarction, fibrosis, and infil-
tration; and can assess epicardial and microvascular blood 
flow using perfusion imaging.

• CMR is increasingly appreciated as the gold-standard 
imaging modality of choice in the assessment and risk 
stratification in inherited cardiomyopathies.

• CMR accurately, in a single scan, diagnoses HCM, out-
rules HCM phenocopies, and provides additional risk 
stratification information including the presence and bur-
den of LGE and or presence or absence of left ventricular 
apical aneurysms.

• The presence of LGE mid-wall fibrosis is an important 
independent marker of risk in patients with DCM and 
may help guide the decision-making regarding ICD 
implantation.

• LVNC is not to be treated as a separate disease entity but 
as a separate rare presentation of a genetic susceptibility 
to either HCM or DCM. Furthermore, a clinical diagnosis 
of LVNC based on increased trabeculations alone should 
be avoided unless there is a high pretest probability and 
should be interpreted in the clinical context.

• CMR is cornerstone to the diagnosis, risk assessment, and 
management in patients with AVC with an excellent nega-
tive predictive value and can better identify those at 
increased risk of cardiac arrhythmias who may benefit 
from ICD implantation.

• CMR has a growing role in the diagnosis and manage-
ment of cardiac manifestations of MDs; the long-term 
prognostic relevance of these findings remains to be 
determined but is expected in the near future.

• CMR with T2* and native T1 mapping is key to diagnos-
ing and managing iron overload-related 
cardiomyopathies.
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16Coronary Artery Anomalies

Andrew Crean

16.1  Introduction

Anomalies of the coronary arteries are paradoxically among 
the simplest and yet most difficult of subjects to understand 
in congenital heart disease. Disconcertingly, even the defini-
tion of what constitutes an “anomalous” vessel has been dis-
puted in the past. Prevalence data for coronary anomalies 
vary widely between published reports, undoubtedly reflect-
ing institutional bias and degree of enthusiasm for the topic.

While the identification of one of the many published 
anomalies is rarely difficult with modern imaging methods, 
the clinical relevance of the uncovered abnormality is often 
unclear, forcing patients and their physicians to live with an 
unsettling degree of uncertainty at times [1–3].

The purpose of this chapter is first to establish what is 
meant by normal and anomalous coronary anatomy, then to 
describe the principal subtypes of anomaly, and finally to 
review the strengths and weaknesses of potentially applica-
ble CMR imaging protocols.

16.2  Definition

Recognition of “abnormal” assumes knowledge of 
“normal”—a statement which appears facile but reflects the 
debate that has occurred on this topic. Leonardo da Vinci 
(1452–1519) was among the first to publish a description of 
normal coronary anatomy in which he not only described 
separate right and left coronary ostia but also pointed out that 
the normal coronary tree diminishes progressively in size 
from base of the heart to apex [4].

Works by other historical authors, however, elaborated 
on cases with single coronary arteries, and it would be 
another 200 years before Morgagni would clearly establish 
the normality of a dual coronary system in the human [5]. A 
further leap forward occurred in the 1960s with the advent 
of selective invasive coronary angiography and subsequent 
publications on coronary variants and anomalies in large 
cohorts.

Finally, the era of multi-detector row computed tomogra-
phy (MDCT) has opened Pandora’s box with significant 
numbers of coronary artery anomalies (CAAs) being uncov-
ered for the first time in adult patients with widely varying 
degrees of symptomatology (and in many cases, atypical 
symptoms or no symptoms at all).

Angelini et al. suggested over 20 years ago that recogni-
tion of CAAs must stem from an appreciation of normal 
coronary anatomy and proposed the following guiding prin-
ciples [6], which remain valid today:

 1. A coronary artery is defined as any artery or arterial 
branch that carries blood to the cardiac parenchyma.

 2. The name and nature of a coronary artery or branch are 
defined by that vessel’s distal vascularization territory, 
not by its origin.

 3. The sinuses of Valsalva are identified not by the coronary 
arteries but rather by their own topographic location.

 4. “Normal” should mean “what is commonly observed”.
 5. “Abnormal” or “anomalous” should be employed for 

any form observed in less than 1% of the general (human) 
population. Thus, an abnormality which occurs in a pop-
ulation with an observed frequency of greater than 1% is 
better described as a (normal) variant than an anomaly.

 6. Classification schemes are helpful for cataloguing CAAs 
but not for clinical prognostication.

 7. Normally (i.e., in >1%) the human coronary arteries 
have two or three coronary ostia.

 8. The proximal segment of a coronary artery arises at a 
nearly orthogonal angle from the aortic wall.
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 9. The coronary ostia are typically equal to, or larger in size, 
than the proximal segment of the related coronary artery.

 10. The course of the coronary arteries is mostly epicardial.
 11. The coronary arteries normally terminate in the capillary 

network.
 12. All myocardial segments should have a congenitally 

adequate arterial circulation with respect to basal and 
exercise requirements.

16.3  Morphology

Many complex classification schemes bedevil this topic—a 
nice summary was published by Jacobs et al. [7]. A simpli-
fied structure for the classification of anomalies is commonly 
employed clinically: (1) anomalies of origin, (2) anomalies 
of course, and (3) anomalies of termination. Although this 
scheme provides anatomic neatness, it has little bearing on 

the clinical importance of selected anomalies as will be dis-
cussed below. Nonetheless it is an appropriate starting point.

16.4  Coronary Anomalies Associated 
with Other Conditions

Coronary artery anomalies may occur alone or in conjunc-
tion with other cardiac abnormalities and malformations. 
Most commonly an incidental recognition of an anomaly in 
an otherwise well individual is usually an isolated finding. 
Several important anomalies occur reliably in association 
with major congenital malformations. These range from the 
expected clockwise rotation of the aortic root common to 
most cases of tetralogy of Fallot to the varied coronary pat-
terns (including single coronary artery, Fig. 16.1) associated 
with transposition of the great arteries as well as the coronary- 
cameral fistulas (Fig. 16.2) seen in children with pulmonary 
atresia with intact interventricular septum (PA-IVS) [8].

a

c

b

Fig. 16.1 Single coronary system in a patient with d-transposition of 
the great arteries following arterial switch surgery. (a) Coronary MRA 
demonstrates a large right coronary artery (asterisks) arising normally 
from the right coronary sinus. (b) A large marginal branch is seen to 
emerge from the right coronary artery (asterisk) and pass anteriorly 
over the front of the right ventricular outflow tract (arrows). (c) 

Ultrahigh-resolution MRA (0.5  mm isotropic) demonstrates that the 
vessel (arrow) in the expected position of the left anterior descending 
coronary artery does not connect to the aortic root (Ao) but instead 
forms the left coronary system as a direct extension of the RCA mar-
ginal branch shown in b
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Fig. 16.2 Coronary-cameral 
fistulae in a patient with 
pulmonary atresia and intact 
ventricular septum. Volume- 
rendered images from 
multiple angles demonstrating 
multiple fistulous connections 
from the right (white arrow) 
and left (grey arrow) coronary 
arteries to the hypoplastic 
right ventricle (RV). Note the 
multiple areas of coronary 
stenosis and aneurysmal 
expansion (asterisks) that are 
frequent in this condition

Fig. 16.3 Reformat from cardiac gated CT demonstrating a relatively 
long segment of myocardial bridging in a patient with hypertrophic car-
diomyopathy. The left anterior descending coronary artery (black aster-
isks) is shown, with its midportion passing through a “tunnel” of left 
ventricular muscle (white asterisks)

Not surprisingly there is a moderate association with aor-
tic valve disease in up to 20% of cases of coronary anomaly 
in angiographic series [9], and it is possible that this repre-
sents an underestimate of the true incidence of associated 
valvular pathology. Prospective registries with newer cross- 
sectional imaging techniques will be ideally placed to resolve 
this [10].

Coronary abnormalities may also be seen in heart muscle 
disease, principally hypertrophic cardiomyopathy (HCM), in 

which an excessive degree of myocardial bridging is not 
infrequently seen (Fig. 16.3). This is more correctly regarded 
as a variant than an anomaly since it occurs with a frequency 
well in excess of 1%. Bridging has been claimed to result in 
demonstrable myocardial ischemia in the absence of athero-
sclerotic disease [11]. Although coronary “milking” is a sys-
tolic phenomenon, there is evidence to suggest impact on 
diastolic coronary flow also [12]. On occasion this may be 
sufficiently severe as to warrant surgery.

Sometimes overlooked, also, are the acquired coronary 
anomalies, including aneurysms, that may develop as a result 
of systemic illness particularly Behcet and Kawasaki dis-
eases. Although not congenital (except perhaps by virtue of 
genetic predisposition), they are likely to be encountered by 
most CMR imagers and are included here for completeness.

16.5  Clinical Presentation

The frequency of CAAs is debated, and it seems likely that 
many individuals with coronary anomalies never present 
during their lifetime. The literature is biased with series of 
either otherwise healthy individuals who experienced sud-
den cardiac death or those with symptoms of myocardial 
ischemia. The diagnosis is established in some cases by inva-
sive angiography and in others by autopsy alone. Extreme 
populations are often over represented (e.g., military recruits 
or athletes who undergo extreme levels of conditioning and 
physical exertion) making it difficult to know whether out-
comes in these groups are truly representative of those in the 
general (more sedentary) population with the same or similar 
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anomaly [13–15]. The one consistent finding, however, has 
been that there is a higher incidence of coronary anomalies 
in victims of sudden death than is seen in routine autopsy 
series [16, 17]. It is this fact that generates the most angst for 
physicians attempting to counsel these patients.

One retrospective surgical series of 36 patients docu-
mented preoperative symptoms of angina, shortness of 
breath, or syncope in 81%, but importantly, abnormalities of 
perfusion were only identifiable in 43% [18]. In contrast, 
another small series demonstrated inducible perfusion 
defects by nuclear perfusion imaging in 80% of subjects with 
an inter-arterial vessel [19]. However, it is the lack of repro-
ducible ischemia in survivors of sudden cardiac death with 
known coronary anomalies that has led to some arguing in 
favor of surgical repair upon identification, regardless of 
stress test results. This is held to be particularly true for 

anomalous left coronary artery from the opposite sinus 
(ALCAOS, Fig. 16.4) which appears to have a much stronger 
association with sudden death than its counterpart anoma-
lous right coronary artery from the opposite sinus (ARCAOS) 
[2]. With regard to the latter diagnosis, there is generally a 
lower threshold for operating on asymptomatic children than 
there is in adults, unless myocardial ischemia can be 
demonstrated.

At the Texas Heart Institute almost 2000 angiograms were 
reviewed for evidence of CAA. In this study approximately 
5% of men and 8% of women had an identifiable anomaly 
[9]. The commonest anomalies were as shown in Table 16.1.

Thus, a total of 5.6% of the patients had an identifiable 
CAA—a much higher figure than the 1.3% detected in the 
large angiographic series from the Cleveland Clinic [20]. 
Furthermore, in a recent paper from the Netherlands looking 

a b

c

d

Fig. 16.4 Anomalous left coronary artery the opposite sinus 
(ALCAOS). (a) maximum intensity projection image showing the left 
main coronary artery (arrow) arising from the right coronary cusp 
(RCC) and passing between the aortic root (AO) and the main pulmo-
nary artery (MPA). Note that it appears relatively narrowed at this loca-
tion. (b) Volume-rendered image again showing attenuation (arrow) of 
proximal left main artery—the main pulmonary artery has been 

removed to improve visibility. (c) Cross section of the left main coro-
nary artery immediately beyond the ostium. Observe that the shape of 
the vessel is oval and somewhat slit-like (circle). (d) Cross section of 
the left main coronary artery as it emerges from between the aortic root 
and the pulmonary artery; the vessel now has a normal circular appear-
ance and a larger cross-sectional area. This was also confirmed at the 
time of surgical repair
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Table 16.1 Frequency of coronary anomalies in the Texas Heart 
Institute angiographic series [9]

Anomaly Percentage
Ectopic RCA from left cusp 0.92
Fistulas 0.87
Absent left main coronary artery 0.67
Circumflex arising from the right cusp 0.67
Left coronary artery from the right cusp 0.15
Low origin of the RCA 0.1
Other anomalies 0.27

at a little under 2000 patients examined by dual source CT, 
the incidence of anomalies was identical to the Cleveland 
angiographic series at 1.3% [21]. The true incidence of coro-
nary anomalies remains uncertain and is a question likely to 
be answered by large CT registries in the future.

16.6  How Good Is CMR for the Detection 
of the Course of Anomalous Coronary 
Vessels?

16.6.1  Anomalies of Origin

These are generally simple to identify by CMR since the ves-
sels are usually of a reasonable size, and the number of 
options for their origin is relatively limited. By far the com-
monest abnormality is origin of one coronary from the oppo-
site sinus. Careful imaging of the aortic root with thin slice 
cine, black blood, or angiographic images usually uncovers 
the abnormality in a matter of minutes. Slightly more chal-
lenging are rarer coronary origins such as that of the left or 
right coronary artery from the pulmonary artery. The first 
clue to the presence of this condition is the unusually dilated 
nature of most of the coronary arterial branches—enlarged 
because of increased volume flow as blood passes down a 
pressure gradient from the coronary with an aortic origin to 
that connecting to the pulmonary artery. Multiple small fistu-
lous branches anastomose between left and right coronary 
systems including septal branches, giving the appearances of 
twinkling lights or “Christmas tree septum” on Doppler 
echocardiography (Fig. 16.5). Once recognized, the search 
for the coronary origin from the pulmonary artery is then 
straightforward.

The other very rare anomalies of origin cannot be dealt 
with here. Suffice it to say that most CMR practitioners 
may never encounter one in an entire career. However, the 
best way of ensuring that a rare anomaly (coronary or oth-
erwise) is not missed is to ensure that every CMR protocol 
includes full thoracic coverage in either axial, sagittal, or 
coronal planes (or all three) with thin slice overlapping 
SSFP single- shot single-phase acquisitions. These can be 
run in quiet respiration and are a very rapid method of 
acquiring a comprehensive overview of the heart and great 
vessels.

16.6.2  Anomalies of Course

At this point it is appropriate to consider what precisely is 
meant by an “anomalous” coronary course. When a coronary 
artery arises anomalously, it may travel along four principal 
courses and these are not all of equal clinical importance. 
The vessel may pass:

 1. Inter-arterial between the aorta and pulmonary trunk 
(Fig. 16.6).

 2. Retroaortic (Fig. 16.7).
 3. Transseptal (Fig. 16.8), i.e., the proximal portion is tun-

neled through the septal myocardium (below the level of 
the pulmonary valve).

 4. Pre-pulmonic or preaortic in certain congenital condi-
tions (Fig. 16.9).

Of these four, it is the inter-arterial course that has gener-
ally been regarded as “malignant.”

Historically the concern has been that the vessel might be 
compressed during systole as it crosses between the aorta 
and pulmonary artery, resulting in ischemia and arrhythmic 
death. Most authors now consider this mechanism to be too 
simplistic, and greater emphasis is put on the shape of the 
ostium and the relationship of the most proximal portion of 
the artery to the aortic wall. In many cases the vessel takes a 
very oblique angle from its origin and actually travels within 
the wall of the aortic root for the first few millimeters. This 
so-called “intramural” course has been shown on  intravascular 
ultrasound (IVUS) studies to correspond to a very significant 
reduction in cross-sectional area of the vessel [22]. In these 
cases, it seems likely that supply-demand mismatch may 
occur in the subtended myocardium during exercise as 
 intra-aortic pressure rises and the intramural segment is fur-
ther compressed. Similarly, the extreme tangential origin of 
an intramural coronary artery results in deformation of the 
ostium which is often seen to be “slit-like” on both IVUS and 
cardiac CT (Fig. 16.10).

It should be emphasized that not all “inter-arterial” 
coronary arteries have malignant features as described 
above. Some may have no intramural component at all in 
which case the ostium as well is frequently normal. 
Although it might appear reasonable to assume that this 
subcategory of anomalous coronary is at far lower risk of 
adverse events than those with an initial intramural course, 
there are no prospective natural history studies available 
to confirm this. Indeed there is limited pathological evi-
dence to the contrary—in one postmortem study of sud-
den cardiac death from the Royal Brompton Hospital in 
London UK, there were 13 cases of inter-arterial coronary 
anatomy, but an intramural course and slit-like origin 
were documented in only four of the cases at direct inspec-
tion [16].

The three remaining possible proximal coronary courses 
(including the intraseptal intramyocardial) are generally 
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a b c

Fig. 16.6 Inter-arterial course of the right coronary artery. The right 
coronary artery (arrow, all three panels) can be identified originating 
from the contra-lateral sinus. SSFP cine imaging (a) alone is often ade-
quate for identification of inappropriate sinus origin—performed here 
with a voxel size of 1.0 × 1.0 × 3 mm. Whole heart coronary MRA (b) 

demonstrates the same finding in this patient with clarity achieved by a 
1.5 × 1.5 × 1.5 mm voxel size. The relationship of the proximal vessel 
to the aortic wall (intramural course—see text) is however more clearly 
defined with higher resolution MRA images (c) acquired at an isotropic 
1.0 mm resolution

c d

a b

Fig. 16.5 “Christmas tree lights” in anomalous coronary artery from 
the pulmonary artery. (a, b) Long- and short-axis echo views with color 
Doppler. Note the appearance of the septum where multiple Doppler 
colors are present due to the presence of collaterals which weave toward 
and away from the echo probe. (c) Off-axis view showing unusual color 

Doppler signal along the free wall of the right ventricle. (d) 
Corresponding cardiac CT view which reveals the findings in (c) to be 
due to the presence of greatly enlarged marginal vessels (arrow) 
engorged due to collateral flow
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a b c

Fig. 16.7 Retroaortic course of the circumflex artery (arrows a–c). A 
vessel (arrows) can be seen to take an unusual course infero-posterior 
to the aortic root on the freeze frame from a short-axis SSFP cine stack 
(a). Cardiac-gated tomography (b) in the same patient clearly shows its 

origin from the right coronary artery. Although this anomalous vessel is 
readily identified by catheter angiography (c) its 3-dimensional course 
in space is much more clearly understood by a cross-sectional tech-
nique. Ao aorta, LA left atrium, RA right atrium

a b

Fig. 16.8 Transseptal course of the left main coronary artery. The left 
main coronary vessel (arrow) arises from a common ostium with the 
right coronary artery. Note however that it is clearly extramural in rela-
tion to the aortic root. It passes anterior to the aorta below the level of 
the pulmonary valve and dives into septal myocardium prior to gaining 

a normal position in the anterior interventricular groove. A simple dou-
ble inversion black blood technique (a) demonstrates the abnormality 
every bit as clearly as the companion slice from a cardiac-gated CT 
scan (b). Ao aorta
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regarded as benign. Sporadic case reports of myocardial 
infarction in patients with these anomalies do arise, but 
whether this is due to the anomaly itself or simply ‘bystander’ 
atheromatous coronary disease is not always clear [23]. 
Alternatively, while it is sometimes postulated that “benign” 
anomalous vessels could nevertheless have altered flow pro-
files that lead to accelerated atheroma formation, few data 
exist to support this hypothesis.

Coronary MRA has historically been extremely success-
ful at the identification of coronary anomalies. Table  16.2 
summarizes the literature in this regard. In almost every, 
series an extremely high diagnostic accuracy is demon-
strated, and this is even more impressive considering that the 
early series were published almost 30 years ago when CMR 
was more limited and coronary MRA in relative infancy. 
Interestingly, in several cases coronary MRA was shown to 
be indubitably superior to conventional angiography which 
misclassified the course of the vessel.

Fig. 16.9 Preaortic course of the left main coronary artery. Coronary 
MR angiography demonstrates the preaortic course of the left main 
coronary artery (arrows) in a patient with transposition of the great 
arteries. This anomaly is considered benign

a b

c

Fig. 16.10 Intravascular ultrasound (IVUS) in the assessment of 
anomalous right coronary artery (RCA) from the opposite sinus. (a) 
The IVUS catheter (asterisk) has been introduced into the RCA distal to 
the narrowed proximal segment. (b) The catheter is slowly retracted 
(“pulled back”) toward the ostium—at the level shown, there is still a 

normal circular shape to the lumen. (c) The catheter has now reached 
the proximal intramural segment of the RCA. At this level the lumen 
(outlined in blue) has now changed into a very abnormal oval shape—
the so-called slit-like appearance
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Table 16.2 CMRA studies in coronary anomalies

Author Year

Number 
of 
subjects

Field 
strength Manufacturer MRA sequence Volume or targeted Accuracy Reference standard

McConnell 
[24]

1995 16 1.5 Siemens Breath-hold 
gradient echo

Targeted 14/15 (1 excluded for 
poor image quality)

X-ray angiography

Post [25] 1995 36 1.5 Siemens Breath-hold 
gradient echo

Targeted 36/36 X-ray angiography

Vliegen [26] 1997 12 1.5 Philips Breath-hold 
gradient echo

Targeted 11/12 X-ray angiography

Bekedam 
[27]

1999 4 1.5 Philips Breath-hold 
gradient echo

Targeted 4/4 X-ray angiography

White [28] 1999 8 1.5 GE Breath-hold 
gradient echo

Targeted 8/8 X-ray angiography

Taylor [29] 2000 25 Navigated 
free-breathing 
gradient echo

3D volume or 2D 
targeted slices 
depending upon 
respiratory pattern

23/25 (included 9 
normal controls in a 
blinded mix with 16 
anomalous vessels)

X-ray angiography

Greil* [30] 2002 6 1.5 Philips Navigated 
free-breathing 
gradient echo

3D volume 6/6 X-ray angiography

Bunce [31] 2003 26 1.5 Picker or 
Siemens

Navigated 
free-breathing 
gradient echo or 
SSFP

3D volume 26/26 X-ray angiography

Mavrogeni* 
[32]

2004 13 1.5 Philips Navigated 
free-breathing 
gradient echo

3D volume 13/13 X-ray angiography

Su [33] 2005 65 1.5 Philips Navigated 
free-breathing 
gradient echo

3D volume 62/65 No reference

Taylor† [34] 2005 16 1.5 Philips Navigated 
free-breathing 
SSFP

Targeted 3D N/A No reference

Takemura* 
[35]

2007 35 1.5 Philips Navigated 
free-breathing 
SSFP

3D volume (15/35)
Targeted 3D 
(20/35)

N/A No reference

Gharib [36] 2008 22 3.0 Philips Navigated 
free-breathing 
gradient echo

3D volume N/A X-ray angiography 
(8/12 patients and 
0/10 volunteers)

Beerbaum 
[37]

2009 40 1.5 Philips Navigated 
free-breathing 
SSFP

3D volume 12/12 in those with 
reference

X-ray angiography 
in 17/40

Clemente 
[38]

2010 15 1.5 Philips Navigated 
free-breathing 
SSFP

3D volume 15/15 No reference

Tangcharoen 
[39]

2011 58 1.5 Philips Navigated 
free-breathing 
SSFP

3D volume 4/4 Surgical inspection

Rajiah [40] 2011 112 1.5 Siemens Navigated 
free-breathing 
SSFP

3D volume N/A No reference

*Pure population of Kawasaki’s disease patients
†Pure population of patients with transposition of the great arteries following arterial switch surgery

16.6.3  Anomalies of Termination

Anomalous termination is less common than the other two 
kinds of anomaly discussed earlier. It is also potentially more 
difficult to detect and may require a high index of suspicion. 

One clue is the presence of unexplained ventricular enlarge-
ment which should prompt consideration of abnormal coro-
nary arterial drainage once the more common types of shunt 
have been excluded. One of the commonest anomalies of 
termination seen in clinical practice is that of the RCA or 
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circumflex artery draining to the coronary sinus (Fig. 16.11). 
As with the ALCAPA/ARCAPA lesions, the abnormally 
draining vessel is invariably dilated due to increased flow. 
Cine phase contrast imaging may be used to quantify the 
shunt but also to directly demonstrate the abnormal flow into 
the right atrium (usually best accomplished with slices paral-
lel and on either side of the plane of the AV groove). Other 
small fistulas such as those sometimes seen draining into the 

pulmonary arteries or the left ventricle are generally consid-
ered to be benign. Quantification of chamber enlargement as 
well as the degree of fistulous flow by CMR is often very 
useful in subsequent discussions regarding appropriate sur-
gical or interventional management.

a b

c d

Fig. 16.11 Anomalies of termination; coronary fistulae. (a) Axial CT 
image at the level of the main pulmonary artery. Two small contrast- 
filled vessels (white arrows) are seen lateral to the main pulmonary 
artery. Note that they have a similar density of contrast to the ascending 
and descending aorta and are therefore likely to be arterial structures. A 
small jet of contrast (black arrow) is seen passing into the relatively 
unenhanced main PA. The imager here was lucky; in practice it is dif-
ficult to get the timing just right to facilitate a contrast gradient of this 
sort, and small connections can be easily missed. When small arterial 
fistulae are suspected, it is often easier to use thin slice cine SSFP or 
gradient echo CMR imaging to visualize the associated flow distur-
bance, given that flow is occurring under diastolic aortic pressure, 
which is much higher than pulmonary arterial diastolic pressure. (b) 

Same patient; volume-rendered CT image demonstrates more clearly a 
tortuous tangle of vessels with a feeder vessel (white arrow) arising 
from the left anterior descending artery (black arrow). (c) Circumflex 
artery to coronary sinus fistula, moderate size. The circumflex (aster-
isks) is significantly enlarged compared to the RCA (arrow) due to 
high-volume flow from high diastolic aortic pressure to low diastolic 
right atrial pressure. (d) Circumflex artery to coronary sinus fistula, 
large size. Here a large longstanding circumflex fistula has led to enor-
mous dilatation of the coronary sinus (CS). Lesions of this sort recircu-
late additional volumes of blood through the heart and may cause 
biventricular enlargement. Accurate quantitation of this flow and its 
secondary effects on chamber enlargement is a very important role of 
CMR as part of management planning
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16.7  The Role of Cardiovascular Magnetic 
Resonance

16.7.1  Indications

The commonest indication for coronary imaging in the 
congenital heart world is to delineate the origin and the 
proximal course of the coronary arteries. Particular indica-
tions to do this include the investigation of individuals 
with aborted sudden cardiac death, particularly if young or 
athletic. Other indications include postoperative follow-up 
after procedures which involve relocation or reimplanta-
tion of the coronary arteries such as the Ross procedure or 
the arterial switch operation in which there may exist con-
cerns over the longer- term patency of the proximal vessel. 
Fortunately demonstrating the course and patency of a 
proximal coronary artery is considerably easier than the 
demonstration of percentage vessel stenosis by CMR, 
which remains a niche pursuit worldwide, in distinct con-

trast to the widespread adoption of coronary CT for this 
purpose.

16.7.2  Goals of Imaging

These may be summarized as:

 1. To demonstrate the origin of each vessel (e.g., anoma-
lous, ectopic, conjoint, etc.)

 2. To characterize the origin of each vessel (e.g., slit-like 
orifice, intramural course, etc.)

 3. To demonstrate the proximal course in relation to the sur-
rounding vascular structures (aorta, pulmonary artery)

 4. To demonstrate the physiological effects of an encoun-
tered coronary anomaly (e.g., myocardial ischemia or 
infarction, Fig. 16.12)

 5. To demonstrate any secondary effects of specific anoma-
lies (e.g., chamber enlargement in coronary fistula)

a b

Fig. 16.12 Inducible ischemia in anomalous right coronary artery 
from the opposite sinus (ARCAOS). (a) Volume-rendered coronary 
image demonstrating the narrowed appearance (arrow) of an intramural 
right coronary artery. (b) Dipyridamole stress/rest perfusion CMR 

study. Upper panel reveals an inducible perfusion defect (arrow) in the 
basal inferior septum under stress conditions. At rest (bottom panel) the 
defect has entirely resolved
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16.8  CMR Sequences and Imaging 
Protocols

16.8.1  Technical Considerations 
in Coronary MRA

Coronary imaging represents a significant challenge for 
CMR due to the constraints of the beating heart and the mov-
ing chest. Enormous research efforts have been made over 
the last 20 years to overcome these two practical limitations. 
The paragraphs that follow describe the principal approaches 
that have been taken to coronary MRA. We start however by 
suggesting that dedicated coronary MRA techniques are 
unnecessary in many cases and that work-horse DIR and 
SSFP sequences often suffice.

16.8.2  Everyday CMR Sequences for Coronary 
Identification

Coronary MR imaging is often felt to be a rather arcane and 
difficult topic that only the few can master. There is some 
truth to this when the goal of imaging is to compete with 
invasive angiography in pursuit of percent diameter stenosis 
within vessels themselves only a few millimeters in diame-
ter. Fortunately, in the congenital world the clinical question 
is more straightforward—where do the coronaries arise, 
what is their proximal course, and are there adverse func-
tional consequences as a result? In this regard, the majority 
of coronary anomalies are amenable to ready detection and 

interpretation with everyday clinical CMR pulse sequences 
and techniques.

Basic coronary imaging may be performed with either 
dark blood breath-held double inversion recovery (DIR) 
sequences or with bright blood balanced steady-state free 
precession (SSFP) cine imaging. With either technique the 
key to optimum delineation of the vessel is a sufficiently 
small voxel size to allow visualization free of partial volume 
artifact (Fig. 16.13). Slice thickness, in particular, is ideally 
no more than 3–5 mm (contiguous slices), and optimum in- 
plane spatial resolution is around 1.0–1.3 mm. Small voxel 
size is important in order to try and comment on distortion of 
the vessel ostium in both native and surgically reimplanted 
vessels. The longer breath-hold times potentially required 
for this level of resolution may be reduced using higher par-
allel imaging factors, particularly for the SSFP approach 
since this is an intrinsically high signal technique.

Although many authors advocate the use of DIR tech-
niques in this setting, the advantage of multiphase SSFP is 
undoubtedly that the human eye tracks a moving contour 
more readily than a static one—allowing easier visualization 
of the vessel as it travels in and out of the slice plane. The 
plane in which images should be acquired is debatable—the 
simplest approach is to plan a stack of axial slices through 
the aortic root to localize the coronaries. Subsequent non-
standard imaging planes may be used to demonstrate a 
greater length of vessel in a single slice but are rarely required 
for diagnostic purposes.

Dedicated coronary imaging sequences include both 
contrast- enhanced vs noncontrast-enhanced, targeted vs 

a b c

Fig. 16.13 Comparison of three techniques for coronary visualiza-
tion—example of an intramural course of an anomalous right coronary 
artery (arrow). Double inversion black blood imaging (a) is often per-
fectly adequate for demonstration of both the origin and proximal 
course of the coronary vessels. In this case, however, the proximal coro-
nary segment was not clearly visualized with this technique. Thin slice 
cine SSFP imaging (b) is a good alternative which is simple to perform 

and in this case clearly reveals the proximal intramural segment. Whole 
heart coronary MRA (c) is more time-consuming and technically chal-
lenging (see text). However the navigated 3D nature of the sequence 
allows for the acquisition of small isotropic data sets which may be 
post-processed in any plane of interest—something that is currently 
impossible with the first two techniques
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whole heart acquisitions, and rectilinear k-space filling vs 
non-Cartesian methods. The fact that there are so many vary-
ing approaches may imply to the reader that none are perfect. 
Indeed, the cynic might suggest that the cardiac computed 
tomography (CT) revolution has rendered coronary MRA 
obsolete. While only the most ardent enthusiast would argue 
that CMR can compete with coronary CT, there have been 
genuine improvements in coronary MRA over the last few 
years which have led to it being a more widely used tech-
nique than previously. Furthermore, there remains an appro-
priate reluctance to subject young patients to ionizing 
radiation if similar information can be obtained by nonion-
izing techniques.

16.9  Advances in Coronary MRA in the Last 
Decade

Impediments to performance of coronary MRA have tradi-
tionally included the small size of the coronary arteries, the 
rapid cyclical motion due to cardiac contraction, and the 
cranio-caudal translation occurring as a result of 
respiration.

Historically simple free-breathing spin echo techniques 
were first applied to coronary imaging. At that time, lack of 
a method for dealing with either coronary or diaphragmatic 
motion rendered the images essentially nondiagnostic in 
most cases. Subsequently breath-held fast spin echo black 
blood methods such as the double inversion recovery 
sequence often provided (and still provide) perfectly ade-
quate images for determining the origin and proximal course 
of the coronary vessels.

Before long there was a move toward techniques produc-
ing signal based on flowing blood. The early years of coro-
nary MRA (cMRA) were based on use of first 2D and then 
3D gradient echo sequences which were heavily dependent 
on inflow of blood to generate signal contrast. In later years 
there has been a shift toward use of the steady-state free pre-
cession (SSFP) pulse sequence which provides inherently 
high signal, relative T2 weighting, and an independence 
from inflow effects.

The principal challenges facing cMRA are those of small 
vessel size, rapid coronary motion, and respiratory diaphrag-
matic incursion and excursion, relatively poor contrast 
between blood-filled arteries and myocardium, presence of 
blood within coronary veins, and limited contrast between 
arteries and surrounding epicardial fat. Cardiac motion is 
generally handled through acquisition of k-space data lines 
in a relatively quiescent period of the cardiac cycle which at 
lower heart rates is usually in late diastole. The coronary rest 
period is less predictable at higher heart rates, falling in some 
cases in end systole. End systole is also generally preferable 
for data acquisition in patients with widely varying cycle 

lengths as seen in atrial fibrillation where diastole is of 
inconstant duration.

Essentially two principal different methods of dealing 
with respiratory motion have been applied:

• Targeted volume (usually in a single breath-hold)
• Free-breathing navigated whole heart approach

The principal advantage of a targeted approach is the 
potential time saving, although in practice the required 
breath-holds of around 30 s are not always as easily achiev-
able in patients as they were in the normal volunteers in 
which they were initially described. Some authors have 
addressed this through the implementation of non-Cartesian 
k-space filling regimes [41] which significantly reduce scan 
time (Fig. 16.14). Furthermore, the planning involves acqui-
sition of a number of lower resolution scout images in order 
to orient the imaging plane. This can at times be rather fid-
dly although semiautomated three-point planning tools 
which allow the operator to define the course of the coro-
nary artery of interest have been introduced by several of the 
vendors.

16.9.1  Navigated Whole Heart SSFP

The whole heart approach using a navigated free-breathing 
3D SSFP sequence has found favor with many operators in 
recent years. Its advantages include the inherently high sig-
nal available (without exogenous contrast) which derives 
from its 3D nature (more signal than 2D techniques) and 
SSFP design (inflow independent unlike earlier gradient 
echo techniques). Importantly there is freedom from com-
plex planning since an entire volume is generally acquired 
ensuring adequate coronary coverage (Movie 16.1).

Navigators are fundamental to the process of respiratory 
gating in the commercially available whole heart approaches. 
A navigator is simply a two-dimensional vertical “pencil 
beam” of echoes directed through the lung-liver interface, 
usually over the right diaphragmatic surface. This high tem-
poral resolution pulse ensures that the position of the dia-
phragm is known in near real time. In this way the 
end-expiratory position of the diaphragm can be tracked, and 
image acquisition segmented to the appropriate phase of the 
cardiac cycle while the diaphragm is static (Movie 16.2). In 
practice, a small respiratory “acceptance window” is permit-
ted (often 2–3 mm) on either side of the end-expiratory level 
around which data will still be acquired and used. 
Unfortunately, respiratory patterns may vary over the dura-
tion of the scan which can be as long as 15  min. More 
recently, compressed sensing techniques have been able to 
substantially shorten acquisition times, albeit with potential 
reduction in image quality [42, 43].

16 Coronary Artery Anomalies



286
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Fig. 16.14 Non-Cartesian k-space filling for coronary MRA. One of 
the principal trade-offs in coronary MRA is the speed of acquisition 
versus the acquired spatial resolution. Non-Cartesian k-space filling 
approaches represent one attempt at resolving these conflicting require-

ments. Spiral k-space trajectories are efficient yet allow for high spatial 
resolution. The right coronary artery is easily visualized in this example 
(arrow, a and b). Note, however, that the small conus branch (arrow, c) 
is also unusually well depicted

Most vendors have the equivalent of a respiratory “gate 
and drift” mode which tracks the mean end-expiratory posi-
tion of the diaphragm over time and adjusts the mean level of 
the respiratory acceptance window as required to maintain 
optimum navigator efficiency. Navigator efficiency of 
40–50% is achievable and reasonable in most patients. Small 
numbers of highly experienced centers have been able to get 
efficiency rates as high as 70% or more on a regular basis, 
but this is difficult to achieve without fastidious attention to 
detail and the perfect patient. Navigator efficiency of less 
than 30% is usually due to poor technique or a widely vary-
ing patient respiratory pattern. Diaphragmatic restriction 
either by prone positioning or abdominal binding [44, 45] 

may sometimes rescue an indifferent study when due to low 
navigator efficiency. We routinely apply an abdominal belt to 
promote shallow respiration with a gratifying reduction in 
scan time due to improved efficiency.

Use of a navigator makes it possible to routinely achieve 
a relatively high isotropic spatial resolution in the order of 
1 × 1 × 1 mm voxel size (Fig. 16.15). This then allows for 
post-acquisition multiplanar reconstruction without any sig-
nificant loss of image quality. This kind of spatial resolution 
is difficult to achieve in a breath-hold scan without advanced 
non Cartesian k-space filling methods (as shown in 
Fig.  16.13) or high levels of parallel processing (which 
adversely affects signal to noise ratio).
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a b

Fig. 16.15 Trade-offs in coronary MRA—spatial resolution versus 
image noise. Whole heart coronary MRA achieves volumetric data sets 
through the acquisition of isotropic voxels. In theory the smaller the 
voxels the better for identification of these small coronary vessels. In 
reality, however, there is a trade-off between clarity and noise. Although 
vessel edges may be slightly less well defined at 1.5 mm isotropic reso-

lution (a), there is clearly better signal to noise than with 1.0 mm isotro-
pic resolution (b). For the purposes of identifying and following the 
course of the coronary vessels, the former is usually more appropriate. 
The example shown here is of anomalous origin of the right coronary 
artery (arrow) from the left coronary cusp with proximal intramural 
course

16.10  Components of a Typical Whole Heart 
Sequence

A typical pulse schematic for a whole heart sequence is 
shown in Fig. 16.16. The individual portions of the pulse dia-
gram are discussed briefly below.

16.10.1  T2 Preparation

Contrast between myocardium and coronary arteries is lower 
than ideal using a simple SSFP technique. However, myocar-
dium has a relatively short T2 (50 ms) compared to blood 
(220 ms). By tipping the magnetization into the x-y plane 
and then resampling at a relatively short time interval with a 
refocusing pulse, much of the T2 signal decay will already 
have occurred for the myocardium but not for arterial 
blood—therefore the use of a T2 pre-pulse tends to suppress 
signal from myocardium. An additional advantage stems 
from the fact that deoxygenated blood has a shorter T2 time 
(roughly 35 ms) than oxygenated blood (220 ms) and thus a 

T2 preparation pulse also serves to reduce the signal from 
coronary veins which is desirable to simplify image interpre-
tation. The usual duration of this pre-pulse is 50–80 ms.

The effect of a T2 preparation pulse on recoverable signal 
from different cardiac components at progressive time points 
is shown in Fig. 16.17. Note that arterial blood has a much 
slower (i.e., less steep) T2 decay curve than either myocar-
dium or blood within the coronary veins. Thus, early inter-
rogation of available T2 signal with a refocusing pulse will 
maximize the signal intensity differences between these 
structures, favoring coronary arterial blood.

16.10.2  Navigator Pulse

The typical navigator, discussed earlier, is a two-dimensional 
selective excitation pulse (sometimes referred to as a “pencil 
beam”) which is positioned on the dome of the right hemi- 
diaphragm in order to monitor the liver-lung interface during 
respiration. The navigator is first run in “scout mode” in 
which a free-breathing coronal set of images is acquired to 
determine the end-expiratory position of the heart from 
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Fig. 16.17 Examples of successful whole heart coronary MRA. Three 
separate examples (a–c) of good coronary definition achieved with use 
of a whole heart technique. Note that although the presence of gado-
linium contrast agent is not required for the SSFP-based whole heart 

sequence used at 1.5 T, where present in the blood pool it tends to pro-
duce slightly better image quality and our practice is therefore to run 
this sequence after the usual late gadolinium enhancement images have 
been acquired

Fig. 16.16 Typical pulse sequence schematic for whole heart coronary MRA (see text)
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which the axial stack is subsequently planned. A free- 
breathing axial stack is also required during setup to identify 
the dome of the diaphragm in this plane and place intersect-
ing navigators on the dome in the end-expiratory position for 
the subsequent whole heart acquisition. The navigator pulse 
takes approximately 40 ms to run.

16.10.3  Fat Saturation Pulse

The coronary arteries are surrounded by epicardial fat which 
is usually high signal on many cMRA pulse sequences. To 
reduce this signal, a fat suppression pre-pulse is commonly 
applied prior to data acquisition. There is a spectral shift of 
approximately 3.5 parts per million between lipid and water, 
and this can be exploited to either saturate the lipid signal or 
instead selectively excite the water molecules to emphasize 
the signal within the coronary arteries. It should be noted that 
the distal coronary tree which is less often surrounded by fat 
benefits more from T2 preparation than from fat saturation 
per se.

16.10.4  Data Acquisition Window

The requirement to “freeze” coronary motion during image 
acquisition necessitates identification of that portion of the 
cardiac cycle when the coronary arteries appear relatively 
static. Since the RCA typically exhibits a wider arc of motion 
than the left coronary system, this vessel is usually employed 
as a marker to identify the coronary rest period.

A four-chamber cine reviewed image of the heart can be 
used which, when reviewed frame by frame, allows recogni-
tion of the first time point at which RCA motion stops and 
the duration (in milliseconds) until it begins moving again 
(Movie 16.3). This determines the period of time during each 
end-expiratory cardiac cycle that the operator will set for 
data acquisition during the whole heart MRA itself. The data 

acquisition window can in theory equal the coronary rest 
period, which at slow heart rates may be as long as 150 ms. 
In practice, and at the more typical higher patient heart rates, 
an acquisition window of 50–60 ms usually produces excel-
lent results. An incorrect selection of window starting point 
or duration will of course introduce coronary motion during 
data acquisition with predictable and uninterpretable results.

For fine-tuning of the window at higher heart rates, it may 
be necessary to use a four-chamber scout with a higher than 
normal temporal resolution. For example, improving the 
temporal resolution of the cine image to 10 ms frames and 
reconstructing 80 phases (rather than the more typical 
35–50 ms), reconstructed at 25 phases permit very accurate 
delineation of the coronary rest period which would other-
wise be difficult to achieve (Movie 16.4). (However, achiev-
ing this kind of temporal resolution with adequate spatial 
resolution in a single breath-hold requires the use of three- to 
four-time acceleration with parallel imaging.)

Finally, it should be remembered that diastolic length is a 
function of heart rate. As heart rate increases, systole remains 
unchanged in duration but diastole shrinks. Above 80 bpm 
there may be little or no available diastolic rest period in 
which to image. In this case we have learned from our con-
temporaries in the cardiac CT world that—with a sufficiently 
short acquisition window of around 50  ms—good images 
may be acquired in late systole when there is also a brief 
period of coronary rest. Although it is seldom done in clini-
cal practice, the use of beta-blockers and sublingual nitrate is 
as pertinent to coronary MRA as it is to CTA.

With close attention to the foregoing details, the results 
from whole heart MRA are sometimes gratifyingly good 
(Fig. 16.18). Unlike other methods of visualizing the coro-
nary arteries, whole heart MRA also has the advantage that 
the data set is an isotropic volume which can therefore be 
displayed in a number of ways, as with cardiac CT, including 
multiplanar reformats, curved reformats, and center line 
extractions (Fig. 16.19).
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Fig. 16.18 Post-processing of the volumetric data set. Since whole 
heart acquisitions are usually 3D isotropic volume acquisitions they 
may be post-processed in just the same way that thin slice CT data sets 

can be. This includes production of multiplanar coronary reformats (a, 
b) as well as straightened center line extractions (c)
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Fig. 16.19 CMR in Kawasaki disease. Patient 1 has a small proximal 
right coronary artery aneurysm (arrows, a, b) that is well delineated by 
coronary MRA. Patient 2 has a much larger aneurysm lying in the right 
atrioventricular groove (c, d). Dynamic perfusion CMR (c) demon-
strates an enlarged but centrally patent portion of the aneurysm (aster-

isk) which represents the ectatic right coronary artery. Late gadolinium 
enhancement images (d) reveal low signal thrombus posterior to the 
lumen. Note also the circumferential enhancement surrounding the 
aneurysm (d) which hints at the inflammatory etiology of the lesion
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16.11  Stress CMR for Coronary Anomalies

Since the relevant clinical endpoint for patients with coro-
nary anomalies is sudden cardiac death and since the mecha-
nism is assumed to be ischemia-induced ventricular 
arrhythmia or infarction, it appears logical to extend the role 
of CMR beyond the simple identification of a coronary 
anomaly and seek to uncover the underlying ischemic patho-
physiology as well.

CMR is ideally suited to the task [46–48]. Both dobuta-
mine and vasodilator stress CMR have been validated in the 
setting of adult coronary disease, and neither poses a signifi-
cant technical challenge in congenital heart disease. The 
unobstructed field of view and lack of ionizing radiation are 
both major benefits of a CMR-led approach to ischemia 
detection in this relatively young population who have—at 
times—complex and confusing anatomy.

Most stress CMR work is performed with vasodilator 
drugs adenosine, dipyridamole, or regadenoson. There is less 
published experience with dobutamine stress MR for coro-
nary anomalies, although it has been applied to other ques-
tions in the congenital field and certainly regarded as safe 
and reasonable [49]. One paper reported high technical suc-
cess rates with an aggressive protocol that involved graded 
infusion of dobutamine up to 40mcg/kg/min plus atropine as 
done in standard stress echocardiography [50]. However, a 
new wall motion abnormality was identified in only 1 out of 
32 studies in a relatively heterogeneous congenital patient 
cohort. It is worth noting that two thirds of the studies were 
performed under general anesthesia. In the author’s experi-
ence, high-dose dobutamine stress is often less well tolerated 
by patients than vasodilator stress and is more complicated 
to perform in the magnet environment unless done 
regularly.

Finally, the technique of late gadolinium enhancement 
which is now accepted as the reference standard for the 
 identification of myocardial viability clearly merits incorpo-
ration into a standard CMR protocol for coronary assessment 
since infarction is assumed to be one of the modes of mor-
bidity and patient attrition.

16.12  The Comprehensive CMR Examination 
For Suspected Coronary Anomalies

In general, there are three main categories of coronary anom-
aly patient: those in whom an anomaly is suspected, those in 
whom an anomaly has been surgically repaired, and those in 
whom the discovery of an anomaly is incidental during a 
study performed for another purpose. The aim of the exami-
nation must therefore be tailored to some extent to the back-
ground history and the current clinical question under 
consideration.

In general, a minimum CMR exam should include assess-
ment of the coronary origin and proximal course adequate to 
categorize the anomaly as either high risk (inter-arterial, 
ALCAPA, ARCAPA) or a lower risk group (pre-pulmonic, 
retroaortic, intraseptal, etc.). Coronary aneurysms should be 
excluded in patients with childhood Kawasaki disease—a 
situation where CMR has been proved to be as accurate as 
catheter angiography [32]—or adult Behcet disease 
(Figs. 16.20 and 16.21). Coronary narrowing may be ostial 
as a result of reimplantation following the arterial switch 
procedure (Fig. 16.22), Ross operation, or Bentall procedure 
or may occur due to enlargement of adjacent vascular struc-
tures—this latter situation is sometimes encountered in the 
tetralogy variant with absent pulmonary valve when gross 
pulmonary arterial enlargement is the norm and can result in 

a b c

Fig. 16.20 CMR in Behcet disease. Coronary angiography (a) shows 
a large aneurysm involving the mid portion of the left anterior descend-
ing coronary artery in this patient with confirmed Behcet disease. The 
vessel appears to taper both on its entrance into and exit from the aneu-
rysm. The physiological significance of this is confirmed by adenosine 

stress perfusion cardiac MRI (b) in which a substantial perfusion defect 
is visible in the antero-septum (white arrows). Late enhancement imag-
ing (c) reveals a large portion of the aneurysm to contain low signal 
thrombus with a central patent core (asterisk) representing the native 
vessel. LV left ventricle, RV right ventricle
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Fig. 16.21 Compression of the left main coronary artery. This rare 
complication was seen in a patient with the tetralogy-absent pulmonary 
valve complex. In this condition life-long absence of the pulmonary 
valve results in severe pulmonary arterial enlargement. This 55-year- 
old manual worker presented with typical angina and subsequently had 
a strongly positive treadmill exercise test. Cine SSFP demonstrates his 
left main coronary artery (arrow, a) to be compressed between the 

undersurface of the main and right pulmonary artery (b) and the heart. 
The left anterior descending portion (a, arrowhead) appears spared. 
Catheter angiography confirms significant extrinsic compression of the 
left main (arrows, c). Direct visualization of pulsatile coronary com-
pression by the pulmonary artery was achieved using dynamic cardiac 
CT (Movie 16.5). Left main osteoplasty and pulmonary arterial plica-
tion was performed at open heart surgery with subsequent full relief of 
symptoms. Ao aorta, RPA right pulmonary artery

a b c

Fig. 16.22 Late coronary stenosis following arterial switch for 
d-transposition. (a) Axial coronary CT image in a patient with exercise- 
induced chest pain; the origin of the left main coronary was not clearly 
seen. (b) Stress perfusion CMR indicated a large perfusion defect 

(asterisks) in the territory of the same vessel. (c) Invasive coronary 
angiography confirmed a very tight ostial stenosis which required surgi-
cal repair. MPA main pulmonary artery, nAo neo aortic root

left main or left anterior descending coronary compression 
(Fig. 16.21, Movie 16.5).

Since myocardial infarction is a recognized complication 
both of many anomalies and a possible iatrogenic sequela of 
surgery, assessment of ventricular function and myocardial 
scar can also be considered mandatory (Figs.  16.23 and 
16.24). One recent innovation has been the development of 
“black blood” LGE sequences where signal is suppressed 

from the blood pool, to aid with identification of subendocar-
dial scar which might otherwise be missed [51].

In some instances, there may be a more specific clini-
cal question relating to known preexisting anatomy and 
planned percutaneous intervention. In patients with 
tetralogy of Fallot and significant pulmonary insuffi-
ciency, for example, an increasingly important role for 
CMR is to establish the relationship between the site of 

16 Coronary Artery Anomalies



294

a b

c d

Fig. 16.23 Example of myocardial scar secondary to Kawasaki dis-
ease. Several large aneurysms are evident in the left atrioventricular 
groove (a, b, asterisks). These inflammatory aneurysms contain throm-
bus which has the potential to embolize distally. This has occurred in 
this patient whose late enhancement (LGE) imaging depicts a subendo-

cardial area of infarction in the inferolateral wall (c, d, arrows). This 
was unknown prior to the CMR exam and highlights the importance of 
including LGE imaging as part of the CMR protocol in congenital or 
inflammatory coronary disease
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Fig. 16.24 Unexplained diffuse coronary artery dilatation in Noonan 
syndrome. (a) Whole heart coronary MRA demonstrates diffuse dilata-
tion of all coronary arterial structures (left main coronary artery high-
lighted, asterisks). (b) Right coronary artery aneurysm with patent 
lumen (black asterisk) but rim of thrombus (white asterisks). (c) 
Coronal LGE image shows a hugely dilated RCA (2 cm in diameter) 
with diffuse enhancement of the vessel wall (for reasons unknown) as 

well as thrombus (asterisks) lining the vessel wall. Transmural scar is 
present at the LV apex (arrow), likely due to embolism. (d) Four- 
chamber LGE view with infarction in the mid- to distal septum. Note 
also multiple circular lesions (asterisks) adjacent to the LV wall which 
represent the dilated and convoluted left circumflex artery. (e) Short- 
axis LGE image showing embolic infarction in the mid-anterolateral 
LV wall.
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Fig. 16.25 Suboptimal coronary visualization at CMR due to metal 
stent. This patient required re-stenting of an RV conduit which had pre-
viously been stented. One of the concerns of conduit stenting is any 
possible compression effect on adjacent coronary arteries. The origin of 
the anomalous left coronary artery (arrow) shown in (a) was obscured 

by susceptibility artifact from the adjacent pre-existing stent (asterisk). 
This is one situation in which switching to cardiac CT is required—the 
relationship of the vessel to the conduit pre re-stenting (b) and post re- 
stenting (c, d) is clearly appreciated

“touchdown” for a percutaneous pulmonary valve in the 
main pulmonary artery and any adjacent coronary artery 
which might be at risk of compression by stent placement 
(Fig. 16.25).

16.13  Unoperated CAA

Unoperated patients may be particularly challenging since 
the question usually concerns not only the course of the 
anomalous artery but also its physiological consequences in 
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the form of myocardial ischemia or volume loading of a ven-
tricle due to shunt flow. Standard anomalies of origin or 
course will not cause shunting (since termination is normal), 
although may cause ischemia. As discussed, there is limited 
practical experience, and no consensus on whether CMR is 
adequate for the detection of ischemia using any method in 
these cases. The three most common lesions leading to 
shunting as well as possible ischemia are the RCA to coro-
nary sinus fistula, the ALCAPA, and the ARCAPA anoma-
lies. The ALCAPA lesion is only rarely encountered de novo 
in an adult patient [48, 52–55]. However, its “sister” lesion—
ARCAPA—is less often life threatening and occasionally 

presents for the first time in adult life. Both lesions result in 
a bulk steal of blood from the contrary coronary artery down 
a diastolic pressure gradient from the aortic root to the pul-
monary artery. The coronary arteries generally become 
severely dilated as a consequence of significantly increased 
flow, and increased size and tortuosity of coronary vessels 
are a sign that a coronary shunt lesion should be expected 
(Movie 16.6). Since multiple collateral pathways exist in this 
type of lesion, it is also common for the smaller intramyocar-
dial vessels to be dilated, and this is usually most obvious in 
the interventricular septum (Fig. 16.26).

a b

c d

Fig. 16.26 Anomalous right coronary artery from the pulmonary 
artery. The left main and left anterior descending coronary arteries (a, 
asterisks) are severely dilated. This is often a clue that there is a high 
pressure to low pressure shunt with high volume flow occurring down a 
pressure gradient. This is seen to be true on the short-axis SSFP image 

(b) where the right coronary artery (asterisks) is observed to drain into 
the pulmonary artery (PA) rather than arise from the aorta (Ao). Multiple 
dilated collateral networks connect the left and right coronary systems, 
most often visible in the interventricular septum (c, d, arrows)
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16.14  Operated CAA

Surgical repair of coronary anomalies depends on the nature 
of the anomaly itself [56]. Inter-arterial LMS or LAD lesions 
are generally treated with coronary artery bypass for which 
follow-up is conventional and generally beyond the scope of 
CMR except perhaps for assessment of LV function and 
myocardial perfusion. Only a true enthusiast would endeavor 
to image the bypassed coronary circulation by CMR instead 

of CT or conventional angiography although the potential for 
this has been demonstrated by several groups [57–59]. One 
exception is imaging of the transposition patient who has 
undergone arterial switch where several groups have demon-
strated the utility of CMR in children [60] and in adults [46].

Repaired ARCAPA/ALCAPA or coronary artery to coro-
nary sinus fistula lesions are, however, eminently suitable for 
follow-up by CMR [61]. The chief focus of interest is the 
anastomotic site of the reimplanted anomalous artery into 

a b

c d

Fig. 16.27 Postoperative chronic ischemia following ALCAPA repair. 
Routine imaging in this young adult following infantile repair of anom-
alous left coronary artery from the pulmonary artery (ALCAPA) dem-
onstrated unexpected absence of the left main coronary segment (a, 
asterisk). Cardiac CT (c) was equally unable to visualize the re- 

implanted left main segment at the aortic origin (asterisk). Stress perfu-
sion CMR (b) and technetium MIBI (d) both confirmed the presence of 
a large area of reversible ischemia (arrows in (b)). The patient has been 
offered surgical revascularization
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the aortic root since in some cases there may be asymptom-
atic post- surgical distortion or even atresia of the proximal 
vessel with demonstrable ischemia and/or scar (Fig. 16.27).

16.15  When the Going Gets Tough

Although the preference at our institution is to perform 
whole heart MRA for most coronary anomalies, simple cine 
SSFP or black blood imaging is acceptable where the princi-
pal question relates to the proximal course of the artery. At 
times, however, it can be difficult to comment on ostial nar-
rowing or fully comprehend the course of complex tortuous 
fistulas even with good-quality coronary MRA and cine 
imaging—and in those instances, prompt transfer of the 
patient to the cardiac CT scanner is a wise action rather than 
a nihilistic expression of defeat [62]!

16.16  Limitations of CMR 
and Considerations for Imaging 
Coronary Anomalies

As Mark Twain is reported (without evidence) to have said: 
“to a man with a hammer everything looks like a nail.” 
However, no handyman relies upon a single tool, and the 

same should apply to the cardiac imager. CMR may not 
always be the modality of choice to assess all cases of coro-
nary anomaly, and the multiple multi-modality figures pro-
vided in this chapter speak for themselves in this regard.

Selection between CMR, CT, catheter angiography, echo, 
etc. depends partly on the age of the patient, partly on the 
question being asked and partly also on the physical condi-
tion of the patient. For example, young children are 
 considered highly radiosensitive such that echo or CMR 
would usually be the preferred methods of investigation.

In contrast a sick patient or claustrophobic patient, or one 
immediately postoperative in whom a surgical complication 
is suspected, may not tolerate the prolonged examination 
times common to CMR. In this situation cardiac CT may be 
quicker and kinder as well as less susceptible to breathing 
artifacts. Alternatively, if an assessment of myocardial perfu-
sion or scar is required, nuclear medicine and CMR are the 
modalities of choice.

Finally, the presence of metallic coils, calcified conduits, 
or stents within the thorax may limit the visibility of the 
 coronary arteries by CMR and cardiac CT is usually an 
excellent alternative in this situation (Fig. 16.25).

Points to consider in selection of the most appropriate 
technique for depiction of a coronary anomaly and its poten-
tial consequences are given in Table 16.3.

Table 16.3 Relative merits of imaging modalities in the assessment of coronary anomalies

CMR Cardiac CT Echo Invasive angiography
Spatial resolution Good Excellent Excellent Excellent
Temporal resolution Good Fair Excellent Excellent
Potential morbidity Low Low Nonea High
Coronary visibility Good Excellent Poor (except 

children)
Excellent

Coronary course Good to 
Excellent

Excellent Poor Fair/Difficult

Coronary origins Excellent Excellent Fair (except 
children)

Excellent

Demonstration of small fistulae Fair Good Fair Excellent
Demonstration Of large fistulae Excellent Excellent Fair Fair (often incomplete 

opacification)
Wall motion abnormalities Excellent Fair Excellent Good
Scar demonstration Excellent Poor Poor Poor
Perfusion abnormality Excellent Not established Good Fair
Radiation exposure None Low to moderateb None Moderate
Dependence on patient window for image 
quality

None Low (noise if 
obese)

High Low

Suitability for sick patients or those unable to 
breath hold

Poor Good Excellent Good to excellent

Identification of coronary thrombus Excellent Excellent Poor Poor
Claustrophobia Can be 

problematic
Rarely 
problematic

Not problematic Not problematic

Presence of metal Can be 
problematic

Rarely 
problematic

Not problematic Not problematic

aUnless intravenous contrast given
bLow if a prospective trigger technique is used, moderate if retrospective gating applied
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16.17  Conclusion

Coronary anomalies may appear to be one of the more arcane 
topics for the CMR practitioner, but they appear surprisingly 
often in any busy cardiac practice, and a working knowledge 
of the principal types of anomaly is essential. Most  anomalies 
are straightforward to image without great technical prowess 
or advanced imaging techniques. Ventricular function, myo-
cardial perfusion, and scar are often intrinsic parts of the 
patient assessment since it is these aspects that in many cases 
will dictate subsequent management.

Practical Pearls
Standard imaging sequences will likely be adequate for the 
demonstration of a coronary anomaly in more than 90% of 
patients, but if you do perform coronary MRA, then consider 
the following:

 1. Coronary MRA requires a high degree of physician 
involvement at the scanner. If you delegate the study 
acquisition to an unsupervised technologist then expect 
poor-quality images unless you have extremely experi-
enced CMR technologists.

 2. A whole heart approach is often easier for the novice than 
a targeted approach.

 3. A high temporal resolution cine scout for identifying the 
coronary rest period more than repays the brief time 
investment required to perform it.

 4. Select a relatively narrow data acquisition window—no 
more than 70  ms at heart rates of 65  bpm or less and 
<50 ms at heart rates higher than this.

Tighten the respiratory belt until the patient feels 
mildly uncomfortable when breathing in—this has the 
effect of limiting diaphragmatic excursion somewhat and 
in our experience and that of others [37] tends to increase 
navigator acceptance by 10–15%.

 5. Consider giving sublingual nitrate and oral beta-blockers 
prior to acquisition

 6. Don’t forget that it’s not just the vessel origin and course 
but also the consequences of the anomaly that should be 
sought (perfusion, LGE, etc.)

 7. CMR may not be the imaging modality of choice in some 
circumstances

 8. It is a sign of wisdom—not failure—to terminate the 
CMR study early and send the patient to the CT scanner 
occasionally!
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17Pericardial Diseases

Edward T. Martin

17.1  Introduction

Pericardial disease can be an important cause of morbidity 
and mortality in a clinical cardiology practice. However, 
patients with pericardial disease are not always encountered 
on a daily basis, and because pericardial disease can mimic 
other diseases, such as cardiovascular, pulmonary, and pleu-
ral processes a firm diagnosis may be difficult. Frequently, 
pericardial involvement can be the initial presentation of a 
systemic disease process. Disorders of the pericardium can 
also have a variety of etiologies, including congenital mal-
formations along with infectious, infarction-related, meta-
bolic, autoimmune, traumatic, neoplastic, and idiopathic 
processes. Additionally, accurate diagnosis of a pericardial 
disorder may require the use of multiple noninvasive tests or 
a noninvasive test coupled with an invasive study.

This chapter will focus on the ability of cardiac magnetic 
resonance imaging (CMR) to accurately assess pericardial 
diseases. It will compare and contrast CMR’s ability to diag-
nose pericardial disorders to both echocardiography and 
computed tomography (CT). This chapter will also provide 
rationale for the appropriate use of CMR in a patient with 
suspected pericardial disease.

17.2  Anatomy/Physiology

The pericardium is a relatively avascular double-layered sac 
that surrounds the heart and extends superiorly to the origin 
of the great vessels and is attached to the sternum, the dorsal 
spine and the diaphragm. It consists of a visceral and parietal 
layer. In general, its combined thickness is less than 2 mm. 
The two layers create a potential space that normally con-
tains 15–35 ml of serous fluid which is secreted by the vis-
ceral pericardium [1]. A variable amount of epicardial and 
pericardial fat is also present which can aid MRI and CT by 
providing enhanced tissue contrast. The pericardium is well 
innervated and can cause severe pain during inflammation 
and trigger vagally-mediated reflexes. From a physiologic 
perspective, the pericardium interacts with the pleural space 
and the ventricles. The pericardium is also involved in the 
interaction between the right and left ventricles. This interac-
tion can be utilized in the diagnosis of pericardial constric-
tion in the form of ventricular interdependence.

While the pericardium does not appear to be essential for 
the cardiovascular system to perform its normal physiologic 
function it does seem to have utility. It maintains the normal 
position of the heart, anchoring it to the central thorax, and 
may also provide a barrier to infection. It also secretes pros-
taglandins that regulate cardiac tone. Finally, the pericar-
dium restrains cardiac volume and enhances mechanical 
interactions of the cardiac chambers. Despite these important 
functions, absence of the pericardium does not usually result 
in significant problems.
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17.3  MRI Examination for Pericardial 
Diseases

The pericardium is usually bordered by epicardial and peri-
cardial fat, which has high signal on black blood T1-weighted 
images. Black blood imaging demonstrates the pericardium 
as a thin band of low signal due to its mainly fibrous struc-
ture and lack of water content. The normal pericardial thick-
ness by MRI is between 1 and 3 mm and is best evaluated 
anatomically on axial imaging (Fig. 17.1). However, scan-
ning in two perpendicularly oriented planes through the heart 
optimizes the depiction of the entire pericardium. The nor-
mal MRI pericardial thickness is somewhat larger than the 
normal anatomical thickness which is 1 mm or less [2–4]. 
Cardiac motion and limited spatial resolution in this area 
contribute to this phenomenon [5].

A cardiac examination designed for evaluation of pericar-
dial disease will include the standard sequences used in 
essentially all cardiac MRI.  These sequences can then be 

supplemented by real-time, delayed-enhancement and 
 perfusion imaging depending on the clinical condition 
(Table 17.1).

The CMR exam will start with a morphological assess-
ment of the heart, pericardium, and mediastinum using a 
black-blood, T1-weighted technique, using a fast-segmented 
sequence. The T2-weighted half-Fourier acquisition single- 
shot turbo spin-echo (HASTE) sequence can also be used as 
it allows dark blood imaging with a reduced acquisition time. 
There is slightly increased blurring with this technique rela-
tive to standard gated spin-echo techniques. However, the 
resistance of the single-shot sequence to respiratory motion 
artifact and cardiac arrhythmias, which frequently degrades 
spin-echo image quality, usually offsets this minimal disad-
vantage. The T2-weighted spin-echo CMR sequences are 
useful for depicting myocardial edema, pericardial edema, 
and fluid, as well as allowing one to differentiate pericardial 
cysts from other types of masses. Triple inversion recovery 
or double inversion recovery with fat saturation can also help 
in this instance as well.

Cine imaging through the entire myocardium in the short 
and long-axis planes as routinely performed for cardiac eval-
uation is appropriate for the imaging of suspected pericardial 
diseases. Balanced steady-state free precession (SSFP) 
gradient- echo sequences are now the standard technique 
used for cine imaging. They demonstrate improved image 

a

b

Fig. 17.1 Normal pericardial appearance. (a) Black blood axial view 
of the heart. The pericardium is the thin black line surrounding the 
heart. (b) Black blood coronal view of the normal pericardium. Again, 
the pericardium is the thin black line seen at the outer edge of the heart 
extending superiorly to level of the main pulmonary artery

Table 17.1 Cardiac MRI strategies to evaluate the pericardium

Pericardial width/localization/extent (T1w/T2w spin-echo CMR/cine 
CMR)
Pericardial delineation (T1w/T2w spin-echo CMR/cine CMR, CMR/
gadolinium-enhanced CMR)
Pericardial layer/fluid characterization (T1w/T2w spin-echo CMR/
cine CMR/gadolinium-enhanced CMR)
Pericardial function
Motion pattern (cine CMR)
Fusion of pericardial layers and myocardial adherence (CMR 
tagging)
Pericardial masses (T1w/T2w spin-echo CMR/double IR with fat 
saturation/triple IR/cine CMR/gadolinium-enhanced CMR)
Cardiac morphology (spin-echo CMR, cine CMR)
Size and shape of ventricles 
Myocardial morphology (restrictive cardiomyopathy)
Cardiac systolic function (cine CMR)
Regional and global systolic ventricular function
Cardiac filling (velocity-encoded CMR)
Ventricular coupling (real-time cine CMR)
Ventricular septal shape and septal motion patterns
Respiratory-related septal shift
Other findings (spin-echo CMR/cine CMR/gadolinium-enhanced 
CMR)
Myocardial enhancement (associated myocarditis or myocardial 
infiltrative or storage disease)
Caval vein size
Pleural effusion/ascites
Lung processes
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quality in comparison with segmented gradient echo imag-
ing techniques. The signal intensity in the SSFP technique 
depends upon the T2/T1 ratio. Therefore, structures with a 
high T2/T1 ratio such as fat, fluid, and intracavitary blood 
demonstrate similar high signal despite their significantly 
different T1 and T2 properties. Cine imaging allows one to 
view myocardial movement in relation to pericardial move-
ment and differentiate normal pericardial movement from a 
stiff immobile pericardium seen in patients with constrictive 
pericarditis. The cine sequences are also used to qualitatively 
assess myocardial and valvular function.

MRI tagging sequences can be performed to aid in identi-
fying adhesion of the visceral to parietal pericardium in con-
strictive pericarditis. In this sequence, a grid of saturation 
bands is placed over the heart in diastole, and their deforma-
tion in systole can provide information about regional car-
diac motion. The grid lines remain unbroken, as opposed to 
demonstrating normal disruption caused by cardiac motion, 
in areas of pericardial adherence.

Velocity-encoded, phase contrast CMR is also used to 
evaluate diastolic cardiac function by looking at the inflow 
patterns of the mitral and tricuspid valves as well as the pul-
monary and systemic veins to help rule out myocardial 
restriction from pericardial constriction.

Perfusion sequences using gadolinium contrast are used 
to evaluate the vascularity of cardiac and pericardial masses 
and can be obtained in multiple imaging planes with one 
injection. These are heavily T1-weighted imaging sequences 
that can provide information on perfusion and diffusion in 
the myocardium or in a mass.

The contrast-enhanced inversion-recovery technique with 
delayed enhancement (DE-CMR), also called late gadolin-
ium enhancement (LGE) can be employed to identify peri-
cardial enhancement in a similar manner to identifying 
infarcts in the myocardium. This enhancement represents 
inflammation and can diagnose pericarditis. This technique 
can better differentiate between inflammatory and constric-
tive forms of pericarditis. Because the myocardium is also 
being assessed, myopericarditis can also be diagnosed.

Newer MRI scanners are now able to perform real-time 
cine image acquisitions, which obtain images without breath- 
holding and without segmentation. These non-gated SSFP 
images are acquired in real time and can be used to assess 
ventricular coupling to aid in the diagnosis of pericardial 
constriction.

17.4  Congenital Abnormalities 
of the Pericardium

Congenital abnormalities of the pericardium are rare. 
Pericardial disorders are more commonly seen as post- 
operative sequelae in patients with congenital heart dis-

ease. The following section covers the pericardial 
disorders encountered in patients with congenital heart 
disease.

17.4.1  Congenital Absence of the Pericardium

Congenital absence of the pericardium is a rare entity. 
Complete or partial absence can occur with partial defects 
being more common. Other congenital abnormalities can 
also be seen and include anomalies of the chest wall, lungs, 
and diaphragm. Cardiac anomalies such as tetralogy of 
Fallot, atrial septal defect, mitral valve stenosis, and patent 
ductus arteriosus can also occur in concert with congenital 
absence of the pericardium [5, 6].

Patients with absence of the pericardium are usually 
asymptomatic, and the condition may be detected on routine 
chest radiograph as an abnormal left cardiac contour. 
Symptoms occur when cardiac structures become entrapped 
in the defect. Herniation of the left atrial appendage through 
a small defect may lead to infarction of the appendage, com-
pression of the left coronary artery during exercise, and/or 
prolapse of the pulmonary trunk (Movie 17.1).

The diagnosis of congenital absence of the pericardium 
by CMR may be difficult because the partial defects of the 
pericardium predominantly occur on the left side of the heart 
where the pericardium is difficult to visualize because there 
is a minimal amount of fat in this location [7]. Therefore, the 
diagnosis may rely on other signs such as an abnormal loca-
tion of cardiac structures with excessive levorotation or car-
diac indentation at the location of the defect [5, 8]. Functional 
MRI assessment may also be of use in diagnosing pericardial 
defects by detecting excessive mobility of the cardiac apex 
which is normally stationary [9].

17.4.2  Pericardial Diverticulum

This is a rare condition where there is herniation through a 
defect in the parietal pericardium allowing communication 
into the pericardial space. The most typical location of these 
defects is at the cardiophrenic angles. These defects resem-
ble cysts but differ because a complete wall cannot be identi-
fied in all parts of the abnormality [10].

17.4.3  Pericardial Cysts

Pericardial cysts are thin-walled, saccular, fluid-filled, and 
self-contained. They are usually classified as congenital, 
postinflammatory, or ecchinococcal. They do not communi-
cate with other structures or the pericardium. They are most 
often found in the cardiophrenic space. Pericardial cysts 
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Fig. 17.2 Pericardial cyst. T2-weighted axial image showing bright 
signal representing a pericardial cyst lateral to the right atrium

Table 17.2 Causes of pericarditis

Infectious: viral, bacterial, fungal, tuberculosis, parasitic
Myocardial infarction (Dressler’s syndrome)
Postpericardiotomy syndrome
Immunologic conditions including systemic lupus erythematosus or 
rheumatoid arthritis
Uremia
Malignancy—Breast, lung, lymphoma, mesothelioma, sarcoma, 
leukemia
Side effect of some medications (e.g. isoniazid, cyclosporine, 
hydralazine, warfarin, and heparin, tertracyclines)
Radiation induced
Aortic dissection
Trauma to the heart

occur on the right side 70% of the time and may calcify. 
When they do occur on the left, they may mimic left ven-
tricular aneurysms or a prominent left atrial appendage.

During CMR, cysts typically have low or intermediate 
signal intensity on T1-weighted images and homogeneous 
high intensity on T2-weighted images (Fig.  17.2). Triple 
inversion recovery sequences or double inversion recovery 
with fat saturation sequences may help display the cyst as 
bright while eliminating interfering fat signal. A line of low 
signal intensity may be seen surrounding the cyst represent-
ing parietal pericardium [2]. Cysts do not enhance with the 
administration of gadolinium chelates. Occasionally, a cyst 
may contain highly proteinaceous fluid, which may demon-
strate high signal intensity on T1-weighted images. 
Pericardial cysts need to be distinguished from bronchogenic 
and thymic cysts as well as from coronary artery aneurysms. 
Pericardial cysts are distinguished from the latter in that they 
will exhibit no mass effect on the myocardium (Movie 17.2).

17.5  Pericarditis

Pericarditis is an inflammatory process of the pericardium 
that has multiple etiologies (Table 17.2). The initial present-
ing symptom is chest pain that worsens with inspiration or in 

the supine body position. Acutely, an inflamed pericardium 
contains highly vascular granulation tissue with fibrin depos-
its [11]. Chronically, the pericardium can become fibrosed 
and stiffened by fibroblasts and collagen. In this acute phase, 
there may also be a pericardial effusion and slight pericardial 
thickening. This process can be detected and evaluated by 
CMR. Response to treatment can be monitored by MRI as 
well (Fig. 17.3).

The pericardium can initially be assessed for thickening 
and fluid by both dark-blood fast spin-echo techniques and 
by white-blood cine techniques (Fig. 17.4). The DE-CMR 
technique has been described as being useful for detecting 
pericardial inflammation [11, 12]. The normal pericar-
dium, being relatively avascular does not enhance. 
However, when the pericardium is inflamed acutely with 
vascularized granulation tissue the pericardium will 
enhance (Fig. 17.5).

Sometimes there is concomitant myocarditis with peri-
carditis and vice versa. In one CMR study for the detection 
of myocarditis, 9 of 20 patients with myocarditis also had 
pericardial enhancement [13]. With DE-CMR this phenom-
enon is easily diagnosed and characterized [12, 13] 
(Fig. 17.6).

The initial acute inflammatory reaction within the peri-
cardium also contains an increase in free water content due 
to lymphocyte infiltration. This can cause T2 relaxation time 
prolongation. Therefore one can also use a short τ-inversion 
recovery T2-weighted sequence looking for a hyperintense 
signal from the pericardium representing edema [14].
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a

b

Fig. 17.3 Pericardial assessment before and after treatment for 
pericarditis. (a) Axial white blood image of a thickened pericardium in 
a patient with pericarditis. (b) White blood axial image of the same 
patient after treatment with steroids and plaquenil. Note the reduction 
in pericardial thickness

a b

Fig. 17.4 (a) Pericardial Effusion  – Axial Black Blood MR image. 
White arrows point to black space surrounding the heart, which repre-
sents a pericardial effusion. (b) Pericardial Effusion – Four Chamber 

Black Blood MR image. The white areas anterior to the right ventricu-
lar free wall and to the black space represent fat
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Fig. 17.5 Acute pericarditis. Pericardial enhancement is seen in a 
patient with acute pericarditis using the delayed enhancement sequence 
following the administration of gadolinium

Fig. 17.6 Myopericarditis. In addition to the ring enhancement of the 
pericardium small islands of gadolinium are seen in the myocardium 
especially in the anteroseptal and inferoseptal walls. This represents 
concomitant myocarditis along with pericarditis

17.6  Constrictive Pericarditis

As mentioned previously, chronic pericarditis is character-
ized by sclerosing pericarditis and chronic inflammation 
leading to fibrosis stiffened by fibroblasts and collagen. 

Constrictive pericarditis is an uncommon and easily missed 
diagnosis. Patients with constrictive pericarditis usually 
present with dyspnea, elevated jugular venous pressure, 
edema, and ascites, especially when left ventricular systolic 
function is normal. The classic features of constrictive peri-
carditis include elevation and equalization of pressures in all 
four cardiac chambers during diastole with ventricular inter-
dependence or coupling during respiration [1, 15].

Constrictive pericarditis must be distinguished from 
restrictive cardiomyopathy as both can cause restricted ven-
tricular filling. CMR has been shown to be able to detect the 
hallmarks of constriction accurately and separate it from 
restrictive cardiomyopathy [16].

Chronic inflammation of the pericardium usually results 
in pericardial thickening. However, pericardial constriction 
can occur without pericardial thickening and a thickened 
pericardium does not always mean constriction [17, 18]. The 
typical presentation of constriction includes a thickened 
pericardium. Echo can usually detect this, but accurate mea-
surements of pericardial thickness are difficult because of 
poor diagnostic windows, reverberations of reflected ultra-
sound, and calcific shadowing. MRI has none of these prob-
lems. Because the pericardium is outlined by epicardial fat 
and lung tissue, MRI can measure pericardial thickness more 
reliably and accurately than echo. Computed tomography is 
also very accurate at detecting pericardial thickness, fluid, 
and calcification.

CMR can detect a thickened pericardium by utilizing dark 
blood imaging sequences. Using spin-echo dark blood 
images, MRI was able to detect pericardial thickening in 
88% of patients with proven constrictive pericarditis 
 predominantly over the right ventricle [16]. Pericardial 
delineation may also be irregular [19]. A pitfall of this tech-
nique is that thickness will be inaccurate in the presence of a 
pericardial effusion. Therefore, this technique will need to be 
coupled with a white blood cine sequence. The cine sequence 
can also show adhesion of the visceral to parietal pericar-
dium [20] (Movie 17.3). CMR tagging techniques can help 
visualize this adherence if the cine sequence is not adequate 
(Movie 17.4). Rather than the normal slippage of the pericar-
dium over the myocardium during systole, there is adherence 
and tethering of the myocardium that impairs diastolic fill-
ing. Tagging may be especially helpful where the pericar-
dium is of normal thickness [21].

Additional cardiac and vascular morphologic changes can 
also be easily detected by MRI. In constriction, the ventricles, 
especially the right, may appear elongated, flattened, and tubu-
lar; one or both atrioventricular grooves may be narrowed; 
unilateral or bilateral atrial enlargement can occur; and possi-
bly dilatation of the vena cava or hepatic veins. Pleural effu-
sions or ascites may also be seen. Finally, a sigmoid- shaped 
septum with abnormal motion may occur. These changes can 
be seen using standard MRI sequences (Fig. 17.7).
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Fig. 17.7 Cardiac morphologic changes in constrictive pericarditis. 
Morphologic changes seen in this patient with constrictive pericarditis 
include enlarged right atrium, inferior vena cava and a left sided pleural 
effusion

Fig. 17.8 Pericardial and pleural effusions. This white blood axial 
image demonstrates bilateral loculated pleural effusions with a pericar-
dial effusion

Because severe constriction can occur without pericardial 
thickening, functional assessments are necessary in order to 
completely evaluate the patient for constriction. Under nor-
mal conditions, the interventricular septum bows towards the 
right ventricular cavity throughout the entire cardiac cycle. 
The pericardium in constriction forms a noncompliant shell 
around the heart preventing it from expanding and leading to 
significant respiratory variation in blood flow. During inspi-
ration, the negative pressure in the thoracic cavity will lead 
to increased blood flow into the right ventricle. This increased 
volume in the right ventricle will cause the interventricular 
septum to bulge towards the left ventricle, leading to 
decreased filling of the left ventricle. The opposite then 
occurs during expiration. This abnormal septal motion can 
be detected by cardiac MRI (Movie 17.5).

Using breath-hold cine sequences, cardiac MRI was able 
to detect early diastolic septal flattening with a sensitivity of 
81% and a specificity of 100% for the diagnosis of constric-
tive pericarditis thus distinguishing it from restrictive cardio-
myopathy [22]. Using real-time CMR, this effect has been 
demonstrated dynamically and again was useful in distin-
guishing constriction from restriction [23].

17.7  Pericardial Effusion and Tamponade

A pericardial effusion is an excess amount of fluid within 
the pericardial space of greater than 50  ml. Fluid usually 
results from inflammation due to an inflammatory or infec-

tious process, but it can also occur in trauma and fluid over-
load states like congestive heart failure and renal failure. Of 
the conditions that can cause pericardial effusions, those 
with a high incidence of progression to cardiac tamponade 
are bacterial and fungal infections, human immunodefi-
ciency virus infections, neoplasms, and bleeding. Again, 
echocardiography is fairly useful at detecting pericardial 
effusions. However, loculated effusions as well as combined 
pleural and pericardial effusions can pose a diagnostic prob-
lem for echo. These problems are more easily distinguished 
by CMR (Fig. 17.8). CMR has also been shown to be supe-
rior to echo for detecting the distribution and amount of 
pericardial fluid or in effusions complicated by pericardial 
thickening [19].

CMR not only can identify effusions but it also may be 
able to characterize them as well. Uncomplicated or transu-
dative effusions are usually low in signal intensity on 
T1-weighted images and high in signal intensity on 
T2-weighted images. Additionally, an SSFP cine sequence 
will have a uniformly high signal [24]. Exudative effusions 
have a high cell and protein content and therefore will dis-
play high signal on T1-weighted images and low signal on 
T2-weighted images. Hemorrhagic effusions can be sus-
pected when the signal is high on T1-weighted images and 
cine imaging reveals a complex and inhomogeneous effusion 
with different signal intensities [25–28]. Air in the  pericardial 
space is seen as a signal void. Finally, if both a pericardial 
and pleural effusion are seen in association with infiltration 
of adjacent structures and a tumor size greater than 5 cm then 
these findings are a highly specific but not sensitive sign of 
malignancy [29].
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Cardiac tamponade is present when fluid or air accumu-
lates within the pericardial space leading to cardiac chamber 
compression and decreased cardiac output. Usually, it is the 
time course of fluid accumulation that is most physiologi-
cally significant. Tamponade is best assessed by simultane-
ously measuring right atrial or ventricular pressure and 
intrapericardial pressure. Usually, invasive diagnostics are 
undertaken on the basis of noninvasive assessment. 
Evaluation is usually performed using echo because of the 
need for a rapid diagnosis in hemodynamically unstable 
patients. However, if the situation is nonemergent, CMR can 
be done to confirm equivocal echo findings.

According to the echo literature, significant hemody-
namic compromise from an effusion is likely when there is 
observed right atrial and ventricular collapse during dias-
tole. This can be observed by CMR either on cine imaging 
[30] or real-time cine imaging (Movie 17.6). Real-time 
imaging may have an advantage over standard cine imaging 
given that the degree of collapse may be variable in certain 
parts of the respiratory cycle. Real-time imaging can also 
demonstrate abnormal ventricular interdependence suggest-
ing hemodynamic significance of the fluid accumulation 
[31].

17.8  Pericardial Masses

Pericardial masses usually are noticed initially by echocar-
diography. However, echo often does a poor job of localizing 
and characterizing the mass. Therefore, CMR is often needed 
to assess the mass and determine whether the mass is com-
promising surrounding structures. Masses can be categorized 
as cysts (described above), thrombi, or neoplasms.

17.8.1  Pericardial Hematomas

Pericardial hematomas are associated with trauma, cardiac 
surgery, mitral annular calcification, acute myocardial infarc-
tion, aortic valve disease, and aortic dissections. Localized 
pericardial and intramural hematomas can compress various 
myocardial structures and even lead to cardiac tamponade 
[32]. Adhesions between cardiac tissues and pericardium 
tend to contain hematomas and direct their spread along the 
paths of least resistance.

Hematomas can be identified and characterized by 
CMR. Fresh thrombus contains a large amount of hemoglo-
bin resulting in high signal on both T1 and T2-weighted 
imaging. After about 1–2  weeks, deoxyhemoglobin and 
methhemoglobin predominate in the thrombus resulting in 
increased signal on T1-weighted imaging and decreased on 
T2-weighted imaging.

17.8.2  Neoplasms

Benign tumors of the pericardium are rare and include tera-
tomas, hemangiomas, and fibrous tumors of the pericardium. 
Primary malignant tumors are also rare. The most common is 
mesothelioma followed by sarcomas and teratomas [24, 33, 
34]. However, the most common neoplasms of the pericar-
dium are metastatic masses. The pericardium may also con-
tain paraneoplastic involvement, causing thickening and 
consequent constriction without evidence of metastatic 
spread. Cardiac MRI is ideally suited to evaluate these 
masses because of its ability to characterize tissue, high spa-
tial resolution, and large fields of view. The standard CMR 
sequences can be used to evaluate these masses (Fig. 17.9). 

a b

Fig. 17.9 (a) Angiosarcoma – Axial Black Blood MR image. (b) Angiosarcoma – Autopsy photo. The white arrows on both figures point to the 
angiosarcoma
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a ba b

Fig. 17.10 (a) Gadolinium Enhancement of an Angiosarcoma – Bright Blood Axial View. (b) Gadolinium Enhancement of an Angiosarcoma – 
Bright Blood Short Axis View. A pericardial effusion is also seen surrounding the heart

However, gadolinium administration is also very important 
as neoplasms, being vascular, will enhance with contrast 
(Fig. 17.10).

17.9  Comparison of Imaging Modalities

Echocardiography is usually the first-line noninvasive test 
used in patients with suspected pericardial disease. Echo is 
portable, cheap, and provides valuable anatomic and physi-
ologic information. There is also a wealth of scientific data 
supporting its use. However, echo can be limited by poor 
acoustic windows, especially in patients who are obese; have 
had previous cardiothoracic surgery; have thoracic deformi-
ties or have lung disease. Echo is also hampered by small 
fields-of-view, poor tissue characterization, and limited 
views of the pericardium. Because of these important limita-
tions, echo may not, by itself, be able to provide enough 
information for a definitive diagnosis.

Two additional noninvasive imaging techniques, CT and 
MRI, have emerged and have been found to be extremely 
valuable in providing additional information in pericardial 
disease patients that have undergone a nondiagnostic echo-
cardiographic exam.

Computed tomography is a 3D, high-resolution noninva-
sive imaging technique that provides larger fields-of-view 
than echo. CT technique has excellent spatial and contrast 
resolution and therefore can assess pericardial thickness, 
fluid, calcification, and masses accurately. Computed tomog-

raphy is capable of high-resolution thin-section imaging 
using isotropic voxels and can be gated to the cardiac cycle, 
allowing cinematic displays of cardiac motion. However, 
despite this ability, CT has limited temporal resolution and 
thus may not provide adequate physiologic information. 
Because of the temporal resolution limitations real-time 
imaging may also not be possible. Computed tomography 
also uses ionizing radiation to obtain its images. In fact, 
gated CT examinations can result in a radiation dose that 
exceeds that of cardiac catheterization. Finally, CT examina-
tions usually require the administration of iodinated contrast 
with its attendant risks of nephrotoxicity and potential aller-
gic reactions.

CMR is a reliable method for the comprehensive assess-
ment of the pericardium because it offers excellent spatial, 
temporal, and contrast resolution, as well as accurate func-
tional and three-dimensional imaging with highly reproduc-
ible measurements. There are no limitations regarding 
acoustic windows, no ionizing radiation is used and no neph-
rotoxic contrast media is given. A gadolinium-based contrast 
agent is frequently administered, but it is widely regarded as 
significantly safer than iodinated contrast material. CMR 
also offers important advantages over both echo and CT.

CMR has larger fields-of-view than echo potentially pro-
viding a much easier and fuller anatomical assessment. The 
pericardial thickness is visible over the entire heart and peri-
cardial fluid may be more reliably detected especially over 
the inferior wall with MRI. CMR can also accurately identify 
adherent areas of pericardium which can be an advantage in 

17 Pericardial Diseases



312

patients headed to surgery for constriction. Lastly, image 
quality is not limited in patients with prior cardiothoracic 
surgery, concomitant lung disease, or who have anatomical 
deformities.

CMR has better temporal resolution than CT thus allow-
ing for functional assessment and real-time imaging capa-
bilities. This faster temporal resolution provides MRI with 
the ability to diagnose both pericardial constriction and tam-
ponade. Tagging techniques with MRI can also aid in the 
identification of adherent areas of pericardium to myocar-
dium. In addition, no radiation is used for obtaining images. 
Finally, and most importantly, MRI provides superior tissue 
characterization relative to both CT and echocardiography.

MRI is limited in very obese patients who cannot fit in the 
bore of the magnet and in people who are severely claustro-
phobic. MRI also cannot reliably be used in patients with 
contraindications, such as patients with certain implanted 
devices like pacemakers, implantable cardioverter defibrilla-
tors, or aneurysms clips to name a few. Despite these limita-
tions, protocols do exist to safely image patients with 
pacemakers and defibrillators if the study is clinically neces-
sary [35–39].

17.10  Uses and Appropriateness

In 2006 The American College of Cardiology Foundation’s 
(ACCF) Committee on Appropriateness for cardiac CT and 
cardiac MRI deemed cardiac MRI “appropriate” for the eval-
uation of pericardial conditions, especially in the areas of 
pericardial masses and pericardial constriction [40]. In 2019 
in it’s document on Appropriate Use Citeria for Multimodality 
Imaging, the ACCF again reaffirmed that cardiac MRI was 
“appropriate” for the evaluation of suspected pericardial dis-
ease, as well as for the re-evaluation of progression of peri-
cardial effusion size or development of tamponade, or for 
progression of pericardial constriction [41].

The ACCF published an expert consensus document on 
cardiovascular MRI in 2010. This panel supported the use of 
CMR in the evaluation of pericardial disease patients because 
of its ability to provide a comprehensive structural and func-
tional assessment of the pericardium. In addition, they high-
lighted the importance of MRI in identifying the physiological 
consequences of pericardial constriction [42].

The European Society of Cardiology Task Force on the 
Diagnosis and Management of Pericardial Diseases men-
tions CMR in its diagnostic pathway for acute pericarditis 
patients, if previous tests have proven inconclusive. They 
establish CMR as a class IIa indication (weight of evidence/
opinion is in favor of usefulness/efficacy) [43]. CMR is also 
mentioned as useful for assessing the size and extent of 
 simple and complex pericardial effusions and in helping to 
diagnose constrictive pericarditis [43].

A position paper on clinical indications for CMR was 
published by the Society of Cardiovascular Magnetic 
Resonance (SCMR) in 2020 [44]. CMR in pericardial dis-
eases was given a class I indication (provides clinically rel-
evant information and is usually appropriate; may be used as 
first-line imaging technique; usually supported by substan-
tial literature or randomized controlled trials) for assessment 
of congenital anomalies of the pericardium, pericardial con-
striction, and pericardial inflammation. Routine CMR for 
pericardial effusions was given a class III indication (pro-
vides clinically relevant information but is infrequently used 
because information from other imaging techniques is usu-
ally adequate).

17.11  Conclusions

Because of the nature and certain limitations of noninvasive 
imaging studies, pericardial disease may prove difficult to 
diagnose with a single noninvasive imaging modality. Often 
an accurate diagnosis is the result of multiple noninvasive 
imaging studies in conjunction with invasive studies. Because 
of favorable inherent imaging characteristics, CMR can pro-
vide a structural and functional assessment of the pericar-
dium in a broad range of pericardial disorders. These features 
support the use of CMR in either a primary or confirmatory 
role in the evaluation of patients with suspected pericardial 
disorders.

Practical Pearls

 1. Because of the nature and certain limitations of noninva-
sive imaging studies, pericardial disease may prove diffi-
cult to diagnose with a single noninvasive imaging 
modality.

 2. Echocardiography can be limited by poor acoustic win-
dows, especially in patients who are obese; have had pre-
vious cardiothoracic surgery; have thoracic deformities 
or have lung disease. Echo is also hampered by small 
fields-of-view, poor tissue characterization, and limited 
views of the pericardium.

 3. CMR has larger fields-of-view than echo potentially pro-
viding a much easier and fuller anatomical assessment. 
With CMR pericardial thickness is visible over the entire 
heart, pericardial fluid may be more reliably detected 
especially over the inferior wall, and image quality is not 
limited in patients with prior cardiothoracic surgery, con-
comitant lung disease, or who have anatomical deformi-
ties. CMR can also accurately identify adherent areas of 
pericardium.

 4. CMR has better temporal resolution than cardiac CT thus 
allowing for functional assessment and real-time imaging 
capabilities. This faster temporal resolution provides 
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MRI with the ability to diagnose both pericardial con-
striction and tamponade.

 5. SMR position paper (2020) gave CMR class I indication 
for assessment of congenital anomalies of the pericar-
dium, pericardial constriction, and pericardial inflamma-
tion. Routine CMR for pericardial effusions was given a 
class III indication.
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18Cardiac Tumors

Mushabbar A. Syed and Raad H. Mohiaddin

18.1  Introduction

Evaluation of cardiac mass or tumor has become a routine 
application for cardiovascular magnetic resonance (CMR) 
imaging. CMR is a versatile imaging modality that provides 
two-dimensional or three-dimensional imaging using a vari-
ety of pulse sequences for a comprehensive assessment of 
cardiac masses. Echocardiography is usually the first-line 
imaging modality used in patients suspected of a cardiac 
mass or tumor; however, this technique has several limita-
tions, is highly dependent upon availability of good echocar-
diographic “windows” and even then may not be able to 
provide a comprehensive answer due to limited field of view 
and inability to characterize tissue. In this regard, CMR 
imaging has evolved as a reference standard method for the 
assessment of suspected cardiac tumors and is being increas-
ingly used for confirmation, localization, and tissue charac-
terization of cardiac masses discovered in other types of 
imaging. CMR imaging readily evaluates for the presence of 
tumor-related cardiovascular complications and is helpful in 
determining prognosis and treatment planning.

In this chapter, we will focus on the common types of 
tumors that involve the heart. For pericardial tumors, the 
reader is referred to the chapter “Pericardial Diseases” that 
provides an overview of pericardial tumors. This chapter will 
focus on specific CMR techniques, imaging protocols, and 
appearance of common tumors. A sample imaging protocol 
is also provided.

18.2  Cardiac Tumors in Adults

Primary cardiac tumors are rare but can occur in all age 
groups with an estimated incidence of 0.02% in autopsy 
series [1]. Non-neoplastic masses or pseudo-tumors are seen 
more frequently than true tumors (Table  18.1). Pseudo- 
tumors are masses that may falsely appear like a tumor usu-
ally discovered on echocardiography and often referred to 
CMR for further assessment. The common pseudo-tumors 
include thrombi (Fig. 18.1), lipomatous hypertrophy of inter-
atrial septum (Fig. 18.2), caseous variety of mitral annular 
calcification [2], prominent crista terminalis and cysts 
(Fig. 18.3) among other causes (Table 18.1).

Primary cardiac tumors can be benign or malignant 
(Table 18.2). Benign cardiac tumors remain extremely rare 
although relatively more common than primary malignant 
cardiac tumors. Of all primary cardiac tumors, 75% are his-
tologically benign [3]. Myxomas represent approximately 
50% of benign tumors, while rhabdomyomas (5–10%) and 
fibromas (4–6%) occur less commonly [4]. Most common 
benign tumors encountered in adults are myxomas followed 
by papillary fibroelastoma.

Secondary malignant cardiac tumors that metastasize to 
the heart are 40–50 times more common than primary car-
diac tumors [5]. Spread to the heart occurs through direct 
extension from adjacent tumors, hematogenous and/or 
lymphatic spread, and transvenous invasion. Common 
tumors metastasizing to the heart are shown in Table 18.2. 
Direct extension occurs from lung, breast, esophageal, or 
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other mediastinal tumors. Venous extension occurs through 
the inferior vena cava, superior vena cava, or pulmonary 
veins.

Primary malignant tumors account for approximately 
15% of primary cardiac tumors and can broadly be divided 
into sarcomas, lymphomas, and pericardial malignancy [6]. 
Sarcoma is the most common primary cardiac malignant 

Table 18.1 Pseudo-tumors

Thrombus
Cyst (pericardial, bronchogenic)
Lipomatous hypertrophy of interatrial septum
Caseous mitral annular calcification
Hypertrophied papillary muscle
Calcified hematoma
Inflammatory mass

a b c

Fig. 18.1 Large mass in the right atrium. Mass has well-defined bor-
ders and is isointense with myocardium on black blood T2 image. It 
does not infiltrate right atrial wall and there is no associated pericardial 

effusion. Right atrium is severely dilated. This is an example of a large 
thrombus in the right atrium in a patient with Ebstein’s anomaly (a and 
b are SSFP images and c is black blood T2w spine-echo image)

a

b

Fig. 18.2 Lipomatous hypertrophy of interatrial septum. The fatty 
mass is “dumb-bell” shaped and spares the fossa ovalis (a, arrows). 
On T1 weighted fat saturation image the fat is saturated and mass 
appears dark confirming fatty tissue (b)
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Fig. 18.3 Hydatid cyst in the right ventricle. A cystic mass is seen on the cine SSFP images (upper row) and non-enhancing mass on post-contrast 
images (bottom row)

tumor and are extremely rare, usually described in isolated 
case reports or reviews. Virtually all types of sarcomas have 
been reported in the heart. Angiosarcomas are the most com-
mon form of cardiac sarcoma arising predominantly in the 
right atrium. Other most frequently described sarcomas 
include rhabdomyosarcomas (the most common primary 
cardiac malignancy in children), fibrosarcomas, and 
leiomyosarcomas.

According to one report, primary cardiac lymphoma his-
tology has become the most common histology type after 
1992, representing 39% of primary cardiac malignant tumors 
by 2003 [7]. Primary cardiac lymphomas are aggressive 
B-cell lymphomas with higher incidence in immunocompro-
mised patients. The right atrium is the commonest site of 
origin with frequent involvement of more than one cardiac 
chamber and pericardial invasion.

18 Cardiac Tumors
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Table 18.2 Cardiac tumors

Benign tumors
   Myxoma
   Rhabdomyoma
   Fibroelastoma
   Fibroma
   Lipoma
   Hemangioma
   Teratoma
Malignant tumors
Primary
   Angiosarcoma
   Rhabdomyosarcoma
   Leiomyosarcoma
   Fibrosarcoma
   Liposarcoma
   Lymphoma
   Osteosarcoma
   Other sarcomas
Secondary
   Metastasis
   Melanoma
   Thyroid
   Lung
   Esophagus
   Kidney
   Breast
   Lymphoma
   Leukemia
   Direct extension
   Lung
   Breast
   Esophageal
   Mediastinal
   Venous extension
   Renal
   Hepatic
   Adrenal cortex
   Lung
   Thyroid
   Endometrium

18.3  Cardiac Tumors in Children

Cardiac tumors are also rare in children, with reported inci-
dence of 0.03–0.08% [8, 9]. In a multicenter international 
CMR study of 78 cases in children, tumors were found in all 
cardiac chambers and extracardiac locations with most com-
mon location being the ventricular myocardium [10]. Most 
common tumor was fibroma (38%) followed by rhabdomy-
oma (18%), malignant (16%), hemangioma (12%), myxoma 
(4%), and teratoma (3%). Malignant tumors included osteo-
sarcoma (n = 3), rhabdomyosarcoma (n = 2), and 1 case each 
of angiosarcoma, B-cell lymphoma, desmoplastic round cell 
tumor, melanoma, and medulloblastoma. Other series have 
reported rhabdomyomas as the most common cardiac tumor 

in children which likely represents a referral bias to MR 
imaging as these tumors are usually diagnosed by echocar-
diography due to their typical appearance and not referred 
for MR imaging [11].

18.4  Clinical Presentation

Many tumors are found on cardiac imaging studies investi-
gating other pathology and may remain clinically silent 
while others present with early symptoms. Symptoms of car-
diac tumors are highly variable and are typically secondary 
to their effect on normal cardiac geometry and function. 
Symptoms also depend upon mass size and location. 
Arrhythmias, particularly sudden death and abnormal atrio-
ventricular conduction, are common because of tumor dis-
ruption of the conduction system. Cardiac tumor should be 
considered in the differential diagnosis of any patient with an 
embolic phenomenon or signs or symptoms of inflow or out-
flow obstruction with left or right-sided heart failure.

18.4.1  Symptoms and Signs

• Heart failure: left and/or right ventricular failure can be 
caused by cardiac chamber obliteration by tumor or 
abnormal myocardial function secondary to intramyocar-
dial tumor growth. Tumor growth can also cause left or 
right ventricular outflow tract obstruction (Fig.  18.4). 
Valve function can also be impaired due to tumor com-
pression or growth causing stenosis or regurgitation.

• Palpitations: usually occurs due to myocardial irritation 
from tumor or involvement of the conduction system.

• Sudden death: usually related to malignant arrhythmias.
• Syncope: syncopal episodes might be related to associ-

ated arrhythmias or ventricular outflow obstruction.

18.4.2  Complications

• Congestive heart failure due to impairment of ventricular 
function

• Left or right ventricular inflow and/or outflow 
obstruction

• Conduction system involvement
• Peripheral embolism
• Tissue invasion

Prognosis of tumors is also variable and depends on many 
factors including whether they are benign or malignant. 
Benign tumors can generally be completely resected with 
good prognosis with minimal morbidity particularly before 
reaching the complication stage. Malignant tumors in gen-
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Fig. 18.4 Cine SSFP sequence shows a large mass in the right ven-
tricular outflow tract causing flow obstruction. This was metastatic 
malignant melanoma (arrow)

eral have a poor prognosis with median survival rates of 
around 12 months despite surgical debulking and aggressive 
chemotherapy [12].

18.5  Magnetic Resonance Imaging

18.5.1  Goals of CMR Imaging

The information provided by CMR imaging is not only 
important for diagnosis but also helps in determining prog-
nosis and treatment planning including surgical resection 
[13]. Because most masses are not amenable to biopsy, the 
role of imaging becomes critical in their evaluation. The 
broad goals of CMR imaging in the evaluation of cardiac 
mass include:

 1. Location
 2. Size and shape
 3. Tumor borders and extent/tissue invasion
 4. Tissue characterization
 5. Differentiating true tumor from pseudo-tumors
 6. Evaluating impact on cardiac structure and function
 7. Presence of pericardial or pleural effusion

18.5.2  CMR Sequences and Imaging Protocol

Cardiac mass may initially be discovered on echocardiogra-
phy or chest imaging performed for non-cardiac causes. 
CMR is usually used for confirmation and further assess-
ment of a mass. CMR not only provides accurate localization 
of a mass but a comprehensive evaluation by utilizing a vari-
ety of imaging techniques called “pulse sequences” before 
and after administration of gadolinium-based contrast agent 
(GBCA). It’s important to understand the strengths and 
 limitations of each CMR sequence for appropriate utiliza-
tion. A sample CMR imaging protocol is shown in Table 18.3.

18.5.2.1  Cine Imaging
Mass localization is usually performed by cine bright-blood 
imaging with steady-state free precession (SSFP) sequence. 
The SSFP sequence is considered the “work-horse” for CMR 
imaging and is used to acquire cine images in different con-
ventional or non-conventional planes, e.g. axial, coronal, 
sagittal, and/or oblique. SSFP sequence provides intrinsi-
cally high contrast between blood pool and adjacent myocar-
dium or mass without the need for administering 
GBCA.  Images are electrocardiography (ECG)-gated and 
acquired during breath holding. Free-breathing image acqui-
sition is possible using accelerated MRI acquisition tech-
niques in patients who are unable to hold their breath. 
Volumetric coverage of the heart is required to localize the 
mass and assess its size, shape, and relationship to other car-
diovascular and extra-cardiac structures. We usually acquire 
this volumetric coverage in axial orientation with contiguous 
slices without inter-slice gap from pulmonary arteries to the 
diaphragm (Movie 18.1). In addition to delineation of the 
anatomic extent of the mass, cine imaging provides a quanti-
tative assessment of myocardial and valve functional impair-
ment or other complications associated with cardiac tumors. 
Cine images can be helpful in identifying specific tumor 
types that have a predilection for certain cardiac chambers or 
valves. Features like tumor attachment site, mobility, border 
definition, invasion of chamber walls or extracardiac struc-
tures, and presence of pericardial effusion help in further dif-
ferentiating cardiac tumors. However, cine images are 
usually not adequate for tissue characterization of the mass, 
which requires the use of other sequences and administration 
of GBCA. It’s also worth noting that some tumors may dis-
play similar tissue features as myocardium or blood on SSFP 
imaging and can be missed.

18.5.2.2  Black-Blood Imaging
Tissue characterization of a cardiac mass is based on its 
hydrogen proton density and tissue relaxation (T1 and T2) 
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Table 18.3 CMR protocol

Image Sequence Planning Purpose
Three-plane localizers 
(axial, sagittal, coronal)

Single-shot SSFP 3–6 images in each three orthogonal planes Heart localization & 
isocentering

Axial stack Black blood HASTE or Single- 
shot ECG-gated, breath-held

Contiguous axial slices from above the clavicles 
to the diaphragm include the heart, systemic/
pulmonary vessels, and proximal part of arch 
branches

Cardiac and extra-cardiac 
anatomy, mass localization

2-Chamber LV localizer Single-shot SSFP Single slice, orthogonal plane through long axis 
of left ventricle from mitral valve to LV apex, 
planned from axial stack

Planning cine sequences
ECG-gated, breath-held

Short-axis localizers Single-shot SSFP Multiple contiguous slices from AV valves to 
the ventricular apex

Planning cine sequences
ECG-gated, breath-held

2-Chamber LV SSFP cine Single slice, copy image position from 
2-chamber localizer

LV and mitral valve function 
assessment, mass localizationECG-gated, breath-held

4-Chamber LV SSFP cine Orthogonal plane across AV valves prescribed 
from short-axis localizers

AV valve function, mass 
localizationECG-gated, breath-held

Axial stack (volumetric 
coverage)

SSFP cine Contiguous axial slices from the pulmonary 
arteries to the diaphragm to include the heart, 
systemic and pulmonary vessels

Mass localization, size, shape, 
extent, extra-cardiac 
involvement

ECG-gated, breath-held

LV and RV outflow 
tracts

SSFP cine LV planned from short-axis localizers. RV 
planned from axial stack

Outflow tract morphology, 
semilunar valve assessment, 
mass localization

ECG-gated, breath-held

Short-axis stack SSFP cine Orthogonal plane parallel to AV valves 
prescribed from end-diastolic frame of 4 
chamber cine, from above the AV valves to the 
apex

Ventricular volume and 
function assessment, mass 
localization

ECG-gated, breath-held

Black Blood T1w, T2w, fat saturation Use orientation where mass is best seen. Copy 
image position from cine slices

Mass tissue characterization

Perfusion (First pass 
during gadolinium 
injection)

Saturation recovery or SSFP Combination of short axis and long axis, 3–4 
slices prescribed in orientation where mass is 
best seen

Mass vascularity/tissue 
characterizationECG-gated, breath-held

Late gadolinium 
enhancement (10–
15 min post contrast)

T1w, inversion recovery, TI time 
adjusted to null normal 
myocardium, ECG-gated, 
breath-held

Long-axis and short-axis views Mass vascularity/tissue 
characterization

Late gadolinium 
enhancement (20 min 
post contrast)

T1w, inversion recovery, fixed TI 
600 ms, ECG-gated, breath-held

Single slice, use orientation where mass is best 
seen.

Differentiate thrombus from 
tumor

Optional: Flow In-plane and/or through-plane, 
ECG-gated, non-breath held

Outflow tract views or other views selected 
from cine images

Assessment of flow 
obstruction caused by the 
mass

Optional: 3D MRA 3D, non-ECG-gated, breath held Coronal plane from right ventricle anteriorly to 
spine posteriorly

Assessment of systemic and/or 
pulmonary vascular 
involvement

properties. This type of imaging is acquired by using black- 
blood double inversion recovery fast spin echo sequence that 
is T1 or T2 weighted. These images are ECG-gated and 
acquired during breath holding. Fast imaging methods with 
half-Fourier acquisition usually cause blurring of cardiac 
structures and tumor as well as suboptimal suppression of 
blood pool signal and are therefore not recommended. Black- 
blood imaging provides high-resolution static images of the 
cardiac structures/mass and tissue characterization is based 
on different signal intensities from different cardiac struc-
tures. Fat saturation prepulses can be added to the black- 
blood sequence to characterize fatty masses, e.g. lipoma or 
lipomatous hypertrophy of interatrial septum (Fig. 18.2).

Malignant cells are usually larger in size and have higher 
intracellular water content compared to normal cells; malig-
nant cells also have higher interstitial water content. These 
features translate into longer T1 and T2 relaxation times 
resulting in inherent contrast between tumors and normal tis-
sues (Fig. 18.5) [14].

18.5.2.3  Perfusion Imaging
First-pass perfusion imaging is usually performed with T1- 
weighted saturation recovery or SSFP sequence during the 
passage of GBCA through the myocardium after intravenous 
administration (Movie 18.2). This technique is well studied 
in stress MRI and has proven accuracy in the detection of 
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Fig. 18.5 Black blood imaging of right ventricular tumor. Tumor is isointense on T1 and hyperintense on T2 images suggesting increased water 
content, which is a feature of malignant tumors (see text for details), in this case metastatic malignant melanoma

coronary artery stenosis. In the assessment of cardiac masses, 
CMR perfusion imaging at rest provides additional informa-
tion for mass vascularity and tissue composition. Highly vas-
cular tumors such as angiosarcoma, hemangioma, and some 
vascular malformations typically show significant contrast 
enhancement on first-pass perfusion imaging. First-pass per-
fusion imaging is also useful in differentiating cardiac tumors 
from thrombi. Thrombi are avascular structures and hence 
non-enhancing on perfusion imaging compared to tumors 
which are vascular and show different degrees of contrast 
enhancement.

18.5.2.4  Late Gadolinium Enhancement
Late gadolinium enhancement (LGE) is typically performed 
with inversion recovery sequence, 10–20 min after adminis-
tration of GBCA. GBCA are extra-cellular contrast agents 
and decrease tissue T1 relaxation. Malignant tumors have 
increased interstitial space and thus more volume of distribu-
tion for GBCA compared to normal tissues. LGE reflects 
uptake of GBCA within the areas of fibrosis, infarction, or 
expanded interstitium, such as in some benign and malignant 
tumors. Patchy delayed enhancement within a cardiac mass 
suggests regional variations in vascularity and is usually seen 
in malignant tumors and in up to 40–50% of benign tumors, 
e.g. myxoma [15].

LGE with long inversion time has been shown to be 
extremely sensitive for the detection of cardiac thrombi [16]. 
After completing the standard LGE imaging, we reimage the 
slices with the mass by increasing inversion time to 600 ms. 

Increasing the inversion time allows recovery of signal by 
virtually all tissues except thrombus which remains dark in 
these images.

18.5.2.5  Optional Sequences
Masses causing flow obstruction across the valves or outflow 
tracts can be further interrogated by phase contrast velocity 
encoded flow imaging. This is analogous to the Doppler 
echocardiography and is acquired with ECG gating during 
free breathing. An in-plane flow image provides qualitative 
assessment of the site of flow obstruction or valve regurgita-
tion. A through-plane flow image is then acquired to quantify 
gradients across the obstruction or to assess the severity of 
regurgitation.

Contrast-enhanced magnetic resonance angiography 
(CE-MRA) can be useful in the assessment of masses involv-
ing the vena cava, aorta, or pulmonary vessels. CE-MRA 
provides high-resolution, three-dimensional imaging of 
blood vessels infiltrated by the tumor and is helpful for surgi-
cal treatment planning. This sequence is non-ECG-gated and 
is acquired during breath holding.

18.6  CMR Findings in Cardiac Tumors

Kidaffas et al. published CMR-based diagnostic criteria that 
predict tumor type on the basis of their experience with 11 
cases and review of literature [17]. Beroukhim et al. subse-
quently tested these diagnostic criteria in children in their 
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a b c

Fig. 18.6 Left atrial myxoma. Atrial septum is the typical location 
where myxomas are attached by a stalk to the fossa ovalis. Myxoma 
appears heterogeneous on SSFP (a) due to the presence of areas of cal-

cification, hemorrhage, necrosis, and thrombus. Heterogeneous 
enhancement is seen on perfusion (b) and LGE images (c)

multicenter, international study [10]. Three reviewers blinded 
to the histologic diagnosis classified tumor type in 78 cases 
and correctly identified 97% of tumors. Incorrect diagnosis 
was related to atypical appearance on CMR images, subopti-
mal image quality, and lack of comprehensive examination. 
In a study of 55 adults with confirmed tumor histology, 
Hoffman et al. predicted malignancy with an area under the 
receiver-operator characteristic curve between 0.88 and 0.92 
[15]. Tumor location, tissue composition and presence of 
pericardial or pleural effusion were predictors of 
malignancy.

CMR findings and tissue characteristics of common types 
of cardiac tumors are described below:

18.6.1  Benign Tumors

18.6.1.1  Myxoma
Myxomas usually arise from the endocardium and therefore 
can originate anywhere in the atria, ventricles, or valves; 
however, the vast majority (80%) develop from the left 
atrium, with the remainder from the right atrium (15–20%), 
and origin from ventricles or valves is rare [18]. Atrial sep-
tum is the typical location where myxomas are attached by a 
stalk to the fossa ovalis (Fig.  18.6). Myxomas are mostly 
solitary, range in size from 1 to 20 cm, but may occasionally 
be multiple, particularly in association with Carney complex 
(syndrome of myxoma, endocrine hyperfunction, and areas 
of skin pigmentation). Although benign, there are case 
reports of malignant transformation. They frequently are 
pedunculated masses and have organized thrombi on the sur-
face. The clinical presentation consists of constitutional 
symptoms (fever, arthralgia, weight loss), embolic phenom-
enon, and cardiac obstruction typically involving the mitral 

(left atrial myxoma) or tricuspid valve (right atrial 
myxoma).

Myxomas appear heterogeneous on SSFP due to the pres-
ence of areas of calcification, hemorrhage, necrosis, and 
thrombus [19]. They are generally hyperintense on T2- 
weighted images due to high extracellular water content and 
are isointense on T1-weighted images [13]. Heterogeneous 
enhancement is seen on perfusion and LGE images due to 
tissue heterogeneity and non-enhancing overlying thrombi.

18.6.1.2  Papillary Fibroelastoma
Papillary fibroelastomas (PFE) are the second most common 
benign cardiac tumor in adults. PFE also arise from endocardial 
surface but majority originate on the left-sided heart valves [20]. 
They are usually small, less than 1 cm, mobile pedunculated 
masses typically on the atrial surface of the mitral valve and 
aortic side of the aortic valve [21]. They are more common on 
aortic valves followed by mitral and less common on tricuspid 
and pulmonary valves. They resemble Lambl’s excrescences 
histologically but tend to be larger, rounded, and away from the 
free edges of the valve. Most PFE are asymptomatic and are 
usually detected incidentally on echocardiography but have 
been associated with neurological symptoms related to embolic 
phenomenon. The differential diagnosis is usually with a valve 
vegetation, myxoma, or thrombus.

Small PFE are difficult to localize and characterize on 
CMR images due to their small size and rapid motion with 
valve leaflets. Therefore, their imaging requires high spatial 
and high temporal resolution sequences, e.g. SSFP.  They 
have intermediate signal intensity similar to myocardium on 
T1 on T2 weighted images, although are difficult to visualize 
on black-blood static images due to moving out of imaging 
plane from motion [21]. Valvular regurgitation is usually not 
a feature of papillary fibroelastoma.

M. A. Syed and R. H. Mohiaddin



323

a

c

b

d

Fig. 18.7 Fibroma in the right ventricle attached to the ventricular sep-
tum. (a) SSFP image, (b) T1w TSE, (c) LGE and (d) STIR T2w. Black 
blood images (b, d) show heterogeneous signal intensity and well- 

defined borders with thin rim of myocardium. Late gadolinium 
enhancement (c) shows very high signal intensity mass due to high col-
lagen content

18.6.1.3  Rhabdomyoma
In children, approximately 50% of rhabdomyomas occur in 
association with tuberous sclerosis where they occur as mul-
tiple intramural masses in the ventricular myocardium (left 
ventricle more than right ventricle) and most regress sponta-
neously [22]. Rhabdomyomas can sometimes produce 
obstructive or arrhythmic symptoms and require surgical 
excision. They are seen as multiple intramyocardial masses 
on SSFP with focal wall motion abnormality. They are isoin-
tense to myocardium on T1 and mildly hyperintense on T2- 
weighted images. They typically show no or minimal 
enhancement after GBCA administration on perfusion and 
LGE images [23]. They have homogenous appearance on all 
sequences.

18.6.1.4  Fibroma
Fibromas are primarily seen in children due to their congeni-
tal origin. Fibromas are most often intramural tumors, aris-
ing within the interventricular septum or left ventricular free 
wall (Fig. 18.7). They have well-defined borders with thin 

rim of myocardium. Fibromas have limited water content 
and show heterogeneous signal intensity on T1 and T2- 
weighted images [10]. They are hypointense on perfusion 
imaging and have very high signal intensity on LGE due to 
high collagen content [24].

18.6.1.5  Lipoma
Cardiac lipomas are composed of encapsulated mature adi-
pose tissue, similar to extracardiac lipomas. They usually 
occur on the epicardial surface of the heart, although myo-
cardial or endocardial lipomas have been reported and can 
occasionally protrude into cardiac cavities [25]. Cardiac 
lipomas show high signal intensity similar to chest wall fat 
on T1-weighted sequences and signal void/drop out on fat 
saturation sequence. The CMR characteristics are very spe-
cific for this diagnosis obviating the need for further testing. 
Lipomatous hypertrophy of the atrial septum is sometimes 
confused with lipoma but can be distinguished by 
 characteristic sparing of the fossa ovalis, which produces a 
dumb-bell- like appearance.
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18.6.1.6  Other Benign Tumors
Less common benign tumors include hemangioma, paragan-
glioma, and cystic tumor of the atrioventricular nodal region 
[18].

Hemangioma are highly vascular tumors and are hyperin-
tense on perfusion sequence with variable or weak enhance-
ment on LGE sequence. CMR sequences may not be able to 
distinguish between highly vascular tumors which include 
hemangioma, angiosarcoma, vascular malformation, and 
paraganglioma [10].

Paragangliomas are extremely rare, originate for the neu-
roendocrine cells, and are typically seen in the posterior wall 
of left atrium, along the atrioventricular groove, or at the root 
of great vessels in the distribution of cardiac ganglia. They 
show marked high signal intensity on T2-weighted imaging, 
high vascularity on perfusion, and heterogeneous signal 
intensity on LGE due to central necrosis [26].

18.6.2  Malignant Tumors

18.6.2.1  Angiosarcoma
Angiosarcoma is the most common malignant tumor of the 
heart and accounts for less than 10% of all primary cardiac 
tumors [27]. Angiosarcoma is characterized by rapid growth, 
local invasion, and distant metastasis and has a predilection 
for the right atrium (>90%) but other cardiac chamber 
involvement has been reported (Fig.  18.8). Angiosarcoma 
grows rapidly and metastasis is usually present at the time 
of presentation with lung being the commonest site [28]. 
Pericardial effusion and tamponade are often present. CMR 
findings include broad base of attachment, lack of pedicle, 
presence of hemorrhage or necrosis, vascularity, and inva-
sion of surrounding structures [13]. Heterogeneous signal 
intensity on T1 and T2-weighted fast spin echo is consistent 
with areas of tumor tissue, necrosis, and hemorrhage in the 
tumor which is a feature of cardiac angiosarcoma [29]. 
Right atrial location is a distinguishing feature from other 
forms of sarcomas that tend to arise from the left atrium 
[30].

18.6.2.2  Lymphoma
Primary cardiac lymphoma is extranodal non-Hodgkin’s 
lymphoma located in the heart and/or pericardium. This neo-
plasm has increased prevalence in immunocompromised 
patients and is rarely seen in immunocompetent patients. 
This is an aggressive neoplasm presenting with heart failure, 
pericardial effusion/tamponade, syncope, or arrhythmia. 

There are no pathognomonic imaging features (Fig.  18.9). 
Primary cardiac lymphoma typically involves the right heart 
chambers and/or pericardium. Pericardial effusion, outflow 
obstruction, and infiltration of adjacent tissues are usually 
seen. Histological and immunohistochemical examination of 
the involved tissue is always required to confirm diagnosis as 
chemotherapy ± radiation is the main therapeutic approach 
[31].

18.6.2.3  Other Sarcomas
Virtually all types of sarcomas have been reported in the 
heart (Fig. 18.10). In one review, undifferentiated sarcomas 
accounted for 25% of all primary cardiac tumors, however, 
with improved immunohistochemistry techniques this fre-
quency is decreasing as they may now be assigned a specific 
subtype [32]. Leiomyosarcoma arise mostly in the left atrium 
infiltrating the pulmonary veins. Fibrosarcomas arise in the 
left atrium in 50%, either ventricle in 30%, and pericardium 
in 20%. Liposarcomas do not have a predilection for any car-
diac chamber while osteosarcomas always originate from the 
left atrium invading into the pulmonary vein ostia and mitral 
valve [32]. The CMR tissue features of these sarcomas are 
non-specific with heterogeneous signal intensity on post- 
contrast imaging. Cardiac CT can better delineate the calcific 
components of osteosarcoma providing a complimentary 
role to CMR imaging.

Fig. 18.8 Angiosarcoma of the right atrium. Cine SSFP image shows 
infiltration of right atrial wall and pericardial effusion (arrow), which 
are signs of a malignant tumor
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Fig. 18.9 Lymphoma involving the left ventricle. Cine imaging (a) 
shows irregularly thickened myocardium in the septum, inferior and 
inferolateral segments, and a mass in the right ventricle adjacent to the 
inferior RV insertion site. T1 black blood (b) does not show any signifi-
cant signal intensity difference between the abnormal and normal myo-

cardium; however, T2-weighted image (c) shows increased signal 
intensity in the abnormal myocardial segments suggesting increased 
water content. Late gadolinium enhancement shows diffuse, patchy 
enhancement suggesting necrosis (d)

18 Cardiac Tumors



326

a b

c d

Fig. 18.10 Sarcoma (undifferentiated) of the left atrium obstructing the mitral inflow (a). Black blood spin-echo imaging shows the mass is 
isointense on T1 (b) and hyperintense on T2 spin-echo image (d). Patchy enhancement is seen on late gadolinium enhancement (c)

18.7  Comparison with Other Imaging 
Modalities

18.7.1  Echocardiography

Transthoracic echocardiography (TTE) is usually the first- 
line imaging modality used in the evaluation of cardiac 
masses. However, TTE has significant limitations from 
dependence upon availability of good acoustic windows par-
ticularly in patients with obesity, emphysema, and chest 
deformities. TTE also has limited field of view and ability to 
characterize tissue structure. TTE is therefore not a reliable 
method for characterizing the cardiac mass. The tissue char-
acterization can be improved by utilizing contrast echocar-
diography to distinguish thrombus from tumor. Most 
malignant tumors have abnormal neovascularization with 

increased blood supply, while thrombi are avascular. 
Mansencal et al. have shown that with microbubble contrast 
administration, a complete lack of enhancement is suggestive 
of thrombus; partial or incomplete enhancement suggests 
myxoma and complete enhancement suggests tumor [33].

Transesophageal echocardiography (TEE) is also rou-
tinely performed for cardiac mass evaluation. Compared to 
TTE, TEE can provide more detailed assessment of small 
masses, masses in atria particularly left atrial appendage, and 
masses associated with valves particularly fibroelastoma. 
However, TTE is better than TEE in evaluating mass in left 
ventricular apex. Despite using microbubble contrast agents, 
both TTE and TEE remain limited in their tissue character-
ization of cardiac masses and confident differentiation 
between thrombi and benign and malignant tumors may not 
be possible.
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18.7.2  Computed Tomography

ECG-gated multidetector computed tomography (MDCT) 
has evolved into an important cardiac imaging technique, 
particularly for the assessment of coronary arteries. MDCT 
provides high spatial resolution and can be a valuable tool 
for assessing a cardiac mass, particularly when a patient 
can’t undergo CMR due to contraindications. CT scanning is 
often performed during an evaluation for a possible thoracic 
malignancy where an incidental cardiac tumor may also be 
found. MDCT can be complimentary to CMR imaging, par-
ticularly in the evaluation of calcified masses [34]. The wide 
field of view and multiplanar reconstruction capabilities are 
useful in providing a detailed evaluation of cardiac and 
 pericardial masses and adjacent structures [35]. Non-contrast 
images are diagnostic for detecting calcification, e.g. central 
calcification suggestive of a cardiac fibroma or identifying 
caseous variety of mitral annular calcification. Contrast- 
enhanced images may help identify the nature of the mass 
similar to contrast echocardiography and perfusion CMR, 
however, this requires specialized acquisition protocols for 
perfusion CT.

MDCT requires the use of iodinated contrast agents and 
exposure to radiation. The temporal resolution is also limited 
requiring the use of beta-blockers to slow the heart rate for 
better image quality. Imaging of the heart necessitates the 
use of MDCT scanners with ECG gating capabilities. The 
tissue characterization properties of CT are inferior to CMR; 
however, CT has an important role when MR imaging is con-
traindicated or not available.

18.7.3  Positron Emission Tomography

Positron emission tomography combined with computed 
tomography (PET-CT) is increasingly available and has 
become an important tool for assessment of myocardial isch-
emia, viability, and malignant disease. With the use of 
2-[18F] Flouro-2-deoxy-d-glucose (18-FDG) PET can dis-
tinguish benign from malignant lesions, accurately stage 
malignancies, and assess response to therapy [36]. An 
increased 18-FDG uptake by a mass is suggestive of a 
 neoplasm; however, increased uptake can also be seen in the 
presence of brown fat, e.g. lipomatous hypertrophy of atrial 
septum [37]. PET-CT is not routinely utilized for cardiac 
mass evaluation, perhaps due to easy availability and use of 
echocardiography, MRI and CT imaging.

More recently PET-MRI system has become commer-
cially available combining the advantages of both PET and 
MRI techniques, which may be uniquely suitable for cardiac 
tumor evaluation. PET-MRI can provide comprehensive 

evaluation of tumor morphology, characterization, infiltra-
tion to adjacent structures, and local and M staging [38].

18.7.4  Angiography with Cardiac 
Catheterization

In the current era of high-resolution, three-dimensional non- 
invasive imaging, cardiac catheterization has limited role in 
the evaluation of patients with known intracardiac mass. 
Ventriculography is relatively contraindicated in patients 
with known intracardiac mass because of the risk of catheter- 
induced tumor embolization. In other patients, ventriculog-
raphy might demonstrate filling defects suggestive of an 
intracavitary mass. If a mass is found as an incidental finding 
during angiography, strict care is required to minimize dis-
ruption of the mass to avoid causing a systemic embolic 
complication. In patients who are at high risk for concomi-
tant coronary disease and are undergoing surgical treatment, 
coronary angiography is usually necessary. Coronary angi-
ography may also demonstrate neovascularization of the car-
diac mass [39].

18.8  CMR Role in Treatment Decision 
Making

Treatment of cardiac mass is dependent upon accurate 
localization and diagnosis. CMR can provide localization 
and tissue characterization non-invasively. Black-blood 
imaging, first-pass perfusion, and LGE with long inversion 
can accurately differentiate tumor from thrombus and 
obviate the need for additional invasive procedures. Fatty 
masses are well characterized by black-blood sequence 
with fat saturation prepulse. Vascularity of cardiac mass is 
suggestive of tumor and is evaluated by first-pass perfu-
sion and LGE.

Malignant tumors (Fig. 18.11) can be differentiated from 
benign tumors by some specific features that include inva-
sion of extra-cardiac tissues, infiltration of myocardial walls, 
involvement of more than one cardiac chamber, right-sided 
location, poor border definition, and the presence of pericar-
dial effusion [40].

It’s important to know that there may be significant over-
lap between biologic properties of different neoplasms, and 
therefore, decisions regarding chemotherapy or radiation 
treatment generally cannot be made solely on the basis of 
CMR imaging but rather require a tissue diagnosis. CMR 
imaging provides an excellent anatomical assessment of car-
diac tumors and its relationship to extracardiac structures 
that is useful for surgical excision planning.
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Fig. 18.11 Cardiac metastasis from gastric carcinoma. Tumor involves 
the right atrium and right ventricle and is infiltrating the myocardium. 
Tumor is isointense on precontrast SSFP (a) and T1w spin-echo image 

(b) and hyperintense on T2w STIR image (d). Patchy enhancement is 
present on late gadolinium enhancement imaging (c)

18.9  Conclusion

CMR imaging is currently considered the modality of choice 
for evaluating suspected cardiac tumors. A comprehensive 
CMR evaluation of cardiac tumors includes accurate local-
ization, delineation of anatomical extent, assessment of asso-
ciated functional consequences and complications, and 
characterization of cardiac mass tissue into pseudo-tumor, 
benign, and malignant neoplasm.

Practical Pearls

• Echocardiography is usually the first-line imaging modal-
ity used for the assessment of suspected cardiac tumors 
but has several limitations.

• CT is generally reserved for patient with known contrain-
dications to MRI.

• CMR provides comprehensive evaluation of cardiac 
masses with the use of SSFP cine, black-blood imaging, 
perfusion, and late gadolinium enhancement techniques.

• Goals of CMR imaging include confirmation & localiza-
tion of mass, differentiating true tumor from pseudo- 
tumors, assessment of extent of tumor, tissue 
characterization for assessment of etiology, and evaluat-
ing impact on cardiac structure and function. A compre-
hensive imaging protocol is required for accurate 
diagnosis.

• Myxomas are the most common benign cardiac tumors.
• Primary malignant tumors are divided into sarcomas, 

lymphomas, and pericardial tumors.
• Secondary malignant cardiac tumors that metastasize to 

the heart are 40–50 times more common than primary 
cardiac tumors.

• Invasion of extra-cardiac tissues, myocardial infiltration, 
involvement of more than one cardiac chamber, right- 
sided location, poor border definition, and the presence of 
pericardial effusion are suggestive of malignant tumors. 
In some cases, malignancy cannot be definitively excluded 
by CMR alone.

• Treatment decisions for the use of chemotherapy or radia-
tion require a tissue diagnosis.
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• Knowledge of multimodality imaging is usually required 
to guide the appropriate use of TTE, TEE, CMR, and 
MDCT imaging as indicated.
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19Stress MRI in Congenital Heart Disease

W. A. Helbing

19.1  Introduction

Since the first use of magnetic resonance imaging (MRI) for 
cardiac imaging, the potential of this technique to allow visual-
ization and functional assessment of the heart during exercise 
has been recognized [1]. In patients with ischemic heart dis-
ease, assessment of ventricular function and myocardial perfu-
sion with stress imaging has been widely applied and is a 
recommended tool in the diagnostic process and for prognosti-
cation [2, 3]. MR stress imaging has also been applied in 
patients with dilated or hypertrophic cardiomyopathy, valvular 
heart disease, and congenital heart disease [4–9]. In patients 
with congenital heart disease (CHD), stress imaging has mainly 
been used to determine global systolic function, contractile 
reserve and wall motion abnormalities, as well as to assess dia-
stolic function and vascular function [4, 10–29]. Observations 
in these studies have helped to understand the pathophysiologi-
cal processes. An important advantage of stress cardiovascular 
magnetic resonance (CMR) imaging is that all these parame-
ters can be obtained in a single study. General and well-known 
disadvantages of CMR clearly also apply to stress imaging.

In this chapter, we will discuss the use, limitations, and 
potential future applications of CMR stress imaging in 
patients with CHD.

19.2  Stressors

19.2.1  Physical Exercise

The optimal stressor of the cardiovascular system is physical 
exercise, since it results in combined activation of cardiac, 
pulmonary, vascular, neurohormonal, muscular, and meta-

bolic systems involved in the adaptations to stress [8, 30]. 
Common tools to perform physical exercise during MRI pro-
cedures are a bicycle ergometer or handgrip exercise [8, 31]. 
Specific MR-compatible supine or upright bicycle ergome-
ters have been used for exercise testing in combination with 
MRI. Supine ergometers are most widely used. These include 
cycling, stepper/up-down, and push-pull ergometers. The 
type of ergometer used should fit the circumstances in the 
bore of the MR scanner during exercise and CMR scanning. 
The posture of the patient during stress-testing should be 
considered, since posture has a significant effect on central 
hemodynamics, with lower cardiac output, higher stroke vol-
umes, and lower heart rates in supine compared to upright 
position [32]. Supine exercise protocols currently lack stan-
dardization. Protocols used during stress imaging in patients 
with CHD have included (1) exercise to a certain percentage 
of their maximal exercise capacity or oxygen consumption 
[15, 16, 33, 34]; (2) symptom-limited exercise [35–37]; (3) 
exercise at 0.5 and 2.5 W/kg [24–26, 38]. Oxygen uptake- 
driven protocols are the preferred method, but have not found 
widespread application [34]. Clearly, physical exercise in the 
MR environment has several limitations. Maximal physical 
stress is dependent on the patient’s motivation and coopera-
tion, and cannot be used in patients with impairment of 
motor function. Hyperventilation during physical exercise 
hinders breath-hold during image acquisition. Rapid removal 
from the scanner should be warranted in case of the need for 
circulatory support or resuscitation. Actual image acquisi-
tion during physical exercise is challenging as it is limited by 
respiratory and physical motion artifacts. Therefore acquisi-
tion has commonly been performed directly after cessation 
of exercise, in- or outside the scanner [4, 15, 16, 26, 39]. 
Alternatively, scanner exercise combined with real-time 
imaging can be used. This allows scanning during rapid 
breathing [24, 25]. Combining ungated real-time CMR using 
highly accelerated sequences and retrospective synchroniza-
tion of ECG and respiratory movements has been shown fea-
sible, even in patients with complex CHD [13, 40].
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As an alternative stressor, mental stress imposed during 
cardiac MRI, reducing motion artifacts, has been shown to 
allow detailed assessment of stress physiology, exposing 
relationships, not seen at rest, of cardiovascular function 
with age, sex, and even endocrine function [41].

19.2.2  Pharmacological Stress

Pharmacological agents can be used to overcome the limita-
tions of scanning combined with physical exercise. 
Differences in outcome between physical and pharmacologi-
cal stress should be weighed against the differences  regarding 
practical aspects [42, 43]. The most commonly used drugs 
are adenosine, dipyridamole, dobutamine, and regadenoson.

Adenosine and dipyridamole are coronary vasodilators 
that generate a reduced oxygen supply in myocardial areas 
supplied by stenotic coronary arteries, and are used for myo-
cardial perfusion imaging [8, 44]. Adenosine is a naturally 
occurring substance in the body that causes coronary vasodi-
latation by activation of A2 receptors. This results in 
increased blood flow in normal coronary arteries compared 
to stenotic coronary arteries (“steal phenomenon”), resulting 
in a perfusion mismatch. It does not necessarily cause isch-
emia. Adenosine has a very short half-life of only 2  s and 
therefore needs to be administered through continuous intra-
venous infusion. The adenosine dose rate used for stress- 
testing is 0.14  mg/kg/min over 6  min or until significant 
patient discomfort [5, 8, 45]. Common side effects are flush-
ing, dyspnea, chest pain, gastrointestinal discomfort, head-
ache, and light-headedness. Most side effects disappear 
shortly after discontinuation of adenosine administration and 
do not require medical treatment. Adenosine is contraindi-
cated in patients with active restrictive airway disease, sec-
ond or third-degree atrioventricular block, and in patients 
taking dipyridamole. Since theophylline and caffeine are 
adenosine receptor antagonists, abstinence of these sub-
stances is required 24–48 h before stress-testing with ade-
nosine or dipyridamole. In patients with CHD, adenosine is 
increasingly used for stress imaging, particularly when coro-
nary artery abnormalities are expected [46–51].

Dipyridamole inhibits reuptake of adenosine by vascular 
endothelial cells and indirectly causes coronary vasodilata-
tion. Dipyridamole has a considerably longer half-life than 
adenosine and hemodynamic effects can persist up to 30 min. 
Dipyridamole is administered at a dose rate of 0.56–0.84 mg/
kg over 3–6 min [52]. Side effects and contraindications for 
the use of dipyridamole are similar to those of adenosine [8].

Regadenoson is a selective A2A receptor agonist. Main 
advantages over adenosine are fewer negative chronotropic 
effects, longer hyperemia, and easier use through a single 
dose injected intravenously [53]. Furthermore, regadenoson 
has been preferred over adenosine in patients with increased 

airway reactivity. In patients with suspected ischemic heart 
disease regadenoson stress CMR has been validated for risk 
stratification [54]. Few studies in CHD have reported the use 
of regadenason [48, 55, 56].

Dobutamine increases myocardial oxygen demand simi-
lar to physical exercise, and is used to study contractile 
reserve and wall motion abnormalities [8]. Dobutamine is a 
synthetic catecholamine with positive inotropic and, to a 
lesser extent, chronotropic effects. In healthy children, posi-
tive inotropic effects occur from 1 to 2 μg/kg/min with dose- 
dependent increases in measures of systolic ventricular 
function [57], while chronotropic effects are seen from 5 to 
10 μg/kg/min [58]. Dobutamine is also known to enhance 
diastolic function and to decrease preload and afterload 
[59]. In normal subjects, during dobutamine infusion, stroke 
volume increases, end-diastolic volume does not change, 
end- systolic volume decreases, and ejection fraction (EF) 
increases [60]. The half-life of dobutamine is only 2 min, 
requiring continuous infusion during stress CMR. In patients 
with CHD, different dosages have been used in CMR. Low 
or moderate dose dobutamine is used to assess cardiac con-
tractile reserve. Dobutamine infusion is started at 2.5 or 
5 μg/kg/min, and increased every 3–5 min with 2.5 or 5 μg/
kg/min to 5–20  μg/kg/min [8]. High-dose dobutamine is 
used to detect wall motion abnormalities in patients with 
coronary artery abnormalities, as in patients with Kawasaki 
disease or after arterial switch operation for transposition of 
the great arteries. Infusion rates usually start at 10 μg/kg/
min, and are increased every 3–5  min with 10 μg/kg/min 
until the heart rate is 85% of the maximal predicted heart 
rate for age or to 40 μg/kg/min maximum. If 85% of the 
maximal predicted heart rate for age is not reached at 40 μg/
kg/min, atropine can be administered in conjunction with 
dobutamine to reach the target heart rate [8]. Heart rate, 
blood pressure, and (if possible) heart rhythm are continu-
ously monitored during dobutamine stress-testing. Common 
minor side effects, such as headache, nausea, hypertension, 
hypotension, and hemodynamically insignificant arrhyth-
mias, can occur in up to 20% of children [61, 62]. Major 
side effects, particularly arrhythmias (ventricular extrasys-
toles, bigeminy, supraventricular tachycardia) generally 
occur infrequently [28, 63, 64]. Dose- dependent complete 
heart block has been noted incidentally [28]. Side effects of 
both dobutamine and atropine can be treated with β-blockers 
or calcium antagonists (preferably not in children) that 
should be readily available during stress- testing. Dobutamine 
administration is contraindicated in patients with a mechan-
ical obstruction of systemic ventricular filling or ejection, in 
patients with second- or third-degree atrioventricular block, 
and in patients with a history of sustained ventricular tachy-
cardia [8].

Imaging during pharmacological stress commonly does 
not require major adjustments for sequence settings. In the 
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large majority of cases adjustment of heart rate settings is the 
most important difference compared to the settings at rest.

The majority of stress imaging studies in patients with 
CHD have been performed with pharmacological stress, 
mostly using dobutamine. Protocols used have varied, some 
have used high-dose dobutamine (20  μg/kg/min or more) 
[29, 65–71]. In studies performing low-dose dobutamine 
stress imaging, different dobutamine dosages have been 
used, ranging from 5.0 to 20 μg/kg/min. In our experience, a 
dobutamine dosage of 7.5 μg/kg/min is safe, with a low inci-
dence of only minor adverse effects [62]. Furthermore, it is 
important to elicit a significant cardiovascular stress response 
in patients [8, 10, 11, 22, 23]. Arrhythmias are side effects of 
special concern in the group of patients with CHD. Although 
the incidence of arrhythmias is low in the studies performed 
so far, most occurred with a dobutamine dosage of at least 
10 μg/kg/min [21, 28, 72, 73]. In patients after Fontan opera-
tion for a functionally univentricular heart, dobutamine 
administration at 7.5  μg/kg/min provoked an increase in 
heart rate of more than 150% from baseline in 10 of 37 
patients [23]. This was well tolerated and lowering the dobu-
tamine dosage to 5 μg/kg/min was sufficient to decrease the 
heart rate and successfully complete the study protocol, i.e. 
with images adequate for analysis [8].

19.3  Stress Imaging in Children 
and Patients with Congenital Heart 
Disease

19.3.1  Stress Echocardiography

Echocardiography in conjunction with stress has been 
reported in children with left-sided cardiac disease as early 
as in 1980 [33]. Stress echocardiography combined with 
dobutamine has been used to assess contractile reserve in 
children with thalassemia major, after Kawasaki disease, 
after chemotherapy for childhood cancer, or heart transplan-
tation and patients with CHD [35–38, 60, 61, 65–67, 72–77]. 
Recent guidelines suggest that stress echocardiography, 
either with physical or pharmacological stress, is particularly 
useful in evaluating contractile reserve in CHD [78]. The 
common limitations of echocardiography apply to all these 
situations. The role of speckle tracking or 3D echocardiogra-
phy combined with stress has hardly been explored.

19.3.2  Stress Cardiovascular Magnetic 
Resonance Imaging

Several groups have reported on the use of stress CMR imag-
ing in >1200 patients with CHD. Table 19.1 is an overview 
of stress CMR studies that have been performed in patients 

with different types of congenital heart defects. These stud-
ies have shown the feasibility and safety of stress CMR, have 
contributed to the understanding of the pathophysiology of 
the studied lesion, and some of the more recent studies have 
demonstrated prognostic value of stress CMR.

Studies in CHD have been performed predominantly in 
three patient groups: (a) patients with a pressure-overloaded 
right ventricle (congenitally corrected transposition of the 
great arteries (TGA), TGA after atrial switch procedures, 
pulmonary artery stenosis, Eisenmenger syndrome) [14, 16–
21, 27, 28, 55, 56, 64, 79]; (b) patients with a volume- 
overloaded right ventricle (after correction for tetralogy of 
Fallot) [10, 15, 20, 22, 63, 70, 80–82]; and (c) patients with 
a Fontan circulation for univentricular heart defects [8, 24–
26, 69, 84, 85, 89–93].

19.3.2.1  Stress CMR in Pressure-Overloaded 
Right Ventricle

In patients with a right ventricle (RV) supporting the sys-
temic circulation in a biventricular circulation, dobutamine 
stress CMR has demonstrated abnormal responses of the 
RV. In patients after atrial repair of TGA, a lack of functional 
reserve of the RV and prolonged recovery after exercise has 
been shown [16, 19]. In patients with congenitally corrected 
TGA (ccTGA), different stress responses of the systemic RV 
have been reported, in part relating to the treatment strategy. 
In operated ccTGA patients, impaired response of the sys-
temic RV was noted, while a normal response in unoperated 
asymptomatic patients (also in direct comparison with 
healthy controls) may be found [17, 21]. As noted by Fratz 
et al. differences in systemic RV response to stress of atrially 
corrected TGA and ccTG may relate to inflow impairment 
related to the atrial baffle [28]. Dodge-Khatami has sug-
gested that in unoperated ccTGApatients, with a favorable 
anatomy, dobutamine stress CMR might be helpful in identi-
fying patients who will need anatomic correction [17]. 
Winter et al. have demonstrated that an abnormal response to 
stress, defined as lack of a decrease in RV end-systolic vol-
ume (ESV) or lack of an increase in RV EF, irrespective of 
the type of stressor, related to the later occurrence of major 
cardiac events [64].

The current treatment strategy for TGA is the arterial 
switch operation. Coronary artery flow may be compromised 
in these patients. Stress perfusion imaging using adenosine, 
dipyridamole or regadenoson has been shown to be feasible 
in children and adults with TGA to detect perfusion defects 
[27, 55, 56, 79].

In patients with pulmonary artery stenosis and in those 
with Eisenmenger syndrome, end-diastolic volume was 
found to be significantly larger compared to controls, but EF 
was normal at rest. With stress-testing, end-diastolic volume, 
ESV, and stroke volume all decreased, and EF did not change, 
clearly demonstrating the highly abnormal response of these 
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Table 19.1 Overview of stress CMR studies performed in patients with congenital or acquired pediatric heart disease

Study Stressor Patients Age Adverse effects Measurements Outcome
Tulevski 
[19]

Dobutamine, 
15 μg/kg/min 
max

12 patients after 
atrial switch for 
TGA

18–28 
years

None Biventricular 
volumes, function

No increase in RV SV and 
decrease in LV SV with 
stress-testing

Roest [16] Supine bicycle 
exercise

10 patients after 
atrial switch for 
TGA

17–31 
years

None Biventricular 
volumes, function 
Ascending aorta 
flow

Prolonged SV recovery after 
supine bicycle exercise in patients 
after atrial switch for TGA

Oosterhof 
[14]

Dobutamine, 
15 μg/kg/min 
max

39 patients after 
atrial switch for 
TGA

25 (4) 
years

None Segmental and 
global ventricular 
function and 
volumes

Dobutamine stress and physical 
exercise not interchangeable for 
assessment of systolic and 
diastolic function in patients with 
after atrial switch for TGA

and
Supine bicycle 
exercise

Dodge- 
Khatami 
[17]

Dobutamine, 
15 μg/kg/min 
max

13 patients with 
ccTGA

28 (12) 
years

None Biventricular 
volumes, function

No increase in RV SV with 
DCMR. Five asymptomatic, 
unoperated patients had near 
normal volumes and adequate 
response to stress-testing

Van der 
Zedde [18]

Dobutamine, 
15 μg/kg/min 
max

13 patients with 
ccTGA

17–65 
years

None Segmental and 
global ventricular 
function and 
volumes

At rest: TGA-patients have 
diminished segmental and global 
ventricular function During 
stress: ccTGA-patients no 
increase in segmental and global 
ventricular function

17 patients after 
atrial switch for 
TGA

Tulevski 
[21]

Dobutamine, 
15 μg/kg/min 
max

47 patients with 
RV pressure 
overload (24 
systemic RV; 23 
subpulmonic RV)

26 (5) 
years

Dizziness, nausea 
(n = 3). Arrhythmia 
(n = 1)

Biventricular 
volumes, function

Clear heterogeneity in response to 
DCMR between different groups 
with chronic pressure-overloaded 
RV
Impaired RV filling in surgically 
corrected TGA, decreased 
contractility in patients with 
chronic pressure-overloaded 
subpulmonic RV

Fratz [28] Dobutamine, 
10 μg/kg/min 
max

12 patients after 
atrial switch for 
TGA

15–28 
years

Arrhythmias (n = 3) Biventricular 
function, mass

Non increase in SV during 
dobutamine stress in patients after 
atrial switch for TGA. Increased 
SV in patients with ccTGA11 patients with 

ccTGA
Aortic flow

Winter [64] Supine bicycle 
ergometry

39 patients with 
systemic RV in 
biventricular 
circulation

18–65 SVT in 1 patient 
(dobutamine stress)

Ventricular size and 
function

Patients with a systemic RV, who 
show no decrease in RV ESV or 
no increase in RV ejection 
fraction during stress, have a 
significantly higher risk of future 
cardiac events

and
Dobutamine 
15 μg/kg/min

Taylor [27] Adenosine, 
0.14 mg/kg/
min

15 patients with 
congenital AS

9–17 years None Biventricular 
volumes, function

Feasibility of adenosine 
stress-testing for assessment of 
biventricular function during 
single breath-hold cine CMR

2 patients after 
ASO for TGA

Tobler [79] Dipyridamole 
stress

27 patients with 
transposition of 
the great arteries

21 ± 3 None Ventricular size and 
function

Adult ASO survivors have no 
evidence of myocardial ischemia, 
scar, or coronary ostial 
abnormality

Late gadolinium 
enhancement

Asymptomatic and clinically 
stable adult ASO patient has low 
pre-test probability for inducible 
ischemia

Whole heart CMR 
angiography 
(free-breathing 
navigated 3D SSFP)

(continued)
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Table 19.1 (continued)

Study Stressor Patients Age Adverse effects Measurements Outcome
Noel [56] Regadenoson 36 patients after 

ASO
15 ± 5 
years

None Stress/rest perfusion Demonstrated perfusion defects, 
good agreement with cardiac 
catheterization
Regadenoson useful coronary 
hyperemia agent in pediatric 
patients following arterial switch 
procedure when there is concern 
for ischemia
Ability to administer as a single 
bolus with one IV advantageous 
in pediatrics

 Wilkinson 
[55]

Regadenoson 
8 μg/kg

36 patients with 
suspected 
coronary disease, 
less than 40 kg 
bodyweight

2 months 
to 14 years

20% minor adverse 
events

Stress/rest perfusion Weight-based dosing of 
regadenoson for stress cardiac 
MRI is safe and feasible in infants 
and young children
Regadenoson has integral role in 
outcome and treatment decisions 
for children with coronary artery 
disease

Roest [15] Supine bicycle 
exercise

15 patients after 
TOF repair

14–24 
years

None Pulmonary 
regurgitation

Decrease in pulmonary 
regurgitation with supine bicycle 
exercise. Abnormal RV response, 
normal LV response to exercise

Biventricular 
volumes, function

Tulevski 
[20]

Dobutamine, 
5 μg/kg/min

13 patients with 
RV pressure 
overload (PS, 
PAH)

27 (7) 
years

None RV volumes, 
function

During DCMR: significant 
decrease in RV EDV and RV SV, 
no increase in EF. Impaired RV 
filling during stress in 
asymptomatic or minimally 
symptomatic patients

9 patients with 
RV pressure + 
volume overload 
(TOF)

Van den 
Berg [10]

Dobutamine, 
7.5 μg/kg/min 
max

36 patients after 
TOF repair

7–23 years Bigeminy (n = 1) Biventricular 
volumes, function 
Pulmonary artery, 
tricuspid, and IVC 
flow

Abnormal relaxation with 
stress-testing in patients with 
end-diastolic forward flow

Van den 
Berg [22]

Dobutamine, 
7.5 μg/kg/min 
max

51 patients after 
TOF repair

7–26 years None Biventricular 
volumes, function 
Pulmonary artery, 
and tricuspid flow

Biventricular functional reserve 
preserved in TOF repaired at 
young age, irrespective of RV 
volume

Parish [70] Dobutamine 10 
and 20 μg/kg/
min

18 patients with 
tetralogy of Fallot

Excellent inter-observer 
agreement for volumetric 
assessment during stress MR 
except for LV-ESV at higher 
doses of dobutamine
Axial geometry reproducible for 
RV parameters

Van den 
Bosch [80]

Dobutamine, 
7.5 μg/kg/min

100 patients with 
tetralogy of Fallot

14–40 
years

4% minor adverse 
effects: ventricular 
bigeminy, >50% 
increase in heart 
rate

Rest and stress 
biventricular size 
and function. 
Clinical endpoints

Abnormal ventricular response to 
dobutamine stress associated with 
adverse outcome in patients with 
repaired TOF

Luijnenburg 
[81]

Dobutamine 
7.5 μg/kg/min

27 patients with 
tetralogy of Fallot

14 (4) 3 patients systolic 
blood pressure 
increase of >50%

Serial follow-up of 
Rest and stress 
ventricular size and 
function

Response to dobutamine stress 
normal, remained stable during 
the 5-year follow-up
Smaller increase in RV EF during 
stress at baseline was predictive 
for a larger decrease in peak VO2 
during 5-year follow-up

(continued)
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Table 19.1 (continued)

Study Stressor Patients Age Adverse effects Measurements Outcome
Cuypers 
[63]

Dobutamine 
7.5 and 20 μg/
kg/min

30 patients with 
tetralogy of Fallot

36–46 In 5 patients: 
ventricular 
extrasystoles, 
ventricular 
bigeminy, 
nonsustained VT, 
blood pressure 
drop, anxiety

Rest and stress 
ventricular size and 
function

DSMR increase in RV EF and LV 
EF at a low dose, but no further 
increase at high dose

Lurz [82] Supine bicycle 
exercise stress

17 patients who 
underwent PPVR

19 (6) None Rest and stress 
ventricular size and 
function

Patients with PR or PS are unable 
to augment total RVSV in 
response to exercise
Patients with PR are able to 
augment effective RVSV due to a 
reduction in PR, which leads to 
an increased LVSV
Following PPVI the RV can 
augment SV during exercise in 
both PR and PS patients
In PR group, effective RVSV 
augmentation during exercise was 
similar pre- and post-PPVI

Steinmetz 
[83]

Supine in 
scanner bicycle 
exercise test

33 TOF patients, 
35 matched 
controls

36 ± 11 
years

None Biventricular size 
and function. 
Pulmonary artery 
blood flow

Impaired exercise capacity in 
cTOF resulted from a reduction in 
not only RV, but also LV function. 
cTOF with good exercise capacity 
on CPET demonstrated higher LV 
reserve and pulmonary blood flow 
during incremental CMR-ET

Strigl [29] Dobutamine, 
atropine 40 μg/
kg/min max

28 patients with 
(suspected) 
coronary artery 
abnormalities

0.8–22 
years

None Ventricular size and 
function, wall 
motion 
abnormalities, 
Gadolineum 
enhancement

DSMR in pediatric patients is 
feasible and provides high-quality 
imaging of all ventricular wall 
segments with low interobserver 
variability

Doan [71] Dobutamine 
10–40 μg/kg/
min, ±atropine

182 patients with 
anomalous origin 
of coronary artery

12–16 
years

No major, 12.5% 
minor

Rest and stress 
first-pass perfusion, 
wall motion 
abnormalities 
(WMA), inter- 
observer agreement

DSCMR is feasible in pediatric 
patients with anomalous origin of 
coronary arteries AAOCA to 
assess hypoperfusion and wall 
motion

Schubert 
[12]

Supine step 
ergometer

20 patients with 
aortic coarctation

22 (14) None 4D flow-based 
computational fluid 
dynamics of:
Peak systolic 
pressure gradients, 
wall shear stress, 
secondary flow 
degree and 
normalized flow 
displacement.
Stroke volume

Combination of MRI-ergometry 
with CFD allows assessing 
pressure gradients as well as flow 
profiles during physical exercise. 
May be alternative to cardiac 
catheterization with 
pharmacological stress-testing, 
provides hemodynamic 
information of aortic coarctation

Pedersen 
[26]

Supine bicycle 
exercise

11 patients after 
Fontan operation

11 (5) None Branch pulmonary 
artery and caval vein 
flow

During exercise: Unchanged flow 
distribution to the branch 
pulmonary arteries Increase in 
cardiac output predominantly by 
increase in heart rate

Hjortdal 
[25]

Supine bicycle 
exercise

11 patients after 
Fontan operation

12 (5) None Real-time aorta and 
IVC and SVC flow

Feasibility of the technique. 
Aortic and IVC flow increase 
with supine leg exercise. 
Inspiration facilitates IVC flow at 
rest, less during exercise

(continued)
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Table 19.1 (continued)

Study Stressor Patients Age Adverse effects Measurements Outcome
Hjortdal 
[24]

Supine bicycle 
exercise

14 Fontan 
patients

9 (5) years None Aortic and caval 
vein flow

A similar increase in flow rates in 
Fontan patients as in healthy 
controls

Robbers- 
Visser [23]

Dobutamine, 
7.5 μg/kg/min 
max

32 patients after 
Fontan operation

8–22 years Minor headache 
(n = 1)

Systemic ventricular 
volumes, function. 
Aortic and IVC flow

Abnormal decrease in EDV with 
stress-testing, adequate decrease 
in ESV, and increase in EF

Robbers- 
Visser [11]

Dobutamine, 
7.5 μg/kg/min 
max

14 patients after 
Fontan operation

8–20 years None Branch pulmonary 
artery flow

Flow variables, distensibility, and 
wall shear stress is lower 
compared to controls; abnormals 
reaction to stress

Wong [69] Dobutamine, 
10 and 20 μg/
kg/min

10 patients with 
HLHS

4–12 years None X-MR pressure 
volume loop analysis

Markers of systolic and diastolic 
function remained normal. Failure 
to adequately fill the ventricle 
implies a ceiling of maximal flow 
through the Fontan circuit despite 
low PVR

Van der Ven 
[84]

Dobutamine, 
7.5 μg/kg/min

57 patients with 
TCPC (ILT and 
ECC)

10–16 
years

None Rest and stress atrial 
and ventricular size 
and function. 
Clinical endpoints

Dobutamine stress augmented 
atrial reservoir and pump function 
for Fontan patients
Atrial early emptying reserve 
related to exercise capacity in 
ECC patients
No other atrial or diastolic 
ventricular function parameter 
related to outcomes

Kamphuis 
[85]

Dobutamine, 
7.5 μg/kg/min

10 patients with 
TCPC (Fontan 
circulation)

16.5 ± 3.8 2 patients with 
ventricular 
extrasystole

4D flow MRI during 
dobutamine stress

Intraventricular kinetic energy, 
viscous energy loss, and vorticity 
in Fontan patients increase during 
stress and have negative 
correlation with VO2 max

Average ventricular 
kinetic energy, 
energy loss, and 
vorticity in systole, 
diastole, and total 
cardiac cycle

Bossers [86] Dobutamine, 
7.5 μg/kg/min

69 patients with 
TCPC (Fontan 
circulation)

13 (4) 3 patients with 
ventricular 
extrasystole

Rest and stress 
ventricular size and 
function

Ventricular function is preserved 
in modern-day Fontan patients
Decrease in EDVi with stress
ECC patients have higher CI and 
EF during stress. Patients with a 
dominant RV lower systolic and 
diastolic function

Bossers [87] Dobutamine, 
7.5 μg/kg/min

29 patients with 
TCPC (Fontan 
circulation)

13 (2) None Rest and stress 
ventricular size and 
function, power loss 
in TCPC

Power loss inside TCPC structure 
is limited but increases with 
simulated exercise
This relates to anatomy of TCPC
In all flow conditions, ILT 
patients have lower Ploss than 
ECC patients

Van den 
Bosch [88]

Dobutamine, 
7.5 μg/kg/min

92 patients with 
TCPC (Fontan 
circulation)

10–15 
years

None Rest and stress 
single ventricular 
size and function. 
Clinical endpoints

Fontan patients with good 
ventricular response to 
dobutamine stress have a lower 
risk of developing cardiac events 
during follow-up

Pushparajah 
[89]

Dobutamine 10 
and 20 μg/kg/
min

13 patients with 
HLHS and TCPC 
and exercise 
intolerance; 10 
healthy controls

4–12 years None X-MR rest and stress 
invasive 
hemodynamic 
assessment and 
ventricular size and 
function

Cardiac output post-Fontan in 
HLHS at peak stress is blunted 
due to a limitation in preload 
which is not responsive to inhaled 
pulmonary vasodilators in the 
setting of normal PVR

(continued)
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Table 19.1 (continued)

Study Stressor Patients Age Adverse effects Measurements Outcome
Bruaene 
[90]

Exercise stress 10 TCPC patients 20 (4) None Rest and stress 
ventricular size and 
function. Arterial 
and venous pressure 
measurements

Before sildenafil, cardiac index 
increased throughout exercise, 
and SV index and EDV index 
decreased during exercise. ESV 
index remained unchanged

Manipulation of 
vascular resistance 
with sildenafil

Total pulmonary resistance index 
increased, whereas systemic 
vascular resistance index 
decreased during exercise
Sildenafil increased cardiac index 
and SV, especially at high- 
intensity exercise

Tang [91] Exercise stress 47 patients with 
TCPC (Fontan 
circulation)

19 (6) None Flow in IVC, SVC, 
LPA, RPA, Fontan 
pathway, and 
azygous vein

Significant inverse correlation 
between TCPC diameter index, 
with indexed power loss with 
exercise

CFD Positive correlations for indexed 
power loss with exercise 
performance variables

Ages are given as ranges, or mean (standard deviation)
AS aortic stenosis, ASO arterial switch operation, CFD computational fluid dynamics, CMR cardiovascular magnetic resonance, ccTGA congeni-
tally corrected transposition of the great arteries, D(S)CMR dobutamine (stress) CMR, ECC extracardiac conduit modification of TCPC (Fontan 
operation), EDV(i) end-diastolic volume (index), EF ejection fraction, ESV(i) end-systolic volume (index), HLHS hypoplastic left heart syndrome, 
ILT intra-atrial lateral tunnel modification of TCPC (Fontan operation), IVC inferior caval vein, LPA left pulmonary artery, LV left ventricle, PAH 
pulmonary arterial hypertension, PPVR percutaneous pulmonary valve replacement, PS pulmonary stenosis, RPA right pulmonary artery, RV right 
ventricle, SV stroke volume, SVC superior caval vein, TCPC total cavopulmonary connection, TGA transposition of the great arteries, (c)TOF (cor-
rected) tetralogy of Fallot, VO2 max maximum oxygen uptake in exercise test, WSS wall shear stress, X-MR combined X-ray and MRI study

RVs to stress [21]. After relief of pulmonary stenosis with 
percutaneous valve implantation RV EF during physical 
stress improved, as did left ventricle (LV) stroke volume 
[82].

19.3.2.2  Stress CMR in Volume-Overloaded 
Right Ventricle

Various studies have reported on the biventricular stress 
response in patients with a volume-overloaded RV, mainly in 
the setting of surgical repair of tetralogy of Fallot (TOF) 
(Fig. 19.1). Roest et al. and Lurz et al. were among the first 
to use supine bicycle exercise and demonstrated a decrease 
in pulmonary regurgitation and a normal left ventricular 
function during stress [15, 82]. More recently, combined 
supine in scanner imaging and exercise testing revealed that 
impaired exercise capacity in cTOF results from a reduction 
in not only RV, but also LV function. Preserved exercise 
capacity related to higher LV reserve and pulmonary blood 
flow during stress [83]. In patients with isolated pulmonary 
regurgitation who had been operated with a transatrial trans-
pulmonary approach, Van den Berg and coworkers using 
low-dose dobutamine stress CMR, showed well-preserved 
functional reserve in all (young) patients despite important 
pulmonary regurgitation and RV dilatation. With stress- 
testing, they could also demonstrate abnormal RV diastolic 
relaxation, that was not appreciated at rest in TOF patients 
with pulmonary artery end-diastolic forward flow [10, 22]. 

Stress CMR also revealed normal contractile reserve in TOF 
patients with RV volumes well above widely used size crite-
ria for pulmonary valve replacement, challenging these cut- 
off values [22, 94, 95]. There has been some debate on the 
added value of higher dobutamine doses in TOF stress 
CMR. Increase of 20 μg/kg/min provoked abnormal RV-ESV 
response in some TOF patients, suggesting presence of ven-
tricular systolic dysfunction not evident at rest or at lower 
doses [96]. This was not confirmed in a larger group of 
patients studied in another center [63]. Serial follow-up of 
stress CMR has shown that during a 5-year follow-up stress 
response remains stable in relatively young TOF patients 
treated according to current surgical strategies. In a relatively 
large group with medium-term follow-up after the baseline 
stress CMR, van den Bosch et  al. have shown the relation 
between an abnormal ventricular response to stress (impaired 
functional reserve) and later adverse events in TOF patients 
[80].

19.3.2.3  Stress CMR in Fontan Patients
In patients with a Fontan circulation, stress CMR has been 
used to study pathophysiology and outcomes (Fig.  19.2). 
Pedersen, Hjortdal, and Robbers-Visser studied the systemic 
venous return, pulmonary arterial circulation, and systemic 
ventricular function in Fontan patients [11, 23–26]. Pedersen 
and Hjortdal performed branch pulmonary artery and caval 
vein flow measurements immediately after exercise or dur-
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a b

c d

Fig. 19.1 ED (a) and ES (b) still frames of b-SSFP cine series in short- 
axis orientation of heart at rest of 14 year old patient with surgically 
corrected tetralogy of Fallot. Left ventricle EDVi 83 ml/m2, ESVi 46, 
SVi 37, EF 45 % Right ventricle EDVi 146 ml/m2, ESVi 91, SVi 54, EF 
37 %. Pulmonary regurgitation fraction: 31 %. ED (c) and ES (d) still 
frames of b-SSFP cine series in short-axis orientation of heart during 

dobutamine stress of patient from (a) and (b). Left ventricle EDVi; 85 
ml/m2, ESVi 31, SVi 53, EF 63%. Right ventricle EDVi 153 ml/m2, 
ESVi 75, SVi 75, EF 51%. Pulmonary regurgitation fraction: 29 %. ED 
end-diastolic, EF ejection fraction, ES end-systolic, i indexed to body 
surface area

ing exercise using real-time cardiovascular MRI [24–26]. In 
these studies, the technique was shown to be feasible and all 
children (mean age between 9 and 12 years old) were able to 
perform and complete the protocol [8]. An increase in car-
diac output with stress in Fontan patients is predominantly 
caused by an increase in heart rate, not by an increase in 
stroke volume [23]. As postulated by these groups and con-
firmed in invasive studies, this response relates to a ceiling of 

maximal flow through the Fontan circuit, resulting in ven-
tricular inflow impairment [89]. This ceiling may be deter-
mined by limitations at different levels in the Fontan 
circulation. Energy loss in the Fontan construction connect-
ing the caval veins to the pulmonary arteries is a potential 
limitation [97]. The size of the Fontan conduit and the ves-
sels (IVC, SVC, PAs) connected to the conduit contribute to 
energy loss [91]. Energy loss increases with higher flows 
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a b

c d

Fig. 19.2 ED (a) and ES (b) still frames of b-SSFP cine series in short- 
axis orientation of heart at rest of 16 year old patient with univentricular 
heart and Fontan circulation. Single ventricle EDVi 87 ml/m2, ESVi 44, 
SVi 43, EF 49 %. ED (c) and ES (d) still frames of b-SSFP cine series 

in short-axis orientation of heart during dobutamine stress of patient 
from Fig. 19.1a, b. Single ventricle EDVi 86 ml/m2, ESVi 30, SVi 56, 
EF 65%. ED end-diastolic, EF ejection fraction, ES end-systolic, i 
indexed to body surface area

through the Fontan connection [85, 87, 91, 97]. Another 
potential limiting factor in the increase of flow through 
Fontan circulation is the pulmonary arterial vasculature. 
Stress CMR has shown that PA stress response of flow, dis-
tensibility, and shear stress are abnormal in Fontan patients 
[11]. This is not responsive to pulmonary vasodilators [89]. 
Impaired atrial function may also result in ventricular inflow 
impairment. Resting atrial stroke volume was independently 
associated with lower peak VO2 and Fontan failure in atrio-

pulmonary Fontan [98]. In the total cavopulmonary connec-
tion Fontan modification CMR showed that stress augments 
atrial reservoir and pump function for Fontan patients and 
atrial early emptying reserve related to exercise capacity in 
extracardiac conduit (ECC) patients [84]. Stress CMR has 
also been used to assess differences between the ECC and 
intra-atrial lateral tunnel (ILT) modifications of the total 
cavopulmonary connection Fontan circulation. EF and car-
diac index (CI) during dobutamine were lower for ILT 
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patients, whereas other parameters were comparable. 
Patients with dominant LVs had smaller ESV and higher EF 
and contractility during rest and higher EF during dobuta-
mine than patients with univentricular hearts with dominant 
RVs [86]. Recently, van den Bosch et al. demonstrated that 
normal single ventricular response (preserved functional 
reserve) to low-dose dobutamine stress is related to better 
medium-term outcomes [88].

The type of stressor should be taken into account when 
comparing or interpreting the results of stress studies. Coma- 
Canella et  al. [99] showed a different response in healthy 
volunteers to physical exercise and to dobutamine stress. 
Global and regional EF increased more with dobutamine 
than with physical exercise. In the study by Oosterhof et al., 
the response to both types of stressors was comparable in 
healthy controls, while a discrepancy in response to physical 
exercise and low-dose dobutamine stress was noted in 
patients after intra-atrial correction for TGA [14]. The 
authors suggested that this disagreement was the result of 
differences in preload and afterload. However, both dobuta-
mine and physical exercise increase contractility, and 
decrease preload and afterload [58, 100]. Comparison 
between the results of the use of different types of stressors 
is hampered by a lack of direct comparison in similar sub-
jects in most studies. Therefore, it is hard to compare circula-
tory responses at identical metabolic loads resulting from 
various stress protocols.

19.4  Future Applications

Combining the advantages of CMR and testing the heart 
under load with stress CMR has proven value for patients 
with CHD, as discussed above. Further improvements in 
stress CMR could be obtained by improved standardization 
of both dobutamine as well as physical stress levels during 
stress CMR, allowing better comparison of results of scien-
tific and clinical applications of these methods. This may 
require organizing consensus in the field.

Both stress CMR and cardiopulmonary exercise testing 
provide highly important information on cardiovascular 
physiology and prognosis in patients with CHD [64, 80, 88]. 
Combination of these methods has been shown feasible. If 
practical issues can be solved, this would be a highly power-
ful tool in clinical practice [101]. With improved fast real- 
time imaging and motion compensation this combined 
stress-testing might be feasible in the near future [13].

The combination of computational fluid dynamics and 
CMR during stress holds promise for improved understand-
ing of pathophysiology as well as replacement of current 
invasive procedures [12]. CMR with stress might provide 
important input in biomechanical modeling the circulation of 
CHD [69, 102–104]. Assessment of myocardial strain has 

been shown to contribute to prognostication of outcomes in 
CHD [105]. Strain during stress might be an additional 
important factor to be explored. The same is true for myocar-
dial perfusion.

Remarkably, many of the stress CMR research has been 
done in populations with CHD resulting in abnormal loading 
conditions of the RV or in the single ventricular circulation. 
There is a potential role for these techniques in other types of 
CHD.

19.5  Conclusions

MRI of the heart during increased cardiac output generated 
by physical or pharmacological stress is a clinically feasible 
technique that provides increased insights into the patho-
physiology of CHD. Stress CMR can be used to assess global 
systolic function, contractile reserve, and wall motion abnor-
malities, and also to assess diastolic function, vascular func-
tion and energy transfer, and loss in the heart and large 
vessels. In patients with systemic RVs in the biventricular 
circulation, with TOF and pulmonary regurgitation and in 
those with a Fontan circulation, stress CMR results have 
prognostic value. In patients with suspected coronary artery 
problems in the setting of CHD or acquired pediatric heart 
disease, stress CMR is feasible and clinically indicated. 
Improved standardization of dobutamine and physical stress 
protocols, including improved techniques for real-time imag-
ing and handling of the effects of patient motion, are impor-
tant for the more widespread use of this application of CMR.
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20Paediatric CMR

Emanuela R. Valsangiacomo Buechel

20.1  Introduction

Performing cardiac magnetic resonance (CMR) in infants 
and neonates is different from adults in some imaging aspects 
as well as regarding specific referral indications. The overall 
examination setting requires adjustments of the imaging 
sequences due to the small patient size and fast heart rates. In 
young children with complex congenital heart disease 

(CHD), CMR is mainly used for definitive diagnosis comple-
mentary to echocardiography; information is the base for 
discussion of treatment strategies and for planning surgical 
or catheter-guided interventions (Fig. 20.1).

Some peculiar aspects of paediatric cardiac imaging 
with inclusion of new CMR techniques that are advanta-
geous for the paediatric population will be discussed in this 
chapter.
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Fig. 20.1 Newborn patient with pulmonary atresia and ventricular 
septal defect. Pulmonary perfusion is warranted by a patent ductus arte-
riosus. Surface rendered CE-MRA depicting a complex anatomical sit-
uation: ductus arteriosus is tortuous and perfuses the left pulmonary 
artery; both pulmonary arteries are connected by a severely hypoplastic 
and stenotic confluent segment (**). On the base of this information 

further treatment was planned, and the anatomy of pulmonary bifurca-
tion was reconstructed by catheter-guided stenting (arrows) of the 
hypoplastic confluent segment. Another stent was placed in the ductus 
arteriosus to keep its patency (arrow). AAO ascending aorta, LPA left 
pulmonary artery, PDA patent ductus arteriosus, RPA right pulmonary 
artery

20.2  Fundamentals of Paediatric Imaging

20.2.1  Settings

Paediatric patients with complex cardiac anatomy that can-
not be adequately assessed by echocardiography require 
advanced imaging with CMR [1]. At the time of first diagno-
sis, particularly in complex CHD, understanding all clinical 
questions that need to be answered by the examination and 
the ability to interpret each image as it is acquired, are essen-
tial factors to direct the scan appropriately. As children may 
not be compliant for a long examination time and the young-
est ones require general anaesthesia, the CMR scan should 
be kept as short as possible (shorter than 60 min) and tailored 
to the specific questions that need to be answered. Recently, 
some technical advances with the development of acceler-
ated sequences help to shorten the scan time. Ideally, CMR 
in young children should be performed by a cardiac imager 
together with/or supervised by an experienced paediatric 
cardiologist trained in cross-sectional imaging.

20.2.2  Sequences

CMR assessment of CHD in children can be performed with 
the same basic sequences applied in adults. However, high 

heart rate and small patient size require some adjustment of 
the imaging parameters, targeted to improve both temporal 
and spatial resolution of the images [2]. High spatial resolu-
tion (in-plane resolution ~1 mm2) can be achieved by using a 
small field of view, a sufficiently large matrix, and thin slices. 
A rectangular FOV (reducing the number of phases) and par-
allel imaging can be used for shortening the acquisition time. 
Recently, commercially available dedicated paediatric tho-
racic coils (phased-array, multi-channel) that can be placed 
directly on top of or underneath the child provide high 
signal- to-noise and improved image quality (Fig. 20.2).

High temporal resolution (20–40  ms) is particularly 
important for functional measurements such as ventricular 
function by steady-state free precession (SSFP) and blood 
flow quantification. For SSFP the true temporal resolution is 
calculated as the number of views per segment (VPS) (or 
lines of the k-space) that can be obtained by one repetition 
time: TR x VPS. For velocity-encoded phase contrast cine 
(PC), the time is multiplied by a factor of two since the 
sequence is repeated twice for obtaining an anatomical 
image corresponding to each PC image: 2× 
TRxVPS. Temporal resolution can therefore be optimised by 
adjusting the number of VPS (between 2 and 8) to heart rate 
and keeping TR as low as possible.

In children, SSFP cine and contrast-enhanced MR 
angiography (CEMRA) are still the most used sequences 
for anatomical assessment. SSFP is the sequence of choice 
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Fig. 20.2 Four-days old newborn examined in general anaesthesia. A 
new-generation light, flexible, multichannel phased-array coil is placed 
directly on the patient’s chest. The newborn is wrapped in blankets and 
has a cold-pack around its head for maintaining body temperature

for measuring ventricular volume and ejection fraction; 
excellent reproducibility has been shown also in children, 
and specific paediatric normal values have been recently 
published [3].

CEMRA is considered one of the most striking and revo-
lutionary sequence for vascular imaging in CHD. In our pae-
diatric CMR program, CEMRA is being performed in >90% 
of all examinations. CEMRA acquires a stack of contiguous 
thin slices covering the entire chest, which corresponds to a 
3D data set. In order to optimally visualise all intrathoracic 
vessels, CEMRA is usually performed in a coronal plane 
including the chest wall anteriorly and spine posteriorly. In 
CHD, all the intrathoracic vessels are of interest, as addi-
tional unexpected findings are not rare. Therefore, image 
acquisition is repeated three times, for visualisation of the 
arterial and the venous phase of contrast medium passage. 
The excellent SNR obtained after contrast medium injection 
allows the use of a small field of view (18–20 cm) and very 
thin slices (down to 1.4  mm). In small children, a double 
dose of Gadolinium (0.2  mmol/kg) is usually used [4]. In 
newborns, we recommend diluting the small amount of con-
trast medium with 3–5 ml of saline solution and to perform 
manual bolus injection. In small children, when injecting by 
using an automated injection pump, ensuring full patency of 
the I.V line is particularly important. In uncorrected CHD 
with right to left shunt, particular care needs to be taken for 
avoiding injection of air bubbles, since contrast medium can-
not be injected through an air filter which would dampen the 
bolus effect.

Correct timing of image acquisition synchronised to the 
maximal signal intensity in the vessel of interest is crucial for 
obtaining excellent quality angiography data. The injection 

rate should be set depending on the amount of contrast 
medium and targeting a total injection time of 10 s. In mod-
ern scanners, automated bolus detection or MR fluoroscopic 
triggering can be used for exact timing of image acquisition. 
We use a sequence with elliptic-centric k-space filling and a 
delay time of 5 s between bolus detection and image acquisi-
tion to start a breath-holding. If automated contrast medium 
detection is not available, we recommend using outcentric 
linear k-space filling and to start image acquisition simulta-
neously with contrast injection [2].

From the acquired 3D dataset, a specific vessel can be 
visualised in any oblique plane following sub-volume maxi-
mum intensity projection (MIP) reconstructions. Accurate 
measurements of the vessel diameters even in small children 
can be achieved, which is crucial for proper planning of fur-
ther surgical or catheter-guided intervention [5].

Time-resolved 3D CEMRA shows the dynamic distribu-
tion of contrast medium into the vessels. This technique 
overcomes the need for bolus timing and has been success-
fully performed in free-breathing children with CHD [6]. 
The improved temporal resolution implies the trade-off of a 
significantly decreased spatial resolution, both in-plane and 
through-plane. The limited spatial resolution is a major limi-
tation of this technique for assessment of small vascular 
structures [2].

Nephrogenic systemic fibrosis (NSF) is a well-known 
serious complication of Gadolinium-based contrast agents. 
NSF is exceedingly rare, and even more so in children com-
pared to adults [7]. Nevertheless, screening of the renal func-
tion is mandatory before administration of contrast medium. 
Particularly in neonates and infants, who may have an imma-
ture renal function, contrast medium should be administrated 
after careful consideration of the risks and benefits and only 
agents bound to a cyclic chelate should be used [7].

3D SSFP is an ECG-triggered and respiratory-navigated 
sequence enabling acquisition of a whole-chest 3D dataset 
without the use of contrast medium. 3D SSFP presents with 
an increased spatial resolution compared to anisotropic 2D 
and contrast-enhanced 3D imaging; however, in small chil-
dren small voxel size and fast heart rate may result in 
decreased signal-to-noise ratio as well as blurred borders of 
anatomic structures. Image acquisition should be tailored to 
occur during end-diastole, the phase with the least cardiac 
motion, and in fast heart rate the RR interval increased to 6 
or 8; i.e. image acquisition every sixth or eighth RR interval 
enables longer time for pre-pulse preparation. General anaes-
thesia with regular ventilation is an additional help for 
obtaining efficient image acquisition and sharp 3D SSFP 
images (Fig. 20.3).

3D cine SSFP images, a further development of 3D SSFP, 
have been successfully acquired with good spatial and tem-
poral resolution in free-breathing infants [8, 9]. 3D cine 
SSFP provides data on ventricular volumes and function, 
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Fig. 20.3 3D SSFP image in a patient with double outlet right ventri-
cle, depicting the intracardiac anatomy, with large VSD, transposed 
position of the ascending aorta, and overriding pulmonary artery with 
subvalvular narrowing (conus). (Courtesy of Dr. Greil, Dallas Texas). 
AAO ascending aorta, PA pulmonary artery, VSD ventricular septal 
defect

without the need for repetitive breath-holding and cumber-
some planning procedures. Volumetric indices using 3D cine 
SSFP are slightly larger than with 2D cine SSFP, but show a 
comparable low variability [9, 10]. Thus, measurements can-
not be considered interchangeable, and it is highly recom-
mended to perform sequential measurements using the same 
sequence.

More recently, combination of parallel imaging, efficient 
k-space filling, temporal undersampling, and/or compressed 
sensitivity encoding algorithms, yielded a significant accel-

eration of image acquisition and eventually the development 
of real-time imaging [11, 12]. Although these newly devel-
oped sequences hold the potential for shorter and free- 
breathing data acquisition, their clinical application in young 
children still requires validation [13].

4D flow is being increasingly applied in children with 
CHD. 4D flow enables to visualise and quantify flow within 
the whole chest, as images are acquired as a large 3D vol-
ume. 4D flow image acquisition can be easily planned over 
the whole chest and it obviates the cumbersome selective 
image planning/acquisition over each single vessel of inter-
est. Flow can be retrospectively quantified in each vessel of 
interest, for instance for clinical questions raised during sur-
gical planning, and the reconstructed images help to under-
stand complex mechanism of abnormal flow pattern [14]. As 
in other sequences, the physiological specifics of small chil-
dren require appropriate parameters adaptations. We recom-
mend an isotropic spatial resolution of 1.6 mm3 in neonates 
and of 1.8 mm3 in infants and young children; the targeted 
temporal resolution is 20–25 ms; velocity encoding is set at 
160 cm/s, if higher velocities are expected velocity encod-
ing is increased to 200  cm/s [15]. Flow visualisation and 
quantification requires a dedicated post processing and edit-
ing software; various solutions are commercially available. 
Flow can be visualised in form of velocity maps, colour-
coded streamlines, velocity vectors, or path line tracking 
(Movie 20.1).

Flow quantification requires first multiplanar reformat-
ting of the vessel of interest and secondly, similar to 2D flow, 
a correct plane positioning perpendicular to flow direction, 
using the double oblique technique. Flow quantification on 
4D flow images has been shown to be accurate and precise 
not only in the arterial but also in the venous vessels [16, 17]. 
In children, 4D flow is very helpful in preoperative visualiza-
tion and quantification of shunts (Movie 20.2), for complex 
abnormal flow conditions, such as in abnormal pulmonary 
veins, as well as in better understanding of flow in rare and 
complex CHD (Fig. 20.4).
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a

b

Fig. 20.4 Three-days old 
newborn investigated for 
complex conotruncal 
anatomy. Volume rendered 
CEMRA (a) reconstruction 
shows an interrupted aortic 
arch Type A and an 
aortopulmonary window (*). 
4D flow (posterior view) (b) 
visualizes the complex flow 
characteristics and quantify 
flow distribution in the 
different vascular structures. 
AAO ascending aorta, AoDsc 
descending aorta, LV left 
ventricle, LPA left pulmonary 
artery, MPA main pulmonary 
artery, RPA right pulmonary 
artery, RV right ventricle. 
(Courtesy of F.Callaghan, 
Zurich)

20.3  Anaesthesia and Sedation 
Considerations for CMR in Infants 
and Young Children

Younger children, mainly before school age (7–8 years), 
require either sedation or general anaesthesia for a successful 
CMR examination. The preference regarding these proce-
dures may differ between centres.

If a deep sedation is performed, the patient can breathe 
spontaneously and the images are acquired during shallow 
free-breathing. This approach is primarily less invasive, but 
the airways remain unprotected with some risk of aspiration, 
airway obstruction, and hypoventilation. Thus, sedation in the 
CMR unit should always be performed and monitored by an 

anaesthesiology team. From an imaging point of view, respi-
ratory motion generates artefacts that deteriorate image qual-
ity and the negative diagnostic impact of such artefacts is 
more pronounced in younger children, in whom sharp images 
help better delineation of smaller vascular structures.

General anaesthesia (GA) with endotracheal intubation 
allows an adequate degree of sedation, in which the airways 
are protected and ventilation can be controlled [18]. Since 
children with CHD are considered high-risk patients for 
sedation and GA, most anaesthesiologists may prefer to 
examine under completely controlled ventilatory and hemo-
dynamic conditions [19].

Working in the CMR unit may present some challenges for 
the anaesthesiology team. The procedure is performed in a 
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Fig. 20.5 CMR-compatible anaesthesia equipment available in the 
examination room; the ventilatory system is integrated with a full moni-
toring system. The anaesthesiologist has full control on patient’s condi-
tions and can stop ventilation manually during image acquisition

Fig. 20.6 Infant examined in natural sleep following the feed-and- 
sleep method. The infant is embedded in a rigid cradle, which helps 
minimized movements

noisy and unfamiliar environment, the ambient temperature is 
cool (20–22 °C) with risk of patient hypothermia, the access 
to the patient and the equipment may be limited, and reliable 
monitoring of the patient may not be warranted during the 
whole MR scan. Nowadays full MR compatible anaesthesia 
equipment, without mutual interference between scanner and 
monitoring system, is commercially available and should be 
present in every centre performing paediatric CMR. The res-
pirator in the CMR unit should provide complete ventilation 
and respiratory gas monitoring, including plethysmography 
and end-tidal carbon dioxide analysis. Hemodynamic moni-
toring should include blood pressure, continuous ECG, and 
pulse oximetry (Fig. 20.5). In neonates, hypothermia can be 
avoided and body temperature maintained constant by plac-
ing commercially available hot- packs, preheated to body tem-
perature, around the head, the pelvis, and the legs of the 
patients, and by covering the baby with a blanket (Fig. 20.2).

Repetitive safety instruction is mandatory for all medical 
personnel entering the MR unit; rigorous behaviour is crucial 
for avoiding any incident related to ferromagnetic medical 
equipment and objects in the MR environment. An additional 
crucial aspect for a successful and safe CMR examination 
consists of a close collaboration between the imaging team 
(cardiologist and/or radiologist) and the anaesthesiology 
team, with joint meticulous planning and tailoring of the 
examination to the patient’s hemodynamic and respiratory 
status [18]. By following these recommendations, infants 
under 1 year, inpatients, and critically ill patients can undergo 
a CMR examination in GA without significant procedural 
complications or hemodynamic impairment [20, 21]. In a 
well-organised paediatric infrastructure, with an anaesthesi-

ology premedication clinic and dedicated beds in a day-clinic 
ward, CMR can be usually performed in an outpatients set-
ting, and the patients discharged the same day of the exami-
nation. We recommend a short hospitalization for patients 
under 3 months of age, patients with a single ventricle physi-
ology, and children with pulmonary hypertension or with 
unrepaired cyanotic CHD [19].

The feed-and-sleep approach obviates the use of GA or 
deep sedation and their related risks. This technique can be 
applied on selected infants younger than 6 months and con-
sists of feeding the patient immediately before the CMR scan 
and wait for a deep sleep to occur [22]. The infants are placed 
in a vacuum immobiliser, which is transformed in a rigid 
cradle after removing the air from the bag, once the infant is 
sleeping. (Fig. 20.6). Feed-and-sleep can be performed with-
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out complications and with sufficient diagnostic quality in a 
shorter time for use of the scanner room and without need for 
additional anaesthesia staff. Thus, eventually in selected 
cases that don’t require cardiovascular or respiratory sup-
port, the feed-and-sleep method appears to be a safer, time- 
and staff-saving and therefore cost-efficient approach [22, 
23].

20.4  Specific Clinical Applications 
in Children

At the time of first diagnosis, CMR is performed in all cases, 
in which echocardiographic information is insufficient. Main 
indications for performing CMR in neonates and infants are 
summarised in Table 20.1.

In this group of young patients, the main referral reason 
for CMR is anatomical delineation of the intrathoracic vas-
cular anatomy, including the aorta, the pulmonary arteries, 
and the pulmonary veins, mainly in the context of complex 
CHD [1] [24] (Fig. 20.7). The information obtained can be 
used for discussion of further treatment strategy. The retro-
spective review of 100 consecutive neonatal cases (age < 1 
month) examined in our institution demonstrated that in 70% 
of the cases the CMR findings were relevant for planning 
cardiac surgery (47%) or a catheter-guided intervention 
(23%). In 20% of the cases, findings requiring further inter-
vention were ruled out, and in 5% compassionate care was 
decided, as CMR confirmed a dismal diagnosis. Infants with 
complex CHD and with univentricular heart are an important 
group in which CMR is used at time of first diagnosis. Later 
on, as soon as the patients are able to perform breath- holding, 
CMR is a standard of care during follow-up of all patients 
with Fontan physiology (see also chapter “Single Ventricle 
and Fontan Procedures”) [1].

In older children, CMR is mainly performed for evaluat-
ing residual findings after cardiovascular surgery for plan-
ning or assessing the results of interventions. Due to the lack 
of radiation and the high reproducibility of the functional 
and anatomical measurements, CMR is the modality of 
choice for repetitive examinations in selected disease such as 
connective tissue disease—Marfan syndrome, Loeys-Dietz 
Syndrome—in which the size of the aorta requires a close 
follow-up.

Conotruncal anomalies, aortic arch anomalies, the pulmo-
nary arteries, and the pulmonary veins are being discussed in 
different chapters of this book. Two very specific paediatric 
applications for preoperative assessment are discussed in the 
following paragraphs.

20.4.1  Heterotaxy Syndrome

Heterotaxy syndrome is frequently associated with complex 
CHD and is characterised by inconsistency of the situs of the 
thoracic and abdominal viscera (situs ambiguous), with simi-
lar shape of the atrial appendages (atrial isomerism), bron-
chial symmetry and splenic anomalies, including asplenia or 
polysplenia. The most common characteristics of cardiac 
defects occurring in heterotaxy syndrome are summarised in 

Table 20.1 Common clinical indications for CMR in neonates and 
infants with CHD

Complex vascular anatomy
   Aortic arch anomalies (interrupted aortic arch, coarctation, 

vascular rings)
   Arterial blood supply to the lungs (pulmonary artery anatomy, 

aortopulmonary collateral arteries)
   Pulmonary vein anomalies (anomalous connection, stenosis)
Complex CHD (Heterotaxy syndrome)
Quantification of ventricular volumes
   Borderline hypoplasia of the left ventricle (hypoplastic left heart 

complex)
   Borderline hypoplasia of the right ventricle
Follow-up after surgery or intervention
   Shunt patency
   Pulmonary artery stenosis
   Restenosis or aneurysm of the aortic arch
Evaluation of tumours

Fig. 20.7 Newborn with heterotaxy syndrome, double-outlet right 
ventricle, transposition of the great arteries, subaortic conus and hypo-
plastic aortic arch with coarctation (arrow). A patent arterial ductus (**) 
provides continuity to the proximal descending aorta. AO ascending 
aorta, LV left ventricle, MPA main pulmonary artery, RV right ventricle
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Table 20.2 Characteristics of complex CHD associated with hetero-
taxy syndrome

Defect Right isomerism Left isomerism
Bilateral superior venae 
cavae

45% 45%

Absence of coronary sinus ~100% ~60%
Interruption of the inferior 
vena cava

<2.5% 80%

Total anomalous 
pulmonary vein connection 

50% (obstruction in 
50%)

Rare

Atrioventricular connection Univentricular in 
70%

Biventricular in 
~75%

Ventriculoarterial 
connection

Concordant only in 
4%

Concordant in 
~70%

Pulmonary atresia or 
stenosis

80% 30%

Left sided obstructive 
lesion

<5% ~30%

Heart block/bradycardia Rare ~70%

TAPVC total anomalous pulmonary venous connection

Fig. 20.8 3D reconstruction of the bronchial tree from a ultrashort 
Echo Time sequence dataset acquired in a newborn girl with right atrial 
isomerism. There is a bilateral right bronchial system; in addition, a 
tracheal bronchus (*) has been depicted

Table 20.2. Hearts in left atrial isomerism tend to be biven-
tricular and those with right atrial isomerism univentricular. 
In spite of any classification, a recent review of cases studied 
by cross-sectional imaging has shown an undefined variabil-
ity of pattern; discordance between bronchopulmonary 
branching, atrial appendage arrangement, and splenic status 
occurs in up to 20% of patients with heterotaxy syndrome 
[25]. Thus, in patients with suspected heterotaxy syndrome 
the diagnostic approach should be individualised and based 
on a systematic segmental analysis. This can be done by 
acquiring a stack of cine images in an axial plane covering the 
whole chest or by 3D SSFP; at time of reading, the segmental 
analysis can be done by scrolling through the different planes.

Imaging and reporting these cases should include 
assessment of the abdominal situs, spleen—asplenia, poly-
splenia, thoracic situs—bronchi, morphology of the atrial 
appendages, cardiac position, cardiac segments, intracar-
diac anatomy (atrial defects, atrioventricular defects, ven-
tricular defects, coronary sinus), ventriculoarterial 
alignment, systemic venous anatomy, pulmonary venous 
anatomy and site of connection, pulmonary arteries, and 
aortic arch.

The abdominal status can be easily defined on the coronal 
localiser images. More accurate visualisation of the spleen 
status is achieved by covering the upper abdomen when 
acquiring axial SSFP images. The thoracic status is deter-
mined by the bronchial anatomy; in addition to black-blood 
fast spin echo images, newly developed ultrashort echo time 
sequences are excellent techniques for showing the main 
stem bronchi and their relations to the branch pulmonary 
arteries (Fig. 20.8). In situs solitus, the course of the right 
bronchus is superior to the right pulmonary artery (eparterial 
bronchus), whereas the left bronchus runs inferiorly to the 

left pulmonary artery (hyparterial bronchus). Symmetrical 
length of the bronchi and symmetrical superior-inferior rela-
tion between the main bronchi and the proximal pulmonary 
arteries are indicative for a situs ambiguous.

The unique diagnostic performance of CMR is achieved 
by combining several available sequences, including 
2DSSFP, 3D SSFP, CEMRA, and 4D flow [25, 26] 
(Fig. 20.9).

Exact definition of the morphology of the atrial append-
ages remains challenging. The morphologically right atrial 
appendage has an external triangular shape with a broad 
base and the apex pointed upward; internally the prominent 
crista terminalis and the pectinate muscles can be identified. 
The left atrial appendage has a tubular finger-like shape 
with a narrow base, pointed anteriorly and downward 
(Fig. 20.10).

Anomalies of the pulmonary venous connection occur 
very frequently in heterotaxy syndrome and are considered 
major determinants of outcome. Pulmonary venous anoma-
lies can be accurately depicted by CEMRA (Fig.  20.11) 
[27].

20.4.2  Single Ventricle Lesions

Mostly, the initial diagnosis of single ventricle can be 
achieved by echocardiography. CMR is the second-line 
modality of choice for cases with additional anomalies of the 
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a b c

Fig. 20.9 Newborn girl with heterotaxy syndrome, specifically right 
atrial isomerism, dextrocardia, ventricular inversion, ventriculo-arterial 
discordance, pulmonary atresia, total anomalous pulmonary venous 
connection and right aortic arch. The SSFP cine images (a) show the 
intracardiac anatomy, with a balanced atrioventricular defect (*). The 
morphological right ventricle is left-sided and the morphological left 
ventricle is right-sided. Volume rendered reconstructed CEMRA 
images (b) provide clear visualization of the ventriculo-arterial discor-

dance, right aortic arch and pulmonary perfusion warranted by a patent 
ductus arteriosus. Pulmonary side branches are confluent. 4D flow (c) 
enables improved understanding of the flow direction of a complex 
form of total anomalous pulmonary vein connection of cardiac type. 
The collecting vein is running in a loop to the roof of the common 
atrium. A common atrium, AO ascending aorta, cc collector vein, LPA 
left pulmonary artery, LV left ventricle, PDA patent ductus arteriosus, 
RPA right pulmonary artery, RV right ventricle

a b

Fig. 20.10 Morphology of the atrial appendages as seen in cross- 
sectional imaging (a). Normal situs. Right atrial appendage is marked 
with stars, left atrial appendage with an arrow. Right atrial isomerism. 

Both atrial appendages appear as a symmetrical triangular shape (b) 
with a broad base, corresponding to the morphology of a right atrial 
appendage (*)

pulmonary arteries, pulmonary veins, complex anomalies of 
the aortic arch, or in situs anomalies, as described above.

CMR is increasingly used for non-invasive diagnostics 
before Stage II (Glenn procedure) and before Stage III 
(Fontan completion). After previous patient selection, com-
bining clinics and echocardiography, patients who do not 
require a catheter-guided intervention, can be safely evalu-
ated without an invasive cardiac catheterisation [28, 29]. 
This approach has been shown to yield the same outcome in 

a short- and mid-term follow-up, than in patients who had 
been invasively assessed [30]. The use of CMR for preopera-
tive assessment significantly reduces the amount of radiation 
and the rate of adverse events [31].

Features to be assessed by imaging, i.e. combination of 
echocardiography and CMR, before the Glenn- or Fontan 
procedure are summarised in Table 20.3. Branch pulmonary 
artery stenosis or pulmonary vein stenosis, arch obstruction, 
and/or aortopulmonary collaterals can compromise the short- 
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Table 20.3 Non-invasive imaging before staged palliation of patients 
with single ventricle

Non-invasive evaluation 
(echocardiography and CMR)

Findings requiring invasive 
pre-operative assessment and 
intervention

   • Ventricular size and function    • Severe ventricular dysfunction
   • Valve function    • Severe AV-valve regurgitation
   • Pulmonary arteries    • Pulmonary artery stenosis
   • Pulmonary veins    • Pulmonary veins stenosis
   • Aortic arch    • Aortic arch obstruction
   • Outflow tracts
   • Atrial septum defect patency    • Foramen ovale restriction
   • Aortopulmonary or 

veno-venous collaterals
   • Collateral flow >35% of aortic 

flow
   • Previous catheter-guided 

interventions

a b c

Fig. 20.11 Pulmonary venous anomalies in heterotaxy syndrome. 
Newborn with right atrial isomerism. Echocardiography suspected ste-
nosis of the pulmonary veins, due to turbulent flow. CEMRA  (a) (in a 
view from posterior) demonstrates that all pulmonary veins connect to 
the left-sided atrium without anatomical narrowing. There are three 
segmental pulmonary veins draining the left lung (*), and two right-
sided pulmonary veins (**). LA left atrium, LPA left pulmonary artery, 

RPA right pulmonary artery. (b) Newborn with left atrial isomerism. 
CEMRA show that the left sided pulmonary veins (*) connect to the 
left-sided atrium (LA); the right-sided pulmonary veins (**) connect to 
the right-sided atrium (RA). (c) Newborn with right atrial isomerism 
and total anomalous pulmonary venous connection as demonstrated in 
a CEMRA view from posterior. Right-sided pulmonary veins (**), left-
sided pulmonary veins (*), VV vertical vein

term course and long-term follow-up in SV patients. The 
findings are frequently addressed preoperatively by catheter- 
guided intervention.

20.4.3  The Borderline Ventricle: Uni- Versus 
Biventricular Repair

In patients with a borderline left ventricle, usually in the con-
text of a hypoplastic left heart complex (Movie 20.3), or with 
a borderline right ventricle, such as in unbalanced atrioven-
tricular septal defect, decision for biventricular repair versus 
univentricular palliation has to be taken during the first 

months of life. In these cases, CMR helps to estimate the 
correct ventricle volume and enable a successful biventricu-
lar repair. On the other hand, in patients with hypoplastic left 
heart complex, late enhancement imaging can demonstrate 
the presence of endocardial fibroelastosis, which is consid-
ered a negative prognostic factor for a biventricular repair 
[32].

Decision-making for biventricular repair can also be chal-
lenging in biventricular hearts with complex cardiac  anatomy. 
Double outlet right ventricle with its almost infinite anatomi-
cal variants represents the most frequently discussed lesion 
[33]. Techniques providing a 3D dataset, specifically 3D 
SSFP and CEMRA, are very helpful for answering this ques-
tion. Multiplanar reconstruction and 3D printing are helpful 
techniques providing unique presurgical information, par-
ticularly the position of the ventricular septal defect in rela-
tion to the great arteries [34] (Fig. 20.3).

20.5  CMR in Relation to Other Non- 
invasive Modalities

In the modern era, and particularly in congenital cardiol-
ogy, different imaging modalities should not be consid-
ered as competitive techniques, but as diagnostic tools 
complementing each other. It is therefore the responsibil-
ity of every imaging expert to know strengths and weak-
nesses of every modality and to use and combine them 
appropriately.
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20.5.1  Echocardiography

Particularly in newborns and small children with their intact 
acoustic window echocardiography remains the first line 
bedside imaging modality. Nevertheless, echocardiography 
is highly dependent on operator skills, and remote and 
unusual anatomical structures can be difficult to visualise 
and understand in their topographic relationship. Thus, in the 
presence of complex vascular anatomy, a second-line 
advanced imaging modality is usually required.

The major strength of CMR compared to echocardiogra-
phy is quantitative functional assessment, specifically of 
ventricular volumes and blood flow. Compared to echocar-
diography CMR, volume quantification is not based on any 
geometric model and presents higher reproducibility. In the 
last few years, 3D echocardiography has evolved into clini-
cal use and has also been validated in children [35]. Both, 
CMR and 3D echocardiography enable calculation of vol-
umes based on the summation-disc method which reflects 
the real shape of every ventricle and provides accurate vol-
ume measurements; however, 3D echocardiography is still 
limited by acoustic window and tend to overestimate ven-
tricular volumes. CMR is the only modality able to directly 
quantify blood flow in each desired vessel; flow sequences 
have been clinically validated also in children [15, 36].

20.5.2  Computed Tomography

Cardiac computed tomography (CT) shares several advan-
tages with CMR, particularly coverage of a large field of 
view with outstanding imaging quality and acquisition of 
3D data sets. In small children, the superior spatial resolu-
tion of CT can be of great advantage for imaging small vas-
cular structures. Newer generation CT scanners enable 

rapid image acquisition, submillimetre isotropic spatial 
resolution, and acceptable temporal resolution as low as 
66  ms at lower radiation doses than older technologies. 
Recently published multi-institutional data reported that 
CT can be performed in paediatric patients with low diag-
nostic risk, very short procedural time and a median radia-
tion dose of approximately 1 mSv [37]. For obtaining an 
outstanding image quality and lowest radiation possible, 
expertise in paediatric imaging is required and scanning 
protocols have to be specifically designed for small chil-
dren. Due to the very short scanning time sedation/anaes-
thesia can be obviated. Good blood/tissue contrast usually 
requires contrast agent injection and a correct timing of 
image acquisition at the best contrast density [38]. CT 
should be definitely used in the presence of MR incompat-
ible implants and when sedation may be at high risk. 
Another strength is it is readily availability in urgent situa-
tions, which makes CT easier to use in critically ill patients 
or when the clinical status is changing. Regarding the struc-
tures to be visualised CT is considered superior to MR to 
evaluate stent patency after endovascular treatment, for 
evaluation of the topographic relationship between the air-
ways and the thoracic vessels, and for visualisation of the 
coronary arteries [38, 39].

In contrast to CMR, functional measurements by CT are 
limited. Flow visualisation and quantification is an exclusive 
characteristic of CMR and an important information in most 
CHD. In cases in which CMR is contraindicated, multiphase 
functional CT offers reasonable estimation of ventricular 
function [40] The common and different features for image 
acquisition and visualisation in CT and CMR are visualised 
in Fig. 20.12 (adapted from [1, 41]).

Eventually, due to the radiation burden and the high sto-
chastic effects of exposure to ionizing radiation in young 
children, we recommend the use of CMR. However, decision 

Fig. 20.12 Overview of 
strengths of CT and CMR as 
imaging techniques and 
regarding the structures to be 
visualized. (Adapted from 
[41])
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on the best imaging modality depends on the clinical status 
of the patient, the clinical question as well as the available 
expertise and technical equipment [41].

20.5.3  Cardiac Catheterization

In the last decade, a clear trend toward non-invasive advanced 
imaging has developed in paediatric cardiology. Therefore, 
nowadays catheterisation is rarely used for diagnostic pur-
poses, and almost exclusively linked to an intervention. 
Complications associated with cardiac catheterization in 
children have been reported in up to 8% of the procedures. 
The majority of these complications are related to the vascu-
lar access, and infants younger than 6 months are at higher 
risk [42]. With the increasing number of infants with com-
plex CHD who can be treated nowadays, it is crucial to 
 maintain vascular access patent for future therapeutic inter-
ventions and to minimise the number of invasive diagnostic 
procedures.

CEMRA is superior to conventional angiography, as it 
enables multiplanar and 3D reconstruction of the vascular 
anatomy. We have previously demonstrated that size mea-
surement taken on CEMRA images in small children are 
highly comparable to conventional angiography measure-
ments and therefore reliable for surgical planning [5].

CMR is considered superior to cardiac catheterisation for 
quantitative assessment of most hemodynamic parameters, 
including ventricular volumes and flow. In contrast, invasive 
measurements are still needed for determining the pulmo-
nary vascular pressure and resistance.

20.6  CMR Limitations and Common Pitfalls

The most important limitation for the use of CMR are costs 
and need for human and technical resources. This is particu-
larly true for the paediatric population, in which anaesthesia 
is often required. Anaesthesia in the MR environment 
requires an infrastructural investment, with purchase of fully 
equipped CMR-compatible ventilation and monitoring 
equipment, as well as an interdisciplinary cooperation 
involving four different teams: cardiac imaging, cardiology, 
anaesthesiology and imaging technicians.

Moreover, CMR is not a bedside modality and the trans-
port and monitoring of critically ill infants in the CMR unit 
requires a significant effort from the caring team. Centres not 
having access to these amenities may use CT as an alterna-
tive cross-sectional imaging modality.

Pitfalls. During image acquisition, even though arrhyth-
mias are less frequent in children than in adults, inappropri-
ate ECG-gating may deteriorate image quality and affect the 

accuracy of functional measurements. The accuracy of flow 
measurements done by PC cine imaging can be affected by 
offset errors and in many scanners flow correction with static 
phantom measurements may be necessary. Each institution 
needs to be aware of this potential source of error and plan 
enough time after each examination for performing phantom 
measurements and calibration if necessary. Off-set errors 
have also been reported in 4D flow [43]. Some correction 
tools are integrated in modern postprocessing software, and 
obviate time-consuming phantom measurements. In children 
with CHD, the accuracy of flow measurements is crucial, as 
clinical decision-making is often directly based on the flow 
information provided by CMR.  Therefore, on top of the 
described technical recommendations, a physiological inter-
nal validation should be applied; this can be done by compar-
ing volumetric data from the ventricles with flow data of the 
great arteries, or by comparing the pulmonary flow measured 
in the pulmonary side branches with the one measured from 
all four pulmonary veins. One of the important advantages of 
4D flow is the capability to retrospectively measure flow in 
each required vessel, and therefore performing any required 
internal flow validation. In small children, accurate measure-
ment of flow requires a minimal cross-sectional area of a 
vessel; measurements should not be performed in the region 
of interest containing less than 5 pixels.

During post-processing and reporting, results obtained in 
a child need to be compared with normal values that (a) have 
been established for children, and (b) have been acquired 
with a similar technique [3, 44–46].

Correct reading of CEMRA images requires caution 
regarding interpretation of narrowing of small vessel. In the 
presence of a an additional flow source, such as a surgical 
shunt, or aortopulmonary collateral vessels, the concomitant 
blood flow coming from the shunt, which may not contain 
contrast medium yet, can impair the visualisation of the ves-
sel and mimic a stenosis. Moreover, artefacts caused by sur-
gical clips or any other metallic implants need to be ruled 
out, before reporting narrowing of a vessel.

20.7  Conclusions

In children with CHD, CMR is the second-line imaging 
modality after transthoracic echocardiography, and provides 
almost complete morphological and hemodynamic informa-
tion before and after surgical or catheter-guided interven-
tions. Neonates and infants are the patients taking the most 
advantage of CMR, as a radiation-free and non-invasive 
imaging modality. Performing CMR in a paediatric popula-
tion requires a specific infrastructure, individual adjustment 
of the acquisition parameters, a sound expertise in complex 
CHD, and an excellent interdisciplinary collaboration among 
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all teams involved. Once these requirements are achieved, 
CMR can be performed safely and with excellent results.

Continuous improvements in software (sequences) and 
hardware (gradients, coils) are steadily improving the perfor-
mance of CMR in small children.

Practical Pearls

• CMR is nowadays considered a second-line modality 
after transthoracic echocardiography in diagnosis and 
follow-up of CHD in children.

• Imaging parameters need to be adapted to the specific 
paediatric characteristics:
 – Spatial resolution can be improved by using a small 

field of view, a sufficiently large matrix, and thin slices.
 – Temporal resolution can be optimised by adjusting the 

number of VPS to heart rate and keeping TR as low as 
possible.

 – Administration of contrast medium can be avoided by 
applying the 3D SSFP sequence.

 – 4D flow is easier to acquire than many single flow 
measurements, and is similarly accurate than 2D 
Phase-contrast measures.

• Performing paediatric CMR with anaesthesia requires an 
experienced anaesthesiology team and a close collabora-
tion between the imaging team (paediatric cardiologist 
and/or paediatric radiologist) and anaesthesiology team. 
A CMR-compatible ventilatory and hemodynamic moni-
toring equipment need to be available in the MR unit.

• CMR quantitative data acquired in children need to be 
compared to normal values established for the paediatric 
population and obtained with the same technique.
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21Fetal Cardiovascular Magnetic 
Resonance

Adrienn Szabo, Liqun Sun, and Mike Seed

21.1  Introduction

The prenatal diagnosis of fetal cardiovascular disease pro-
vides opportunities to improve perinatal outcomes and coun-
sel families about prognosis. In the setting of more severe 
congenital cardiac malformations, which may be seen in the 
setting of genetic syndromes and birth defects affecting other 
organ systems, prenatal diagnosis provides the option of 
elective termination of pregnancy. With the advent of fetal 
therapy for cardiac conditions, prenatal imaging can also be 
used to guide percutaneous interventions and monitor the 
response to therapy. While ultrasound is a versatile and 
widely available technique for imaging the fetus, magnetic 
resonance imaging (MRI) is increasingly used as an adjunct 
to ultrasound to enhance fetal diagnosis. Fetal cardiovascular 
magnetic resonance (CMR)  has historically been hampered 
by technical challenges imposed by the small size of the 
structures of interest, fetal motion, and high fetal heart rates. 
However, following more than a decade of technical devel-
opment, approaches to acquiring high-quality fetal CMR 

have been achieved. In tandem with the creation of robust 
CMR sequences and postprocessing methods, the modality 
has been used to investigate fetal circulatory physiology in 
health and disease. MRI has revealed relationships between 
abnormal cardiovascular physiology and disordered fetal 
development, leading to the investigation of new therapeutic 
approaches to improving perinatal outcomes. These human 
studies have been complemented by the application of fetal 
CMR to study fetal physiology and interventions in large 
animal models. The added diagnostic value of fetal CMR has 
been evaluated in cohorts of patients with congenital heart 
disease (CHD). Similarly, the potential role of fetal CMR 
techniques in other fetal diseases impacting the fetal cardio-
vascular physiology including placental insufficiency and 
fetal anemia has been investigated. In this chapter, we will 
outline the key methods used in fetal CMR, discuss some of 
the important principles of fetal cardiovascular physiology 
that inform the interpretation of fetal CMR studies, and 
review current and potential future clinical application of 
fetal CMR (Fig. 21.1).
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Fig. 21.1 Sagittal view and 3D reconstruction image of a fetus at 36 weeks gestation by magnetic resonance imaging

21.2  Physics and Techniques

21.2.1  Challenges of Fetal CMR

Unlike in postnatal cardiac MRI, which utilizes the electro-
cardiographic (ECG) signal to synchronize the collection of 
data across the cardiac cycle, the fetal ECG signal is not 
readily available in an MRI environment; so fetal CMR 
requires alternative approaches to ECG gating. In addition, 
standard postnatal CMR approaches depend on a lack of 
body movement, while fetal imaging is challenged by unpre-
dictable and frequent fetal movements, as well as maternal 
respiratory variation. Hence, the development of fetal CMR 
has required the development of novel approaches to cardiac 
triggering and the incorporation of approaches to motion 
correction and accelerated image acquisition [1, 2]. This 
combination has been particularly effective for imaging the 
late-gestation fetus, which is larger and relatively restricted 
in terms of fetal body motion. The inherent trade-off between 
achieving adequate signal-to-noise ratio and spatial resolu-
tion while limiting artifact arising from more vigorous fetal 

motion continues to pose a challenge to high-quality fetal 
CMR earlier in pregnancy, when decision-making about 
whether to continue a pregnancy usually takes place. Fetal 
CMR also remains significantly more time-consuming and 
expensive than ultrasound. However, in late gestation, fetal 
echocardiography can be hampered by acoustic shadowing 
from the bony thorax, as well as an adverse fetal lie or oligo-
hydramnios. Thus, the two imaging modalities may evolve 
towards playing complementary roles in optimizing image 
quality across gestation.

21.2.2  An Approach to Imaging the Fetal 
Cardiovascular System

Several different approaches to imaging the fetal heart with 
MRI now have been described. The exam should be tailored 
to the main goal of the study, prioritizing those acquisitions 
crucial to the specific objective. Despite technological 
advances, gross fetal movements can still pose a challenge, 
and these are unpredictable. One approach is to start with a 
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Fig. 21.2 Cine Stack imaging of a fetus with transposition of great 
arteries at 36 weeks gestation. (a) typical four-chamber view; (b) right 
ventricular outflow tract giving rise to the aorta; (c) left ventricular out-
flow tract with the pulmonary trunk; (d) three vessel view showing the 

apparently normal relationship of the great vessels in this rare example 
of “posterior transposition”. LA left atrium, RA right atrium, LV left 
ventricle, RV right ventricle, AAo ascending aorta, MPA main pulmo-
nary artery, SVC superior vena cava

stack of parallel static steady-state free precession (SSFP) 
images of the fetal thorax in the three standard orthogonal 
planes. These can then be used to prescribe the cine phase 
contrast and oximetry acquisitions if a hemodynamic assess-
ment is required. Segmentation of a 3D-SSFP acquisition 
covering the entire fetal body allows for the quantification of 
fetal volume and individual organ volumes. Fetal volume 
and brain size can be compared with reference data from pre-
term and autopsy studies following conversion to fetal and 
fetal brain weights using previously described conversion 
factors [3, 4]. If the fetal CMR study has been requested to 
visualize cardiac anatomy, cine SSFP imaging is likely to be 
helpful. Motion-compensated cine SSFP of the fetal heart 
has the advantage of providing excellent images of both 
intra- and extra-cardiac vascular anatomy and provides an 
assessment of ventricular function. Using a slice-to-volume 

registration algorithm, it is possible to combine stacks of 
cine SSFP imaging acquired in different planes to provide 
“four-dimensional” cine imaging that can be reconstructed 
in any imaging orientation (Fig. 21.2) [5].

21.2.3  Triggered Cine Imaging of the Fetal 
Heart

An artificial cardiac triggering system called metric- 
optimized gating (MOG) was initially proposed in 2010 
[6]. MOG involves the acquisition k-space data using a syn-
thetic trigger with a longer R-R interval. Hypothetic trigger 
locations are then retrospectively applied to the data, until an 
image metric identifies the correct average fetal heart rate 
that was present during the acquisition by selecting the 
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reconstruction with the fewest artifacts in the resulting 
images. The implementation of MOG has allowed cine SSFP 
imaging of the beating fetal heart and cine phase contrast 
MRI in fetal vessels [1, 2, 7, 8]. The MOG reconstruction 
algorithm is available as open-source software for use with 
one of the commercial vendor MRI systems [9] and its accu-
racy and reproducibility have also recently been validated by 
an independent group [10]. The application of compressed 
sensing to fetal cine imaging results in a dramatic reduction 
in scan time, providing excellent agreement between the 
fully sampled and retrospectively undersampled reconstruc-
tions of Cartesian data with acceleration factors of up to four 
[11]. The use of a golden-angle radial acquisition combined 
with compressed sensing yields acceleration factors up to 16 
[11–14]. Fetal data can be acquired using a continuous 
golden angle radial trajectory with preliminary time- averaged 
reconstructions for each slice applied to confirm slice pre-
scription and provide an initial assessment of gross fetal 
movement [11]. Following the MRI examination, offline 
real-time reconstruction of the data enables assessment and 
correction of translational in-plane motion and rejection of 
through-plane motion and calculation of the fetal heart rate 
using MOG [6, 9, 11, 15]. The motion and gating informa-
tion are then used to reconstruct high-resolution cine imag-
ing [11]. Real-time and cine reconstructions of the data rely 
on compressed sensing to suppress streaking artifacts from 
radial undersampling and provide acceleration factors of up 
to 27 and 16, respectively [1, 11]. This approach to acceler-
ated motion-corrected imaging has recently been used to 
implement cine phase contrast fetal vessel blood flow quan-
tification [16]. The application of compressed sensing to 
fetal cine imaging results in a dramatic reduction in scan 
time, providing excellent agreement between the fully 
 sampled and retrospectively undersampled reconstructions 
of Cartesian data with acceleration factors of up to four [11]. 
The use of a golden-angle radial acquisition combined with 
compressed sensing yields acceleration factors up to 16 [11–
14]. Fetal data can be acquired using a continuous golden 
angle radial trajectory with preliminary time-averaged 
reconstructions for each slice applied to confirm slice pre-
scription and provide an initial assessment of gross fetal 
movement [11]. Following the MRI examination, offline 
real-time reconstruction of the data enables assessment and 
correction of translational in-plane motion and rejection of 
through-plane motion and calculation of the fetal heart rate 
using MOG [6, 9, 11, 15]. The motion and gating informa-
tion are then used to reconstruct high-resolution cine imag-
ing [11]. Real-time and cine reconstructions of the data rely 
on compressed sensing to suppress streaking artifacts from 
radial undersampling and provide acceleration factors of up 
to 27 and 16, respectively [1, 11]. This approach to acceler-
ated motion-corrected imaging has recently been used to 
implement cine phase contrast fetal vessel blood flow quan-

tification [16]. Using this novel phase contrast MR acquisi-
tion scheme with golden-angle radial sampling while 
continuously updating the velocity encoding, a pipeline sim-
ilar to the one described above has achieved the first motion- 
corrected multidimensional flow measurement in the fetus 
[16]. The integration of data from a stack of multidirectional 
cine phase contrast acquisitions has also allowed for volu-
metric flow visualization using particle tracking approaches 
like those obtained using conventional 4D-flow acquisitions 
to visualize complex human fetal intracardiac flow dynam-
ics, including fetal streaming [17, 18], shown in Fig. 21.3.

21.2.4  Ultrasound-Triggered Fetal Cardiac MRI

Based on the cardiotocographic monitoring commonly used 
by obstetricians in clinical practice, an alternative technol-
ogy for obtaining triggered fetal CMR acquisitions involves 
measurement of the fetal cardiac cycle using Doppler ultra-
sound via an MR-compatible transducer placed over the 
maternal abdomen [20]. This portable Doppler Ultrasound 
Gating (DUS) device has proven to be safe, MRI-compatible, 
and reliable for different field strengths when applied in 
human fetuses [21, 22]. The device monitors physiologic 
motion associated with the fetal cardiac cycle, such as blood 
flow and cardiac contraction, based on a Doppler waveform. 
Triggers derived from this waveform are supplied to the MRI 
scanner to synchronize data acquisition. A practical benefit 
of this approach is the ability to use established cardiovascu-
lar protocols for fetal imaging, which provide immediate in- 
line image reconstructions to support clinical work. Such 
devices may also facilitate studies that require prospective 
triggering, for example, in applications such as triggered T1 
or T2 mapping [1]. Dynamic fetal cardiac MRI using car-
diotocographic gating allows evaluation of cardiac anatomy 
in fetuses with CHD, yielding good agreement with fetal 
echocardiography in terms of the dimensions of structures 
and cardiac diagnosis [23].

21.2.5  Magnetic Resonance Oximetry

The sensitivity of the MRI signal to the oxygenation of blood 
underpins one of the unique facets of fetal CMR. Magnetic 
resonance oximetry relies on the magnetic susceptibility of 
hemoglobin varying depending on its oxygenation state. T1 
and T2 relaxation times of blood are a function of both its 
hemoglobin concentration (hematocrit) and the fraction of 
hemoglobin binding sites that are oxygenated. The T2 of 
blood is primarily determined by its oxygen saturation, 
although this relationship is dependent also on magnetic field 
strength and hemoglobin concentration, with increases in 
hematocrit resulting in a T2 shortening effect [24, 25]. By 
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Fig. 21.3 LEFT: Oxygen transport in the normal human fetus based on 
Phase Contrast MR and MRI Oximetry model [19]. Blood distribution 
percentages are indicated by the circled numbers, while oxygen satura-
tions are by color coding, confirming higher oxygen saturations in the 
left heart than in the right. (Figure with permission from John Wiley & 
Sons). RIGHT: 4D flow acquisition of fetal streaming in a human fetal 
heart [18], CC by 4.0. The streaming of well-oxygenated blood (color- 

coded as red) from the ductus venosus across the foramen ovale is 
responsible for higher oxygen saturations in the left heart compared to 
the right. UV umbilical vein, DV ductus venosus, IVC inferior vena 
cava, SVC superior vena cava, RA right atrium, LA left atrium, RV right 
ventricle, LV left ventricle, MPA main pulmonary artery, DA ductus 
arteriosus, AAo ascending aorta, DAo descending aorta, PBF pulmo-
nary blood flow

contrast, the T1 of blood is more strongly related to hemato-
crit, with higher hematocrit associated with a shortening of 
T1, although this relationship is also influenced by oxygen 
saturation. Using cubic polynomial equations, the non- 
invasive calculation of both oxygen saturation and hematocrit 
of blood within a specific vessel is possible if the T1 and T2 
values are known [25]. T1 and T2 mapping sequences like 
those used for myocardial T1 and T2 quantification can be 
used to measure the T1 and T2 of blood in fetal vessels. T1 
mapping is based on a standard MOLLI sequence while T2 
mapping uses a T2 preparation acquisition. The imaging can 
be triggered using an artificial gating signal programmed into 
the scanner with an R-R interval corresponding to the esti-
mated fetal heart rate. Given the relatively long T2 of well-
oxygenated blood, the T2 quantification of flowing blood is 
optimized when an appropriately long echo time (~200 ms) is 
used for the final T2 preparation acquisition. A short refocus-
ing interval for the T2 preparation helps to minimize artifacts 
arising from dephasing resulting from turbulent flow [25]. 

Established criteria regarding the use of MR oximetry in 
small vessels define the requisite spatial resolution and slice 
thickness in relation to vessel size and limit the application of 
this approach to the larger fetal vessels [26]. Open-source 
software can be used to measure vessels T1 and T2 and con-
vert them into hematocrits and oxygen saturations [27, 28]. 
The combination of fetal vessel MR oximetry and flow quan-
tification provides a unique non-invasive approach to assess-
ing the hemodynamics of the placental and fetal circulations, 
an example of which is shown in Fig. 21.4. The Fick principle 
states that the total uptake of a substance by the tissues is 
equal to the product of the blood flow to the tissues and the 
arterio-venous difference in the concentration of the 
 substance. The Fick principle is generally applied to oxygen 
consumption, whereby blood oxygen content (CaO2) is the 
product of oxygen saturation (SaO2) and hemoglobin (Hb) 
concentration:

 CaO SaO Hb
2 2

1 36= × × .  

21 Fetal Cardiovascular Magnetic Resonance



366

Fig. 21.4 Descending aortic flow on cine phase contrast MRI and T2 mapping in the descending aorta of a late gestation sheep fetus

FetalVO UVflow UVSaO DAOSaO Hb
2 2 2

1 36 100= × −( )× ×. /

Assuming the major contribution to blood flow in the 
superior vena cava is venous return from the cerebral circula-
tion, this approach also allows for an approximation of fetal 
cerebral flow. Therefore, the product of the blood flow to the 
brain and the oxygen content of the blood in the aortic arch 
reflects brain oxygen delivery (cDO2), while the product of 

cerebral blood flow and the difference in oxygen content 
between the aortic arch and superior vena cava provides an 
estimation of cerebral oxygen consumption (cVO2):

 cDO SVCflow AAOSaO Hb
2 2

1 36 100= × × ×. /  

cVO SVCflow AAOSaO SVCSaO Hb
2 2 2

1 36 100= × −( )× ×. /

21.3  The Normal Fetal Circulation

Our modern understanding of fetal circulatory physiology is 
largely based on experiments performed in fetal sheep more 
than 50 years ago. Adopting techniques pioneered by Sir 
Joseph Barcroft and Sir Geoffrey Dawes, Abraham Rudolph, 
and his team defined the distribution of blood flow across the 
fetal sheep circulation by injecting microspheres labeled 
with various radioactive tracers into different venous com-
partments of an exteriorized fetal lamb and then measuring 

the activity of each tracer in the end-organs supplied by the 
different arterial branches of the fetal circulation. Rudolph 
combined these results with sheep catheter and oximetry and 
pressure measurements made across the fetal circulation to 
provide a comprehensive picture of fetal hemodynamics and 
subsequently estimated the distribution of the fetal circula-
tion in humans based on fetal ultrasound data. The fetal cir-
culation differs from the postnatal circulation in relying on 
the placenta rather than the lungs for gas exchange. Shunts at 
the ductus venosus (DV), foramen ovale, and ductus arterio-

where 1.36 is the number of milliliters of oxygen bound to 
1 g of hemoglobin at 1 atmosphere [14, 15]. This calculation 
ignores the contribution to oxygen content of oxygen dis-
solved in plasma, which is negligible in the fetus [29]. The 
combination of MRI oximetry with PC-MRI flow quantifica-
tion allows for the assessment of oxygen transport across the 

fetal circulation. Using the Fick principle, oxygen content in 
the umbilical vein and descending aorta and umbilical vein 
flow can be used to calculate fetal oxygen delivery (DO2) and 
consumption (VO2) as follows:

 FetalDO UVflow UVSaO Hb
2 2

1 36 100= × × ×. /  
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sus allow blood returning from the placenta to bypass the 
liver and lungs, providing a pathway for well-oxygenated 
blood to reach the most metabolically active organs in the 
developing fetus: the heart and brain. Meanwhile, more 
deoxygenated blood returning from the lower body and 
superior vena cava is streamed towards the right ventricle, 
which directs it to lungs, lower body, and placenta. Thus, the 
fetal circulation operates in parallel with the right ventricle 
providing a greater contribution to the combined ventricular 
output (CVO) than the left, with shunts at the DV, foramen 
ovale, and ductus arteriosus allowing the umbilical venous 
return to bypass the liver and lungs resulting in diminished 
pulmonary blood flow and providing a pathway for the 
streaming of oxygenated blood towards the ascending aorta 
(AAo).

Fetal CMR has been applied in the normal late gestation 
to reveal the cardiovascular physiology of the human fetal 
circulation is similar to that demonstrated in fetal sheep 
using invasive techniques [2, 30]. Using cine phase contrast 
acquisitions in the major vessels of a group of normal control 
human pregnancies, it has been shown that the right ventricle 
provides the greater contribution to the CVO, although the 
difference between the outputs of the ventricles is more mod-
est than in sheep, whereas pulmonary blood flow is higher in 
the human [17]. By contrast, umbilical flow is significantly 
lower in the human fetus, presumably reflecting the higher 
hemoglobin concentration present in the human fetus, which 
provides comparable fetal oxygen delivery for less flow. 
Streaming is also present in the human fetal circulation, 
resulting in oxygen saturations almost 20% higher in the 
AAo than the main pulmonary artery (MPA) [17, 18].

21.4  Fetal Circulation in the Context 
of Congenital Heart Disease

Fetal CMR has provided an opportunity to investigate many 
of the predictions that have been made based on what was 
already known from animal models about the effects of CHD 
on circulatory physiology [31]. For example, fetal CMR has 
confirmed that obstructions to right or left ventricular inflow 
or outflow flow are associated with dramatic redistribution of 
the fetal circulation. Unless there is a ventricular septal defect 
or atrioventricular valve regurgitation, the reductions in flow 
seen across the obstructed side of the heart in these malforma-
tions are then typically associated with underdevelopment of 
the ventricular structures and vessels on that side. In addition, 
fetal CMR studies have demonstrated the expected fetal cir-
culatory adaptations to obstructed flow that allow perfusion 
of the upper extremities and brain via retrograde flow in the 
aortic arch in the setting of left heart obstruction, and retro-
grade ductus arteriosus flow to supply the lungs in fetuses 

with right heart obstruction. These findings are in keeping 
with prior human ultrasound data indicating that the CVO of 
hearts with single ventricle physiology is reduced. Reductions 
in CVO are associated with reductions in the perfusion of the 
various organs supplied by the fetal heart. Seemingly, the first 
organ to be affected is the placenta, which receives 7% less 
flow in fetuses with hypoplastic left heart, 33% less flow in 
fetuses with Ebstein anomaly (EA), and 42% less flow in 
fetuses with tricuspid atresia. It is interesting to consider 
whether the underdeveloped villous vasculature reported in 
fetuses with hypoplastic left heart could be the result of 
umbilical under-perfusion secondary to impaired CVO [32]. 
With more severe reductions in CVO, we have observed 
reductions in systemic and pulmonary blood flow. Cerebral 
blood flow seems to be preserved at the cost of other organ 
systems in the setting of single ventricle CHD. However, in 
those fetuses with the most profound reductions in CVO, 
even cerebral blood flow is diminished. In our experience, the 
only fetuses to be affected in this way are those with severe 
forms of EA, in which we have observed an average reduction 
in cerebral blood flow of 34%. Interestingly, although those 
fetuses with EA with circular shunts resulting from pulmo-
nary and tricuspid regurgitation and retrograde flow in the 
ductus arteriosus demonstrate a CVO approaching normal, 
these fetuses exhibit more severely compromised systemic 
blood flow than any other type of congenital cardiac malfor-
mation, with reductions in cerebral blood flow of approxi-
mately 50%. This failure of fetal cerebral autoregulation 
presumably reflects a combination of low systemic blood 
flow with hypotension and elevated central venous pressure 
relating to this highly inefficient circulation characterized by 
complete failure of the right ventricle. Reductions in cerebral 
blood flow may account for the dramatic decrements in brain 
size that we have observed in fetuses with EA, which are typi-
cally one standard deviation below the mean in fetuses with 
EA without circular shunting and more than two standard 
deviations below the mean in fetuses with circular shunting 
[33, 34]. The reductions in pulmonary blood flow (and lung 
volume) seen in fetuses with EA may also account for the 
poor pulmonary artery development that is typical of these 
newborns. Hypoplasia of the pulmonary arteries and elevated 
pulmonary vascular resistance complicate the management of 
newborns with EA, in whom the primary aim of management 
is to reduce right ventricular afterload to help establish nor-
mal saturations and a biventricular circulation. The profound 
hemodynamic compromise and evidence of its impact on 
end-organ development in fetuses with severe forms of EA 
support further investigation of fetal pharmacologic interven-
tions aimed at stabilizing the fetal circulation such as the 
administration of maternal non-steroidal inflammatory drugs 
to effect ductus arteriosus constriction, thus limiting circular 
shunting [33].
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21.5  Fetal Streaming in the Context 
of Congenital Heart Disease

The impact of many congenital cardiac malformations on 
fetal streaming has been the subject of considerable interest 
[7, 31, 35]. Fetal CMR has provided a unique opportunity to 
study this fascinating mechanism, whereby blood rich in 
oxygen and nutrients returning from the placenta via the 
umbilical vein is preferentially directed towards the coro-
nary and cerebral circulations via the DV and foramen ovale 
[36–38]. Magnetic resonance oximetry also provides us 
with a unique opportunity to study the impact of the disrup-
tion of fetal streaming resulting from the abnormal anatomi-
cal connections and obstructions of blood flow that are 
present in many forms of CHD on fetal oxygen transport. As 
predicted, the interruption of fetal streaming results in 
reductions in the oxygen saturations of the blood supplied to 
the AAo. Figure  21.5 shows the different hemodynamic 
mechanisms leading to this desaturation of the blood pro-
vided to the developing brain and heart compared with nor-
mal controls. In transposition of the great arteries (TGA), 
fetal streaming results in well-oxygenated reaching the left 
atrium in the normal way. However, because of the discor-
dant ventriculoarterial connections, this blood is now sup-
plied to the pulmonary circulation and descending aorta, 
while the more deoxygenated blood (which is also likely to 
be depleted of other metabolic substrates including glucose) 
that passes into the right ventricle is directed to the brain 
and heart. In TGA we therefore observe a reversal of the 
normal gradient in SaO2 between the AAo and MPA, with 
MPA SaO2 an average 6% higher than AAo SaO2, associated 
with AAo SaO2s that are 15% lower than they are in normal 
controls. It is interesting to note that amongst newborns 
with CHD studied at a population level, TGA was the only 

form of heart disease that was associated with a reduced 
head circumference in the setting of normal birthweight, in 
keeping with the abnormal streaming physiology that has 
been observed by MRI [19, 39].

Fetal streaming is also profoundly altered in fetuses with 
single ventricle physiology; indeed, streaming is essentially 
abolished in any form of congenital cardiac malformation in 
which there is effectively a single outlet of the heart. This is 
because the venous return is completely mixed in the heart, 
thus diluting the well-oxygenated blood from the placenta 
that is preferentially directed to the AAo when the cardiac 
anatomy is normal. Failure of streaming is therefore present 
in all forms of cyanotic CHD, resulting in reductions in AAo 
SaO2. However, the typical reductions in AAo SaO2 seen in 
fetal CHD are more severe than might be expected based on 
the disruption of streaming alone. This is because dimin-
ished umbilical blood flow and impaired placental gas 
exchange further contribute to the desaturation resulting 
from failure of streaming. It has been suggested that the 
interruption of fetal streaming resulting from congenital car-
diac malformations might result in increased pulmonary 
blood flow in some situations [31]. However, MRI measure-
ments of pulmonary blood flow in fetuses with CHD do not 
confirm this hypothesis. This may be because any pulmonary 
vasodilatory effect anticipated as a result of more oxygen 
reaching the pulmonary arteries due to the failure of stream-
ing is usually offset by reductions in fetal oxygen saturations 
resulting from placental dysfunction and diminished umbili-
cal blood flow. Indeed, magnetic resonance oximetry made 
in fetuses with CHD haS revealed that MPA SaO2 is lower 
than in control fetuses except in fetuses with TGA, in which 
MPA SaO2 is slightly higher than normal, accounting for a 
15% increase in pulmonary blood flow compared with 
controls.

Fig. 21.5 Fetal blood flow distribution and oxygen saturations in complex congenital heart diseases [19]. Numbers in circles represent flows as 
percentages of the combined ventricular output, oximetry is indicated by color coding. (Figure with permission from John Wiley & Sons)
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21.6  Fetal Cerebrovascular Physiology 
and Neurodevelopment in CHD

Experiments performed in animal models have revealed that 
exposure to acute hypoxemia induces a robust cerebral vaso-
dilatory response that protects the brain’s supply of oxygen 
[40]. This adaptation is achieved through cerebral arterial 
smooth muscle relaxation that is mediated by the action of 
adenosine produced in the cerebral parenchyma, as well as by 
other local pathways. The fetal cerebral vasodilatory response 
to hypoxia has been identified in human fetuses with placen-
tal insufficiency and is commonly referred TO as “brain-spar-
ing physiology” [41]. The detection of reductions in middle 
cerebral artery pulsatility in fetuses with CHD is in keeping 
with a similar brain-sparing effect [42]. In fetal CMR studies, 
measurements of superior vena caval flow are increased in 
fetuses with TGA compared with normal controls and other 
CHD fetuses. We have suggested that superior vena caval 
flow measured by phase contrast MRI in the late gestation 
fetus may represent a reasonable surrogate for cerebral blood 
flow [19], based on prior estimates that cerebral blood flow 
comprises the majority of superior vena caval flow in infants 
[43]. Fetal CMR has revealed dramatic increases in superior 
vena caval flow in hypoxemic fetuses with placental insuffi-
ciency [44]. It is possible that the increases in cerebral blood 

flow that might be anticipated in other forms of CHD in which 
there is cerebral hypoxemia may be dampened by reductions 
in CVO. Furthermore, it is interesting to note that the pro-
found cerebral vasodilatation that results in acute “brain-spar-
ing physiology” appears to recede in the setting of chronic 
fetal hypoxemia, whereby the longer-term impact of cerebral 
adenosine production is the downregulation of cerebral 
metabolism. A large body of in vitro work implicates the role 
of hypoxia-inducible factor (HIF) in regulating protein syn-
thesis and cell cycling in response to reductions in the cellular 
supply of oxygen, while fetal mice engineered to overexpress 
HIF exhibit Wnt signaling mediated hypomyelination that is 
typical of newborns with CHD [45, 46]. Similarly, a swine 
model of perinatal hypoxia exhibits diminished populations 
of neural stem cells and simplified cortical folding that are 
also present in newborns with CHD [47].

The demonstration of reductions in fetal brain oxygen-
ation and associated impairment of prenatal brain growth in 
fetuses with CHD by MRI supports the concept that fetal 
circulatory disturbances resulting from the heart disease may 
have a role in the adverse neurodevelopmental outcomes 
experienced by children with CHD [7]. In fetuses with EA, 
fetal MRI has revealed how the severity of the impairment of 
prenatal brain growth is closely linked with the severity of 
the heart disease (Fig. 21.6), and is associated with neurode-

Fig. 21.6 Correlations between prenatal brain weight z-score and 
superior vena cava flow, descending aorta flow, cerebral oxygen deliv-
ery, and peripheral perfusion in normal fetuses (black) vs. in fetuses 
with Ebstein anomaly/tricuspid valve dysplasia (red) [34]. With permis-

sion from Cambridge University Press. SVC superior vena cava, DAO 
descending aorta, SVC + DAO peripheral perfusion, cDO2 cerebral oxy-
gen delivery
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velopmental outcomes at 18 months [34]. Thus, fetal inter-
ventions that improve cerebral perfusion and oxygenation 
have the potential to improve neurodevelopmental outcomes 
in the setting of CHD. However, it has been suggested that 
impaired cerebral glucose delivery resulting from the same 
disruption of normal fetal circulatory physiology that results 
in cerebral hypoxemia may be more significant than any 
reduction in the oxygen content of the blood supplied to the 
fetal brain [48]. Ultimately, realistic animal models of CHD 
are likely to be crucially important in the elucidation of the 
mechanisms leading to the reduced brain size and immature 
grey and white matter maturation that is a feature of new-
borns with cyanotic CHD [49, 50]. A mouse model of hypo-
plastic left heart syndrome induced by in utero embolization 
of the left atrium represents one promising avenue of inves-
tigation in this respect [51].

21.7  Diagnosis and Prognosis in CHD

The potential of fetal CMR to enhance the accuracy of pre-
natal diagnosis in the setting of CHD has been explored by 
several groups. Lloyd et  al. revealed valuable additional 

diagnostic information using a novel three-dimensional 
motion-corrected slice-to-volume black blood CMR tech-
nique in 10% of 101 pregnancies affected by fetal CHD 
[52]. The same group assessed three-dimensional fetal vas-
cular morphology and perfusion using a combination of 
anatomical and cine phase contrast MRI to investigate the 
utility of fetal CMR to identify fetuses at risk of aortic 
coarctation [53], as shown in Fig. 21.6. In this study, the 
fetal CMR performed well for this difficult prenatal diag-
nosis, with a multivariate logistic regression model includ-
ing ascending aortic flow and isthmal displacement 
explaining 78% of the variation in outcome and correctly 
predicting the need for intervention in 93% of cases 
(Fig. 21.7). In a study of 31 fetuses with CHD referred for 
fetal CMR in the setting of inconclusive fetal echocardiog-
raphy Salehi et al. reported that fetal CMR contributed to 
patient management and/or parental counseling in 84% of 
cases [54]. Sun et al. described how fetal CMR was helpful 
in informing the perinatal management of a patient with 
tetralogy of Fallot with pulmonary atresia and suspected 
major aortopulmonary collaterals in the setting of a large 
congenital diaphragmatic hernia in whom the prenatal 
ultrasound imaging was very challenging [55].

a b c

Fig. 21.7 Fetal CMR imaging with 3D reconstruction in a case of 
coarctation of the aorta. Fetal heart imaged from a sagittal view (a, b); 
and from a posterior-superior position (c).AAo ascending aorta, DAo 
Descending aorta, TAo distal transverse aortic arch, BCA brachioce-
phalic artery, LCCA left common carotid artery, RCCA right common 

carotid artery, RSA right subclavian artery, LSA left subclavian artery, 
DA ductus arteriosus, MPA main pulmonary artery, LPA left pulmonary 
artery, RPA right pulmonary artery, SVC superior vena cava. (Images 
are courtesy of Dr. David Lloyd and Dr. Milou van Poppel)
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21.8  Other Utilities of Fetal CMR

21.8.1  The Assessment of Placental Function

Techniques developed for assessing the distribution of blood 
flow and oxygen transport across the fetal circulation have 
been applied to the assessment of placental function. MRI 
measurements of blood flow, hematocrit, and oxygen satura-
tion in the uterine, umbilical arteries, and veins provide an 
“input and output” model of placental oxygen transfer that 
constitutes a novel “placental function test” [56]. In addition 
to the quantification of fetal oxygen delivery and consump-

tion, this approach quantifies uterine blood flow and has pro-
vided the first in  vivo measurements of human placental 
oxygen consumption. In a comparison of late gestation 
human and sheep pregnancies, most of the uterine venous 
return was observed to pass through the ovarian veins, while 
human uterine blood flow and oxygen delivery decreased 
with advancing gestation. Increases in fetal oxygen extrac-
tion resulted in preservation of oxygen consumption, as 
illustrated in Fig. 21.8. This approach requires flow and oxy-
gen content measurements in both uterine and ovarian arter-
ies and veins and in the descending aorta and umbilical vein, 
as shown in Fig. 21.9.

Fig. 21.8 Placental hemodynamics and oxygen transport and con-
sumption in healthy normal human and sheep pregnant subjects in late 
gestation [57]. Figure adapted with permission from John Wiley & 
Sons. Q blood flow, DO2 oxygen delivery, SO2 oxygen saturation, VO2 

oxygen consumption, UtA uterine artery, UtV uterine vein, OV ovarian 
vein, UA umbilical artery, UV umbilical vein, Hgb [hemoglobin], m 
maternal, f fetal

Fig. 21.9 T2 relaxometry in major fetal and maternal vessel connections to the placenta with T2 recovery curves. UV umbilical vein, LOV left 
ovarian vein, ROV right ovarian vein, fDAo fetal descending aorta, mDAo maternal descending aorta
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Blood oxygen level-dependent (BOLD) imaging of the 
placenta represents a somewhat simplified approach to 
detecting doxyhemoglobin as a biomarker of placental insuf-
ficiency and fetal growth restriction, while dynamic contrast- 
enhanced MRI has been used to quantify placental perfusion 
in animal models [58], BOLD imaging of the placenta repre-
sents a somewhat simplified approach to detecting doxyhe-
moglobin as a biomarker of placental insufficiency and fetal 
growth restriction, while dynamic contrast-enhanced MRI 
has been used to quantify placental perfusion in animal mod-
els [59]. Placental BOLD and magnetic resonance spectros-
copy have also been used to explore placental function 
[58–61].

21.8.2  Combining Fetal and Placental CMR 
with Maternal CMR

In a preliminary exploration of the relationships between 
fetal and placental circulatory physiology and maternal car-
diac function and hemodynamics, Ducas et  al. performed 
CMR assessments of the maternal, placental, and fetal cir-
culations in a group of women with pre-existing heart dis-
ease in late gestation and at post-pregnancy follow-up 
(Fig.  21.10). Contrary to our expectations, women with 
moderate-to- severe valve or myocardial disease generally 
adapted successfully to the demands of pregnancy, showing 
a greater increase in cardiac index than their normal coun-
terparts. Placental perfusion and fetal oxygen delivery and 
growth were normal, even in the setting of Fontan physiol-
ogy. However, a subset of women with heart disease exhib-
ited a more limited cardiovascular response to pregnancy 
and were at risk of maternal cardiac complications includ-
ing heart failure, arrhythmia, hypertension, and preterm 
birth. It is interesting to consider whether pregnancy may 
represent a physiologic challenge that may reveal an 
increased risk of future complications in women with car-
diac disease, as it does in pregnant women with normal 
hearts.

21.8.3  Fetal Growth Restriction

Fetal CMR has been used to investigate the hemodynamics 
of the fetal circulation in the setting of late-onset placental 
insufficiency [44]. Fetuses exposed to chronic hypoxemia 
exhibit redistribution of the fetal circulation with diminished 
umbilical and pulmonary blood flow and increased cerebral 
blood flow. The results indicate that fetal circulatory “brain- 
sparing” adaptations tend to preserve cerebral oxygen deliv-
ery in the setting of placental insufficiency despite dramatic 
reductions in overall fetal oxygen delivery, although a subset 
of growth-restricted fetuses exhibited normally distributed 
blood flow in keeping with the dampening of brain-sparing 
physiology in the setting of chronic fetal hypoxia. These 
fetuses nevertheless exhibited an elevated brain-to-body vol-
ume ratio, indicating asymmetrical growth restriction. 
Despite the presence of asymmetric growth and circulatory 
adaptations to placental insufficiency, growth-restricted 
fetuses exhibited smaller brains at birth, which may account 
for the adverse neurodevelopmental outcomes previously 
reported following fetal growth restriction.

BOLD imaging of the placenta represents a somewhat 
simplified approach to detecting doxyhemoglobin as a bio-
marker of placental insufficiency and fetal growth restric-
tion, while dynamic contrast-enhanced MRI has been used to 
quantify placental perfusion in animal models [58], BOLD 
imaging of the placenta represents a somewhat simplified 
approach to detecting doxyhemoglobin as a biomarker of 
placental insufficiency and fetal growth restriction, while 
dynamic contrast-enhanced MRI has been used to quantify 
placental perfusion in animal models [59]. Placental BOLD 
and magnetic resonance spectroscopy have also been used to 
explore placental function 58–61.

21.8.4  Placental Function in CHD

The heart and placenta share key developmental pathways 
and the role of interactions between these two critical organ 

a b c d

Fig. 21.10 Maternal cardiac quantitative assessment in the setting of 
maternal heart disease in late gestation, using cardiovascular 
MRI.  Figure adapted with permission from Elsevier Inc. (a) Normal 
maternal ventricular function. (b) Functional assessment of the LV in a 
pregnant mother with a univentricular heart (tricuspid atresia; Fontan 

palliation). (c) Bi-ventricular functional assessment in a mother with 
TGA after Mustard operation with a systemic RV. (d) Severe aortic 
regurgitation measured using a combination of 2D cine phase-contrast 
and short-axis cine SSFP MRI in a case of maternal bicuspid aortic 
valve
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systems for early human development remains an active 
field of research [62, 63]. In a cohort of 924,442 liveborn 
infants including 7569 with CHD, the placentas of new-
borns with CHD were smaller than controls, with pregnan-
cies affected by fetal tetralogy of Fallot, double outlet right 
ventricle and major ventricular septal defects the most 
severely affected [39]. In this study using Danish national 
registry data, reductions in placental weight were associ-
ated with lower birthweight and reductions in neonatal 
head circumference. Other studies have revealed lower 
placenta-to-body weight ratios and abnormalities of pla-
cental vascular structure including reduced density and 
maturity of terminal villi, chorangiosis, thrombosis, and 
infarction in pregnancies affected by fetal CHD [32, 64, 
65]. Fetal CMR has revealed reductions in umbilical vein 
oxygen saturations in pregnancies complicated by a range 
of fetal cardiac malformations including tetralogy of Fallot 
and hypoplastic left heart in keeping with subtle placental 
dysfunction [19].

While the etiology of placental disease in patients with 
CHD is not yet fully understood, it would now appear to be 
clear that placental disease plays a role in the fetal growth 
restriction that is present in all major forms of cyanotic 
CHD.  However, there is likely to be a subtle interplay 
between fetal cardiovascular function and placental function 
in the setting of CHD. For example, the diminished umbili-
cal blood flow we found in fetuses with single ventricle 
physiology associated with reduced CVO further contributed 
to a reduction in fetal oxygen delivery and therefore fetal 
oxygen saturations. Thus, the combination of placental and 
heart disease in the fetus may have an adverse impact on fetal 
development. For example, moderate-to-severe brain inju-
ries occurred in 55% of CHD pregnancies with abnormal 
placental histology compared with 11% of those with a nor-
mal placenta [64].

21.8.5  Percutaneous Fetal Cardiac 
Interventions

Fetal MRI has an emerging role in the setting of fetal car-
diac interventions (FCI). An important example is in the 
setting of hypoplastic left heart syndrome (HLHS), in 
which the presence of a severely restrictive or intact inter-
atrial septum confers a significantly more complex clinical 
course and adverse outcomes [66]. The restrictive atrial 
communication results in left atrial hypertension, with 
associated muscularization of the pulmonary veins, hypo-
plasia of the small pulmonary arteries, and pulmonary lym-
phangiectasia. In utero decompression of the left atrium by 
radio-frequency perforation and balloon dilation, with or 
without stenting, results in more stable hemodynamics in 
the neonatal period and improved long-term survival [67–

69]. Fetal MRI provides an additional tool for assessing the 
severity of fetal pulmonary venous obstruction through the 
identification of pulmonary lymphangiectasia [67, 70]. In 
pulmonary lymphangectasia, dilated high-signal lymphat-
ics in the interlobular septa and peri-bronchovascular inter-
stitium result in heterogeneous signal intensity of the fetal 
lungs on single-shot T2-weighted fast spin echo [71]. These 
findings may be accompanied by pleural effusions (chylo-
thoraces) and have been referred to as “nutmeg lung” [72]. 
Fetal CMR measurements made before and after in utero 
atrial septostomy ± atrial stenting reveal improvements in 
the low pulmonary blood flow that is characteristic of 
obstructed pulmonary venous drainage. Follow-up fetal 
MRI after atrial septostomy also reveals an improvement in 
the appearance of the lung parenchyma, as shown in 
Fig. 21.11. T2 weighted fast spin echo detects changes sug-
gestive of pulmonary lymphangectasia as early as 26 weeks 
gestation, and the findings are with consistent with postna-
tal lung biopsy, which is the gold-standard approach to 
diagnosing pulmonary lymphangectasia [67, 70, 73]. While 
relief of pulmonary venous hypertension during fetal life 
results in improved hemodynamics in the neonatal period, 
we have experienced ongoing problems with the pulmo-
nary circulation following initial surgery, including pulmo-
nary vein stenosis and underdevelopment of the pulmonary 
arteries [74–76].

Fetal CMR has also been used to aid decision-making in 
the setting of TGA with intact intraventricular septum with a 
highly restrictive or intact atrial septum. Although atrial sep-
tal restriction is a rare complication of fetal transposition, 
these patients are at high risk of profound cyanosis at birth, 

Fig. 21.11 Fetus with HLHS and highly restrictive atrial septum at 26 
weeks gestation. Severe lung lymphangiectasia with markedly hetero-
geneous lung signal with high signal tubular structures in the lungs on 
T2 weighted fast spin echo
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which may result in hypoxic-ischemic brain injury, or even 
neonatal death if a balloon atrial septostomy cannot be 
undertaken in a timely manner [77]. In one case of transposi-
tion with a restrictive atrial septum cared for at the Hospital 
for Sick Children, in utero balloon atrial septostomy was 
performed at 36 weeks gestation [78]. In a second case, fetal 
CMR confirmed an improvement in atrial level shunting fol-
lowing atrial septostomy. While the pre-procedural oximetry 
indicated an unusual situation in which oxygen saturations 
were higher in the right heart than the left, following the sep-
tostomy this gradient resolved [55].

21.8.6  NSAID Therapy in the Management 
of a Circular Shunt

In the most profound forms of tricuspid valve dysplasia or 
EA, the severity of tricuspid regurgitation renders the right 
ventricle incapable of generating adequate pressure to open 
the pulmonary valve and produce forward flow into the MPA 
and the ductus arteriosus. This results in retrograde filling of 
the pulmonary arteries from the aorta via the ductus arterio-
sus. In fetuses that also develop pulmonary regurgitation a 
circular shunt is set up whereby retrograde ductal flow steals 
blood from the aorta, passing backwards through the right 
ventricle and tricuspid valve and ultimately flowing back 
across the foramen ovale and into the left heart and systemic 
circulation. This results in a life-threatening hemodynamic 
situation with decreased systemic blood supply and cerebral 
perfusion [79, 80]. The maternal administration of non- 
steroidal anti-inflammatory drugs (NSAIDs) has a constrict-
ing effect on the ductus arteriosus and stabilizes the 
circulation in the setting of a circular shunt. Fetal CMR has 
revealed that while circular shunting has a profound impact 
on systemic perfusion in fetuses with EA or tricuspid valve 
dysplasia, this is improved following the administration of 
NSAIDs [33].

21.8.7  Fetal Anemia

Fetal anemia resulting from alloimmunization, inherited 
hemoglobinopathies or parvovirus infection is a critical con-
dition leading to tissue hypoxia, hydrops fetalis, and even 
fetal death if left untreated [81–83]. Anemia results in a 
hyperdynamic fetal circulation and the Doppler detection of 
an elevated peak systolic velocity in the middle cerebral 
artery is a highly sensitive marker of an initial presentation 
of fetal anemia [84, 85]. However, middle cerebral artery 
peak systolic velocity becomes less specific with repeated 
transfusions, exposing patients to the potential of unneces-
sary and risky interventions and may be falsely reassuring in 
approximately 5% of alpha-thalassemia patients with 
moderate- to-severe anemia [86]. Based on a comparison of 
hematocrit measured by MRI with direct blood sampling and 
middle cerebral artery peak systolic velocity, Xu et  al. 
reported that the application of fetal CMR could improve 
clinical care by limiting unnecessary invasive umbilical cord 
blood samples in fetuses with abnormal Dopplers [87].

21.8.8  Maternal Hyperoxygenation

The maternal administration of supplemental inhaled oxy-
gen results in an increase in fetal PaO2 and has been 
explored as a diagnostic challenge to assess fetal pulmo-
nary vascular resistance and as a treatment in the setting of 
fetal growth restriction and CHD. Porayette et al. confirmed 
the expected increases in umbilical vein T2 in response to 
acute maternal hyperoxygenation in human pregnancies 
with normal hearts and in fetuses with CHD [88]. An epi-
sode of acute maternal hyperoxygenation resulted in an 
increase in umbilical vein SO2 (80.4 ± 6.9 vs. 87.8 ± 7.3%, 
P = 0.0004), fetal DO2 (26.4 ± 7.6 vs. 30.6 ± 5.2 ml/min/kg, 
P = 0.03) and increases in fetal cerebral oxygen delivery in 
excess of 20% in late gestation fetal sheep (Fig. 21.12). By 

Fig. 21.12 Percentage 
changes in UtA flow, UV SO2, 
and fetal DO2 following the 
administration of the uterine 
vasodilator resveratrol and 
maternal hyperoxygenation. 
VEH vehicle oxygen, RSV 
resveratrol, NX normoxic, MH 
maternal hyperoxygenation, 
UtA uterine artery, PO2 partial 
pressure of oxygen, SaO2 
oxygen saturation, DO2 
oxygen delivery
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Fig. 21.13 Magnetic resonance imaging of a large single apical cardiac tumor of a fetus at 35 weeks gestation, compressing on both left and right 
ventricles (white arrow)

contrast, we observed no increase in fetal oxygenation in 
response to uterine artery vasodilation with resveratrol 
(RSV).

21.8.9  Fetal Cardiac Tumors

Tumors of the fetal heart rarely reach a size warranting fetal 
intervention. However, the role of fetal MRI has been 
explored in the setting of fetal cardiac tumors, as shown in 
Fig. 21.13. Cerebral T2 weighted fast spin echo may confirm 
the presence of subependymal nodules and cortical tubers to 
provide a definitive diagnosis of tuberous sclerosis in the set-
ting of cardiac rhabdomyomas [89]. Giant cardiac tumors 
may result in impairment of fetal cardiac filling or cause sig-
nificant outflow tract obstruction. One case report describes 
the use of cine cardiac SFFP imaging in a fetus presenting 
with a massive rhabdomyoma at 31 weeks gestation. The 
imaging clearly demonstrated the extremely large mass 
involving the free wall of the left ventricle and the interven-
tricular septum and confirmed patency of the left ventricular 
outflow tract, which had been obscured by the mass on fetal 
echocardiography [90]. Transplacental treatment was initi-
ated with sirolimus which resulted in significant reduction of 
the size of the mass and improved biventricular systolic 
function on MRI.

21.8.10  Exploring Fetal Physiology and New 
Interventions Through Animal Models

DV is an important fetal structure which plays an important 
role in determining the distribution of oxygen and nutrition- 
rich blood returning from the placenta via the umbilical vein. 

The dynamic tone of the DV is responsive to the oxygenation 
of the fetus [91–94]. Acute fetal hypoxemia affects dilation 
of the DV, allowing more oxygenated blood to bypass the 
portal vein and liver. This phenomenon has also been noted 
in growth-restricted fetuses, who have been reported to 
exhibit an increase in the ratio of DV to umbilical blood flow 
[95–97]. Evidence that endogenous prostaglandins regulate 
DV tone has been provided by animal studies [98, 99]. Darby 
et  al. used 4D flow and T2 oximetry to examine the fetal 
circulatory impact of an infusion of PGI2 delivered to the 
umbilical vein, as illustrated in Fig. 21.14 [100]. The results 
confirmed that PGI2 resulted in a greater proportion of the 
oxygen-rich blood in the umbilical vein passing through the 
DV. A positive relationship was observed between the mag-
nitude of DV shunting and the cross-sectional area of the 
vessel, confirming that dilation of the DV results in increased 
blood flow through it. However, prostaglandin-induced DV 
shunting was not associated with any increase in cerebral 
oxygen delivery, which was attributed to the pulmonary 
vasodilatory effect of the prostaglandin, which resulted in 
diminished foramen ovale shunting. The findings of this 
study emphasize the importance of evaluating the whole 
fetal circulation in studies investigating the impact of vaso-
active drugs.

21.8.11  Uterine Artery Vasodilators

In another study conducted by the Early Origins of Adult 
Health Research Group at the University of South Australia, 
the effect of subcutaneous RSV was investigated in pregnant 
sheep [101]. RSV is a uterine artery vasodilator and the study 
employed MRI to quantify uterine artery blood flow, as well as 
fetal blood sampling for blood gases and RSV titers and a 
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a b

c d

Fig. 21.14 Blood flow particle trace visualization of UV flow through 
the DV into the IVC, color-coded based on origin and speed. (a, b) 
basal state; (c, d) during PGI2 infusion [100]. Red color on (a) and (c) 
represents oxygen and nutrition-rich blood from the UV, with blue 

 representing deoxygenated blood from the distal IVC. Color coding on 
(b) and (d) represents speed of blood flow across the DV. (With permis-
sion from John Wiley & Sons)

range of molecular analyses of fetal tissues. The results 
revealed an increase in uterine artery blood flow in the RSV 
treatment group which was associated with an increase in fetal 
weight. Of note, no RSV was detected in fetal circulation, sug-
gesting that in contrast to several other species, the sheep pla-
centa is impervious to RSV.  There remains interest in the 
potential of RSV as a therapy for fetal growth restriction.

21.8.12  Detection of Fetal Myocardial 
Ischemia

Cardiovascular disease is the leading cause of death in 
developed countries [102]. As the adult myocardium has a 

very limited capacity for regeneration following injury, the 
focus of attention has been on primary and secondary pre-
vention. In contrast with human adult patients, hypoxic 
events have revealed remarkable cardiac regenerative prop-
erties in a range of animal models (adult zebrafish, new-
born mouse, neonatal pig, and fetal sheep) [103–106]. The 
ability of the myocardium to proliferate rather than scar in 
response to injury is mostly related the stage of heart devel-
opment and relation to birth. Lock et al. examined cardiac 
regeneration in fetal and adolescent sheep using a coronary 
artery ligation myocardial infarction model. CMR was 
employed to confirm and measure the extent of myocardial 
injury on late gadolinium enhancement in fetal and adoles-
cent subjects, revealing remarkable differences between the 
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Fig. 21.15 3D inversion recovery FLASH (IR-FLASH) gadolinium 
imaging in fetal (a, b) and adolescent (c, d) sheep model of myocardial 
infarction (MI) by coronary ligation. Early gadolinium IR-FLASH 
imaging employed immediately after MI surgery confirmed the extent 
of myocardial ischemia in the anterior and anterolateral myocardium 

(a, c). Late gadolinium IR-FLASH imaging performed 6 days after MI 
in the fetus (b) and 15 days after MI in the lamb (d) confirmed the 
extent of myocardial scarring/damage; resolution of 0.6 × 0.6 × 0.6–
0.9 mm (white arrow)

two age groups with obvious myocardial regeneration 
observed in fetal myocardium [107]. Cho et  al. recently 
explored the use of a 3D inversion recovery FLASH 
(IR-FLASH) sequence in fetal and adolescent sheep model 
of myocardial infarction to confirm and measure extent of 
myocardial ischemia and injury using early and late gad, 
respectively at various stages of injury, shown in Fig. 21.15 
(unpublished data).

21.8.13  Fetal Ventricular Volumetry

Ventricular volumetry remains a challenge for fetal 
CMR. However, under the controlled conditions possible in 

a fetal sheep model, ventricular volumetry is feasible [108], 
as shown in Fig. 21.16. Cho et al. confirmed the accuracy of 
cine SSFP measurements of stroke volume through com-
parison with ventricular outputs measured by cine phase 
contrast MRI. The inclusion of the papillary muscles in the 
blood pool resulted in small differences in myocardial mass 
compared to post-mortem pathology. Fetal CMR confirmed 
the greater contribution to CVO provided by the right ven-
tricle, with larger right ventricular end-diastolic volumes 
and stroke volumes compared with the left. One interesting 
observation was the lack of difference between left and right 
ventricular ejection fractions, which may be explained by 
the different loading conditions present in the fetal circula-
tion. Ongoing advances in fetal CMR technology are 
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a b

c d

Fig. 21.16 Ventricular volumetry by post-processing of a short-axis cine fetal CMR in fetal sheep [108]. Contoured 2D cine images of the fetal 
heart (a, b), reconstructed into ventricular volumes (c, d). (With permission from John Wiley & Sons)

expected to result in the feasibility of human fetal ventricu-
lar volumetry by CMR, which would potentially be of inter-
est in a range of settings.

21.8.14  Pathophysiological Impact 
of Maternal Late Gestation 
Undernutrition

Fetal CMR has also been used to investigate fetal pulmonary 
vascular physiology in the setting of a sheep model of mater-
nal undernutrition [109]. Healthy fetal lung development and 

surfactant maturation are highly dependent on certain 
 substrates. The supply of these elements is dependent on pla-
cental function and/or maternal nutritional status, and the 
consequences are dependent on the severity and duration of 
the insult and the timing of gestation. Fetal CMR has been 
used to characterize fetal pulmonary hemodynamics and oxy-
genation to examine relationships between maternal undernu-
trition, fetal surfactant maturation, pulmonary blood flow, and 
oxygen delivery. Of note, pulmonary surfactant protein gene 
expression was inversely related to pulmonary oxygenation, 
raising the possibility that pulmonary vasodilators might have 
an adverse impact on fetal lung development.
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22.1  Introduction

Cardiac magnetic resonance (CMR) has increasingly 
replaced diagnostic cardiac catheterization as a method of 
assessing cardiac anatomy, measuring blood flow, and quan-
tifying ventricular function. Nevertheless, interventional car-
diac catheterization is a growth area for providing treatments 
for congenital heart disease. Furthermore, diagnostic cardiac 
catheterization is still necessary when intra-cardiac or intra- 
vascular pressure measurements are required. Currently, 
X-ray fluoroscopy is the imaging modality of choice for 
guiding cardiac catheterization with some interventions also 
utilizing echocardiography. However, there are problems 
with this approach and the use of CMR during catheteriza-
tion may be able to solve them. In this chapter, the role of 
CMR in the catheterization laboratory, both for guidance and 
cardiac assessment, will be reviewed. By the end of this 
chapter, the reader should have a greater understanding of 
the current state and future possibilities of interventional 
CMR.

22.2  Rationale for Magnetic Resonance 
(MR)-Guided Cardiac Catheterization

22.2.1  Reduced X-Ray Exposure

Medical exposure to ionizing radiation is increasingly being 
recognized as a significant health risk for both patients and 
health care professionals [1, 2]. Although the number of car-
diac catheterizations is relatively low when compared to 
chest X-rays, the exposure levels are much greater. In adults, 
the UK National Radiation Protection Board has calculated, 
the mean risk of developing a solid tumor after single cardiac 
catheterization procedure is approximately 1  in 2500. 
Unfortunately, in patients with congenital heart disease the 
risk may be greater for the following reasons.

• Many patients with congenital heart disease are children 
or young adults and they have a greater risk of malig-
nancy after radiation exposure. For instance, if exposure 
occurs at 5 years of age, the risk of malignancy is increased 
to approximately 1 in 1000.

• Interventions in congenital heart disease often take longer 
than in adult ischemic disease. This is due to both the 
greater complexity of the actual interventions and the 
more difficult anatomy of the patients. Unfortunately, this 
problem is likely to be exacerbated by the increasing 
complexity of congenital interventions.
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• Finally, patients with congenital heart disease are likely to 
have several catheterizations throughout their lives multi-
plying the risk of developing radiation exposure-related 
health problems.

Thus, there is a need to reduce exposure to ionizing radia-
tion during congenital cardiac catheterization. The develop-
ment of real-time CMR offers the possibility of catheter 
guidance without exposure to X-ray radiation. Reduction 
and eventual elimination of the ionizing radiation exposure 
during cardiac catheterization is one of the main driving 
forces in the development of interventional CMR.

22.2.2  Increased Anatomical Information

Fluoroscopy provides excellent visualization of catheters, 
guide wires, devices, and bony structures. However, it per-
forms less well in delineating soft tissue structures in the 
heart and vessels. Furthermore, it only provides 2D projec-
tion images, making depth perception more difficult. Invasive 
angiography can provide lumenographic views of the anat-
omy, which when combined with the operator’s knowledge 
of the anatomy can provide sufficient information for many 
interventions. However, in congenital heart disease, there are 
several problems with this traditional approach to catheter-
ization. Firstly, it is highly dependent on the operators ‘men-
tal image’ of the anatomy. This may be sufficient in patients 
with near-normal anatomy, but in more complex cases the 
lack of true anatomical information makes the intervention 
more difficult. This not only prolongs the procedure, but also 
increases the small risk of perforating the heart or great ves-
sels or other complications. Furthermore, as interventions 
become more ambitious, the need for accurate delineation of 
cardiac anatomy becomes more pressing. In fact, some novel 
interventions may not be clinically possible without better 
imaging. In many centers, CMR has become the optimum 
way to assess cardiac anatomy due to excellent visualization 
of soft tissue structures, unrestricted 2D imaging, and true 
3D imaging capabilities. These properties of CMR make it 
particularly interesting as a possible additional or replace-
ment imaging modality for cardiac catheterization.

22.2.3  Increased Functional Information

Cardiac catheterization is important in the assessment of 
ventricular and vascular hemodynamics. For instance, inva-
sive pressures and blood flow measurements allow calcula-
tion of pulmonary vascular resistance (PVR), which is a vital 
part of the diagnostic work-up in patients with pulmonary 
hypertension. Unfortunately, the currently used invasive 
methods of flow quantification are associated with signifi-

cant inaccuracies. For instance, the Fick method requires 
multiple measurements to be taken which multiplies inaccu-
racy. Other methods of invasive flow quantification (e.g., 
indicator dilution and thermodilution techniques) also suffer 
from unreliability, particularly in the presence of valvular 
regurgitation and shunts. Velocity-encoded phase contrast 
MR is a very accurate method of measuring flow and has the 
benefit of being reliable in the presence of regurgitation and 
shunts. Thus, CMR opens the possibility of more accurate 
quantification of PVR. CMR-guided cardiac catheterization 
also allows other physiological parameters to be assessed 
including the construction of pressure volume (P-V) loops 
through simultaneous measurement of ventricular volumes 
and pressures. It has been shown that CMR is the most accu-
rate and reproducible method of quantifying ventricular vol-
umes and thus P-V loops constructed using this technique 
should be able to accurately gauge abnormal ventricular 
hemodynamics in disease.

22.3  Requirements for Interventional CMR

22.3.1  Interventional MR Suite

There are many specialist pieces of equipment required for 
interventional CMR. However, it can be argued that the most 
important is the interventional CMR suite. This is because 
safe procedures are very dependent on the environment in 
which they are performed. Though interventional CMR can 
be performed in isolation, most are performed in an environ-
ment where it is possible to revert to traditional X-ray 
fluoroscopy.

There are two common designs for interventional CMR 
suites. The simplest solution is to include the X-ray equip-
ment in the radiofrequency (RF)-shielded CMR scanner 
room (Fig.  22.1), with the patient being transferred 
between the two imaging modalities by some form of 
moveable tabletop [3]. This requires the scanner room to 
be enlarged so that the X-ray equipment can be placed 
safely outside the 5 Gauss line. The enlarged room also 
enables ferromagnetic materials to be used in the ‘X-ray 
side’ of the room without risk of attraction by the static 
magnetic field. For this solution to work the X-ray intensi-
fier must be shielded to prevent magnetic distortion, while 
all X-ray equipment must be shut down during CMR scan-
ning to prevent RF interference. The main problems with 
this solution are that:

 1. Bringing ferromagnetic equipment into the scanner room 
increases the risk of accidental transfer to the ‘MR side’ 
of the room, and

 2. The enlarged RF-shielded room is significantly more 
expensive than a normal CMR scanner suite.
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Fig. 22.1 Photograph of an 
interventional CMR suite in a 
single-room RF-shielded 
room. (Courtesy of Reza 
Razavi, Kings’ College 
London)

Fig. 22.2 Photograph of an 
interventional CMR suite 
consisting of a separate 
catheterization laboratory and 
MRI scanner. The two rooms 
are separated by RF-shielded 
doors

The second solution is to have separate MR scanners and 
cardiac catheterization suites separated by RF-shielded doors 
(Fig. 22.2) [4]. This solution has the benefit of being able to 
run both facilities independently, with the only separation 

being the RF-shielded doors. However, there are 
 disadvantages including: Further transfer distance for 
patients, requirement for two anesthetic machines, and the 
larger total floor space required.
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Both solutions have been installed in various centers and 
the choice is mainly dependent on the requirements of the 
institution. Irrespective of the solution chosen, it is important 
that a suitable CMR scanner is used. Most importantly, the 
configuration of the scanner must allow sufficient access to 
the patient to perform catheter manipulation.

Over the last 5 years, there has been an increased use of 
CMR scanners in isolation without the immediate availabil-
ity of X-ray fluoroscopy (Fig.  22.3). The safety of this 
approach has been demonstrated in a single-room CMR/ 
X-ray environment (X-ray backup), to successfully perform 
X-ray free right-heart CMR-guided catheterization in 
patients with congenital heart disease, using only the CMR 
component of the suite [5]. Studies using CMR setups in iso-
lation have confirmed the safety and applicability of this 
approach in both children with CHD [6] and adults undergo-
ing PVR assessment [7].

It should be noted that vertical bore ‘open’ scanners are 
currently marketed for the interventional MR. However, in 
most there is still considerable distance between the operator 

and the patient, making it difficult to manipulate catheters. 
Wide short horizontal bore scanners may be a better solution 
as the operator has better access to the patient’s groin. Of 
course, it is also important that the CMR scanner produces 
high-grade cardiac images and the earliest examples of short- 
bore scanners neither had good enough gradients nor mag-
netic field homogeneity to provide this. Nevertheless, new 
scanners have bored lengths of about 120 cm and diameters 
of about 70 cm, while producing excellent imaging. These 
new scanners offer a good compromise for interventional 
CMR.  Another vital consideration is the need for in-room 
controls. Most CMR scanners are controlled from a control 
room outside the RF cage. However, in interventional MR 
the operator must be able to view real-time MR images and 
easily instruct changes in scanning to follow the catheter. 
Thus, interventional CMR scanners must have some form of 
in-room control and display that allows complete control of 
the MR scanner.

Fig. 22.3 Setup for using interventional CMR in isolation
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22.3.2  Real-Time Imaging

Real-time imaging is a prerequisite for CMR-guided inter-
ventions. Gradient echo sequences are generally used in real- 
time imaging due to their short acquisition times. Balanced 
steady-state free precession (b-SSFP) sequences have 
become the mainstay of CMR, offering excellent blood pool 
myocardial delineation and high SNR. In addition, real-time 
b-SSFP techniques have been used to assess cardiac function 
and dynamic anatomy. The majority of studies for CMR- 
guided cardiac catheterization use real-time b-SSFP 
sequences for catheter and anatomical visualization [8, 9]. In 
normal cardiac imaging, b-SSFP is performed using cardiac 
gating. However, for real-time imaging data must be acquired 
continuously with each k-space frame being filled in a 
sequential manner. The temporal resolution is therefore 
dependent on the time taken to fill a single k-space frame, 
which is in turn dependent on repeat time (TR) and the num-
ber of phase encoding steps. In b-SSFP imaging, TR is 
already short and therefore increased temporal resolution 
requires a reduction in the number of phase-encode steps. 
This can be accomplished by choosing a lower imaging 
matrix (i.e., 128 × 128), utilizing a rectangular field of view 
(FOV) (i.e., 60% of FOV), and using the partial Fourier tech-
nique. Utilizing the techniques described above a temporal 
resolution of 100ms can be achieved translating into a frame 
rate of 10 per second [10]. This temporal resolution is suffi-
cient for simple interventions (Fig. 22.4) but is probably not 
sufficient for more complex interventions in congenital heart 
disease. Another method of increasing temporal resolution is 
to undersample k-space and use information from multiple 
coils or temporal correlations to remove aliasing (i.e., 
SENSE or kt-BLAST). However, in interventional CMR, 
real-time acquisition must be coupled with real-time recon-
struction. Most modern scanners are able to perform real- 
time reconstructions of non-undersampled data. 
Unfortunately, for techniques like SENSE and kt-SENSE, 
reconstruction is computationally more intensive and real- 
time image display is difficult. Thankfully the advent of par-
allel computing, particularly on graphical processing units, 
does open the possibility of real-time reconstruction of heav-
ily undersampled data [11]. Thus, real-time techniques with 
a similar spatial and temporal resolution to traditional gated 
CMR could be used for interventions.

In addition to real-time acquisition, a further requirement 
of interventional CMR is the ability to interactively change 
the imaging plane to follow the catheter. This can be accom-
plished either automatically or manually depending on the 
mechanism of catheter tracking. Several groups are actively 
developing methodologies to improve the ability to visualize 
and track catheters within the heart. These include tracking 
multiple points on the catheter on an overlaid 3D MR angio-

gram and real-time acquisition of multiple perpendicular 
planes through the thorax. It is the development of these real- 
time acquisition and visualization techniques that have made 
MR-guided cardiac catheterization a possibility.

22.3.3  Catheter Visualization

Catheters can be visualized within the cardiovascular sys-
tem using either active or passive methods. Passive catheter 
visualization relies on inherent properties of the catheter to 
provide either local signal enhancement or loss. In b-SSFP 
sequences the blood is bright and therefore techniques that 
rely on signal loss/voids are more useful in the cardiovascu-
lar system. Several methods have been proposed including 
the use of dysprosium rings placed on conventional cathe-
ters, and the use of standard balloon catheters filled with 
CO2. The signal void produced by dysprosium is due to its 
inherent lack of signal and magnetic susceptibility artifact 
[12]. Thus, the signal void produced by a dysprosium ring is 
larger than the ring itself, which is good as it increases the 
prominence of the marker. Furthermore, dysprosium rings 
can provide visualization of the whole length of the catheter. 
Unfortunately, currently no such catheters are available for 
human use. The signal void produced by CO2 is also due to 
inherent lack of signal. Magnetic susceptibility is less 
important in this technique and the signal void produced by 
a balloon filled with CO2 is approximately the same size as 
the balloon itself. The benefit of this approach is that it uses 
standard catheter laboratory equipment and thus, poses no 
greater safety risk to the patient [7, 10]. More recently, stud-
ies have used catheter balloons filled with gadolinium con-
trast agent [5, 9], providing positive contrast, which may 
prove more useful for automated catheter-tip tracking in the 
future.

The other approach is to use active catheter visualization 
and tracking techniques (Fig. 22.5). Active devices are con-
nected to the scanner and comprise of micro-coils or loopless 
antennae, which can be used for signal reception. Automatic 
tracking of micro-coil tips is possible using three 1D projec-
tions. Projection  imaging can be interleaved with b-SSFP 
imaging for superimposition of tracking data onto real-time 
anatomy. As loopless antennae receive signal from the sur-
rounding protons during conventional 2D imaging, they can 
be visualized along their length and superimposed onto the 
image from the surface coil [13, 14]. Thus, these active tech-
niques have significant advantages over passive catheter 
visualization. Unfortunately, the fundamental problem with 
active devices is their susceptibility to heating with the MR 
environment. Several techniques are under development to 
solve this problem, but currently, they have not been utilized 
in patients with congenital heart disease.
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22.3.4  Devices and Delivery Systems

Almost all interventional devices (i.e., stents and ASD 
devices) are MR compatible after insertion. In fact, several 
groups have performed CMR immediately after device 
implantation with no adverse effect on device function [3, 4]. 
However, this is not the case for most delivery systems, as 
they require guide wires. Guide wires enable proper posi-
tioning and delivery of almost all interventional cardiac 
devices. They are traditionally metallic as this gives them the 
right combination of stiffness, flexibility, and strength. 

Unfortunately, long guide wires are known to heat up during 
MR scanning. Thus, they are not suitable for interventional 
CMR. Currently, this is the biggest impediment to the devel-
opment of interventional cardiac MR. Several solutions have 
been tried and tested over the last decade [6, 15], including 
active detuning and decoupling during scanning, integration 
of serial transformers into the guide wire [16], and the use of 
novel non-conductive material such as fiberglass. These 
MR-compatible guide wires are currently in various stages 
of regulatory approval. Though they may well revolutionize 
interventional CMR, they are not routinely used at present.

Fig. 22.4 Frames of CMR guided cardiac catheterization. Imaging 
sequence: real time b-SSFP. White arrows point to the signal void pro-
duced by the CO2-filled balloon tip. (a) Catheter in inferior vena cava. 
(b) Catheter at inferior vena cava right atrial junction. (c) Catheter in 

right atrium. (d) Catheter being advanced into right ventricle. (e) 
Catheter in right  ventricular outflow tract. (f) Catheter in right pulmo-
nary artery. (Courtesy of Reza Razavi, Kings’ College London)

a b

c d
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22.3.5  X-Ray/MR Fusion Technology

As previously stated, the lack of MR-compatible delivery sys-
tems makes true interventional CMR difficult in humans. 
Thus, there is a need for an interim solution that uses the 
power of CMR to improve cardiac catheterization procedures. 
This can be achieved by X-ray/MR fusion, which uses CMR 
data to provide anatomical roadmap during fluoroscopy- 
guided procedures [17, 18] (Videos 22.1 and 22.2, Fig. 22.6). 
The benefit of this fusion approach is that 3D CMR informa-
tion can be used to improve visualization during 2D projec-
tion fluoroscopic imaging. A necessity for this approach is 
accurate registration of CMR and X-ray space to prevent mis-
alignment of CMR overlays during catheterization. It is also 
important that these overlays automatically respond to posi-
tioning of the X-ray fluoroscopy C-arms. This can be achieved 
by using MR and X-ray visible fiducial markers and real-time 
display of various 3D CMR data depending on the position of 
the patient and the C-arms. Several centers have demonstrated 
the use of fusion technology to aid congenital interventions as 
well as electrophysiological studies.

22.3.6  Safety Procedures 
for Interventional MR

There is a great deal of literature on MR hazards and safety 
issues and a comprehensive review and discussion of the sub-
ject is outside the scope of this chapter (see Chap. 2). However, 
this area is probably one of the most important in interventional 
CMR. Traditional catheterization utilizes many ferromagnetic 
objects, from scissors to introducer needles. In the interven-

e f

Fig. 22.4 (continued)

Fig. 22.5 b-SSFP images of an active catheter inserted percutaneously 
from the femoral artery, through the aorta, and towards the left subcla-
vian artery. Device-related signal is evident with independent catheter 
receiver channels allowing colorized reconstruction of the catheter (first 
and third coil, green; middle coil, red; catheter shaft, blue). (Courtesy 
Ozgur Kocaturk, NHLBI, NIH)
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Fig. 22.6 XFM-guided ventricular septal defect (VSD) device closure. 
XFM-guided VSD closure in an adult patient. (a) VSD identification by 
CMR; (b) CMR segmentation of the right ventricle (turquoise), left 
ventricle (peach), aortic outflow (orange), tricuspid valve markers (dark 
blue), and VSD (green) demonstrating the ideal camera gantry angle for 

intervention; (c) left ventriculogram in the LAO 57/CRAN 15 projec-
tions with peak contrast opacification of VSD demonstrating difficulty 
in angiographic delineation of the shunt; and (d) post device closure of 
VSD with the device position corresponding to the XFM VSD marker. 
(With permission from Grant EK, Kanter JP, Olivieri LJ, et al. [18])

tional CMR environment, these would be attracted to the mag-
net leading to possible projectile injuries. Of course, it is not 
feasible to replace all the ferromagnetic objects used during 
cardiac catheterization. Thus, most human interventional CMR 
relies on using these objects outside the 5 Gauss line of the 
scanner. In units with interventional CMR suites, this entails 
performing the initial part of the procedure (i.e., intravascular 
sheath insertion) in the ‘X-ray side’ of the room before transfer 

to the ‘MR side’ of the room. Prior to transfer, mechanisms 
must be in place to ensure that no ferromagnetic equipment is 
transferred over with the patient. Other safety features include:

• Compulsory MR safety training for all staff involved in 
interventional MR procedures.

• Clear demarcation of the ferromagnetic safe and unsafe 
areas by different color floor covering.
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• Restricted entrance to the facility during an interventional 
MR procedure. This may include prior agreement on 
which staff members should cross into the MR side of the 
room.

• Tethering of all Ferromagnetic equipment to the walls. All 
ferromagnetic equipment should be outside the 5 G line, 
tethering prevents accidental placement within the mag-
netic field.

• A safety officer present in the interventional suite through-
out the procedure to ensure the safety protocols are 
adhered to, especially at the time of patient transfer.

The interventional CMR environment is an intrinsically 
dangerous environment. However, when the correct safety 
procedures are instigated catheterization can be performed in 
a safe and reliable manner.

22.4  Applications of Interventional CMR

22.4.1  Experimental Animal Studies

There have been a number of studies performed that dem-
onstrate the possibility of CMR-guided cardiac catheter-
ization in animal models. Simultaneous measurement of 
invasive pressure and MR flow has been demonstrated in 
a porcine model of atrial septal defect (ASD) [8]. In this 
study, active catheter techniques were used to manipulate 
the catheter into the right heart from the inferior vena 
cava. Postmortem analysis revealed no cardiac damage 
associated with catheterization. The majority of other 
studies have centered on CMR-guided cardiac interven-
tions. These include placement of ASD/VSD occluders, 
valve stents in the aortic and pulmonary position, and 
intra-myocardial injection of stem cells. These studies 
demonstrate that interventional device placement under 
passive and active MR guidance is feasible in animal 
models, showing the benefits of greater anatomical infor-
mation. In addition, they demonstrate the benefit of phys-
iological monitoring with CMR prior to and after the 
intervention (i.e., the measurement of valvular regurgita-
tion in valve stent placement). Unfortunately, as previ-
ously noted, most of the delivery systems used in these 
studies are not currently suitable for human use due to 
safety issues with heating. Until CMR-compatible guide 
wires and delivery systems are available solely CMR-
guided placement of devices in humans is difficult. 
However, the availability of the real-time techniques 
described above coupled with passive catheter visualiza-
tion and PC-MR do make MR-guided diagnostic cathe-
terization in humans a possibility.

22.4.2  Diagnostic MR-Guided Cardiac 
Catheterization

22.4.2.1  Assessment of Pulmonary Vascular 
Resistance

There have been a number of studies performed demonstrat-
ing the feasibility of diagnostic CMR-guided cardiac cathe-
terization. Most of these studies have revolved around PVR 
assessment of patients with pulmonary hypertension [7, 19, 
20]. Currently, PVR is calculated using invasive pressure and 
flow measurements. However, as previously pointed out 
invasive flow techniques like thermodilution and the Fick 
method are prone to inaccuracy. Of course, during CMR- 
guided cardiac catheterization it is possible to measure pul-
monary artery flow using velocity-encoded phase contrast 
MR. This technique is known to be accurate and may repre-
sent the in-vivo gold standard for assessment of flow. Thus, 
by combining this data with invasive pressure measurements, 
MR-guided cardiac catheterization can provide a better way 
to assess PVR. In the first demonstration of this technology, 
standard balloon wedge catheters were used during 
MR-guided cardiac catheterization [19]. The benefit of these 
catheters is that they contain no metal so there is no risk of 
RF heating. Furthermore, the balloon tip can be filled with 
CO2 (or gadolinium contrast) enabling visualization of the 
catheter tip. Visualization of the catheter is achieved using 
real-time b-SSFP imaging with manual tracking of the cath-
eter using in-room controls. The catheter is navigated into 
the pulmonary artery to measure invasive pulmonary artery 
pressure (Fig. 22.7). Once the catheter is in place, pulmonary 
artery flow can be measured and combined with invasive 
pressure measurement to calculate PVR. This study showed 

Fig. 22.7 MR guided cardiac catheterization. (Courtesy of Reza 
Razavi, Kings’ College London)
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a significant discrepancy between PVR calculated using 
Fick-derived flow and MR-derived flow, particularly in the 
presence of oxygen. This appeared secondary to inaccuracies 
in the Fick method and suggests that MR may be superior to 
the traditional Fick method. Further work has demonstrated 
the utility of this MR technique in a homogeneous popula-
tion of patients with moderate/severe pulmonary hyperten-
sion [21]. The study, and others, also demonstrated the 
improved precision of phase contrast MR over thermodilu-
tion methods [22, 23]. Several groups are now routinely per-
forming all clinical PVR studies using a combination of MR 
and invasive pressure measurements. Another benefit of 
using MR to assess physiological parameters during diag-
nostic catheterization is that it allows other more sophisti-
cated measurements to be made. These include measures like 
pulmonary arterial compliance, which has been measured 
during MR-guided cardiac catheterization, and may provide 
added information about PVR [22].

Another example is construction of P-V loops through 
simultaneous measurement of ventricular volumes and pres-
sures [24, 25] (Fig. 22.8). It has been shown that CMR is the 
most accurate and reproducible method of quantifying ven-
tricular volumes and thus P-V loops constructed using this 
technique are able to accurately gauge abnormal ventricular 
and vascular hemodynamics in pulmonary hypertension. 
However, measuring these more sophisticated parameters 
using CMR does raise some problems. This is because only 
fluid-filled catheters can be used in the MR environment. 
Unfortunately, fluid-filled catheters have well-known prob-
lems with dampening and resonance, which can affect the 

shape of the pressure curve. This does not have a major effect 
on mean pressure but may be problematic when constructing 
P-V loops. Thus, to really make this technology clinically 
usable MR-compatible micromanometers must be devel-
oped. Several groups are developing such devices based on 
fiber-optic transmission and these should be available in the 
near future. Furthermore, more work is required on the best 
way to combine real-time pressure data with gated flow and 
cine data acquired over several cardiac cycles. It should be 
noted that MR guidance is not necessary to harness the 
power of MR for physiological assessment. Some groups 
with interventional CMR suites would catheterize under 
X-ray guidance (which is currently quicker than MR guid-
ance) and then transfer to CMR for flow or volume assess-
ment. This is particularly true in unstable patients with PH in 
whom procedure time must be limited. Nevertheless, both 
MR-guided and MR-augmented diagnostic cardiac catheter-
ization have the potential to significantly change practice.

22.4.2.2  Assessment of Congenital Heart 
Disease

The assessment of congenital heart disease patients with 
CMR has been demonstrated over the last 20 years [3, 5, 26]. 
However, the use of this technology has not become wide-
spread, in part as the diagnostic capabilities of CMR have 
increased and the need for diagnostic cardiac catheterization, 
except in the setting of PVR assessment, has declined. 
Despite this, the increasing experience of CMR-guided PVR 
studies may lead to increasing confidence in the use of inter-
ventional CMR for complex cases.
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Fig. 22.9 Acute comparison between bare metal stenting (BMS) and 
percutaneous pulmonary valve replacement (PPVR). (a) Changes in 
right ventricular outflow tract (RVOT) gradient—measured during car-
diac catheterization—show a significant decrease after BMS, which is 
maintained after PPVR. (b) Changes in pulmonary regurgitation—mea-
sure during CMR—show the creation of free, severe pulmonary regur-

gitation following BMS, with restoration of pulmonary competence 
after PPVR. (c) Changes in measured effective right ventricular (RV) 
and left ventricular (LV) stroke volumes—also measured during 
CMR—show improved cardiac function following PPVR compared to 
BMS

22.4.2.3  Electrophysiology Assessment
Interventional CMR may be useful to guide navigation 
through the complex anatomy of repaired congenital heart 
disease for electrophysiology studies, but only limited 
human studies have been performed to date [27–29], to treat 
atrial lesions. The majority of studies utilizing CMR con-
tinue to use pre-catheter CMR to guide procedures [30] or to 
provide immediate post-procedural CMR assessment [31]. 
Despite the lack of the wider utilization of interventional 
CMR for delivering electrophysiological studies, there 
remains a keen interest in the potential role of this technol-
ogy, with the increasing clinician experience of interven-
tional CMR for simple atrial ablations, leading to the 
development of interventional CMR suites for electrophysi-
ology studies [32].

22.4.2.4  CMR/Cardiac Catheterization 
Physiological Assessment

One interesting use of CMR in combination with cardiac 
catheterization is to utilize both methods to assess the imme-
diate physiological response of an intervention. In one study, 
a comparison between the physiological response to bare 
metal stenting of pulmonary conduit stenosis to that of per-
cutaneous pulmonary valve replacement (PPVR) [4]. In this 
setting, the ventricular volumes and pulmonary and aortic 
flow were assessed in the CMR side of an interventional 
CMR suite. The patient was then slid into the cardiac cathe-
terization side of the suite and pressures in the right ventricle 
and pulmonary artery measures prior to and after bare metal 
stenting of the pulmonary conduit stenosis—removes steno-
sis but creates free pulmonary regurgitation. The patient was 
then slid back into the CMR scanner to assess the changes in 
volumes and flow. The patient was then slid back into the 

catheterization side of the suite, a PPVR is implanted—
maintains stenosis reduction and creates pulmonary valve 
competence—pressures measured, and then slid back into 
the CMR scanner for final assessment of cardiac volumes 
and flow (Fig. 22.9). This demonstrated superior acute car-
diac physiology from PPVR compared to bare metal stenting 
for conduit stenosis.

22.5  Conclusion

The feasibility of using CMR-guided cardiac catheterization 
in humans has been demonstrated. However, a number of 
issues remain that need to be addressed before CMR-guided 
cardiac interventions enter widespread clinical use. Further 
developments by catheter manufacturing companies are 
needed in order to provide specific products for MR inter-
ventions. Currently, catheters are designed for use in the 
X-ray environment and, consequently, many contain ferro-
magnetic components (e.g., braiding in catheters) or long 
conducting materials (e.g., guide wires) that are potentially 
hazardous in the MR environment. Non-braided balloon 
catheters can be used in the MR environment; however, they 
often lack the desired torque and steerability. In addition, 
catheter visualization and tracking must be improved so that 
the whole length of the catheter can be automatically tracked. 
Once these issues have been resolved interventional cardiac 
MR will be possible in all patients. This should bring the 
benefits of elimination of exposure to X-ray radiation, better 
anatomical visualization, and increased physiological infor-
mation. One area that may support the development of safe 
catheters and guide wires is the use of low-field CMR, with 
should reduce the potential hazards. In a recent published 
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experience at 0.55T, 7 of the 83 studies performed were 
CMR-guided right heart catheterization using commercial 
metallic guide wires [33]. Increasing clinical experience 
with CMR-guided PVR studies and atrial ablations should 
provide the necessary clinical skills to continue to drive 
interventional CMR over the next decade and increase its 
wider clinical adoption.
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23Emerging Roles for Cardiovascular 
Magnetic Resonance in Adult 
Congenital Heart Disease 
Electrophysiology

Sophie A. Jenkins, Jennifer Keegan, Sabine Ernst, 
and Sonya V. Babu-Narayan

23.1  Introduction

The population of adults with congenital heart disease is 
growing. Most children with congenital heart disease now 
survive into adulthood thanks to innovations in cardiac 
surgery that allow repair or palliation of many anatomical 
defects. However, arrhythmia and sudden death remain 
important causes of late morbidity and mortality. As the 
population of adult congenital heart disease (ACHD) ages 
there is an increasing burden of arrhythmia requiring spe-
cialist care. Rhythm disturbances may be the first present-
ing symptom and herald a need for surgical or transcatheter 
intervention in which case treatment should be directed at 
the underlying cardiovascular haemodynamics. In this 
case, electrophysiological (EP) intervention is a secondary 
concern. Arrhythmia and sudden cardiac death (SCD) may, 
alternatively occur in the absence of a target haemody-
namic lesion. Arrhythmia mechanisms vary according to 
the exact underlying anatomic congenital defect and 
method and timing of surgical repair. Whilst the arrhyth-
mia can relate to underlying structural heart disease, such 
as Wolff-Parkinson- White syndrome associated with 
Ebstein’s anomaly, it often relates to surgically acquired 
scars combined with chamber enlargement as a conse-
quence of abnormal pressure and volume loads. In con-
genital heart disease, atrial arrhythmias frequently emanate 
from the right atrium or right ventricle (RV) and are not 

generally confined to the left atrium as with atrial fibrilla-
tion triggered by pulmonary vein muscle bundles. ACHD 
patients with atrial arrhythmia are at particular risk of 
tachy-myopathy and existing haemodynamic lesions such 
as valvular regurgitation may be exacerbated by arrhyth-
mia. There is also overlap in clinical presentations, such 
that ACHD patients presenting with atrial arrhythmia are 
at higher risk of ventricular arrhythmia [1]. Atrial arrhyth-
mia is well recognised as an important indicator of ven-
tricular dysfunction in congenital heart disease [2]. Adults 
with congenital heart disease are at risk of SCD and may 
be referred for diagnostic EP ventricular stimulation study 
to aid risk stratification [1, 3, 4]. Both atrial and ventricu-
lar stimulation at EP study may therefore be indicated for 
the same patient.

23.2  Challenges in EP Procedures 
for Patients with Congenital Heart 
Disease

Patients with congenital heart disease are arguably the most 
challenging patient cohort amongst arrhythmia patients pre-
senting for catheter ablation procedures. Arrhythmia in 
ACHD is especially difficult to target and treat with EP inter-
ventions not least due to the multitude of potential tachycar-
dia substrates that may need to be understood in the presence 
of complex anatomy and limited accessibility of cardiac 
structures. Prerequisites for successful treatment include 
clear and detailed understanding of the clinically relevant 
tachycardia, the underlying congenital anatomy including 
rare variants, dimensions of target chambers, previous surgi-
cal and transcatheter interventions, and venous and arterial 
access required. Surgical variations may include differing 
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suture line location, closure of the left atrial appendage, and 
variation in which side of surgical baffles the coronary sinus 
or atrioventricular node may be situated postoperatively. 
Cardiac surgical procedures might also include  intraoperative 
ablation by radiofrequency current or cryoenergy. These can 
serve as iatrogenic sources of scars that present as the under-
lying substrate causing re-entrant tachycardia. Operative 
notes, therefore, warrant meticulous study. Access to the tar-
get chamber(s) might be limited following previous surgery 
to redirect blood flow, for example such as in atrial redirec-
tion surgery for transposition of the great arteries (TGA) or 
total cavopulmonary connection. Conventional, frequently 
used vascular access routes may be impossible. Three-
dimensional guidance during the ablation procedure itself 
may facilitate the EP procedure. EP studies in ACHD 
patients, therefore, specifically merit forethought and indi-
vidualised approaches.

23.3  CMR for EP Procedure Planning

23.3.1  Haemodynamic Assessment, 
Appropriateness, and Safety to Proceed

All adult congenital patients merit a full cardiovascular mag-
netic resonance (CMR) haemodynamic assessment. If there 
is a target haemodynamic lesion that needs addressing, EP 
intervention may not be indicated, at least not immediately. 
Alternatively, EP study may be contraindicated, for example, 
due to intracardiac thrombus, which can easily be diagnosed 
with CMR (Fig. 23.1). Once these are excluded CMR imag-
ing can be focused towards the needs of the 
electrophysiologist.

23.3.2  Planning of Venous and Arterial Access 
Routes

Planning the necessary vascular access steps to reach all rel-
evant heart chambers is required. Less usual venous and arte-
rial access strategies may be required.

Femoral vessels may be blocked due to previous interven-
tional catheterisation, previous surgical femoral access for 
cardiopulmonary bypass, or longstanding venous and arte-
rial lines required for intensive care in infancy. Arterial ves-
sels may be hypoplastic in patients with aortic coarctation. 
Venous anomalies, such as left superior vena cava to coro-
nary sinus or interrupted inferior vena cava with azygos con-
tinuation, are easily documented by CMR.

All venous and arterial vascular access routes and options 
need to be determined pre-procedure to allow appropriate 
equipment to be identified and made available. If intrahe-
patic venous approach or transbaffle puncture is necessary, 
the patient should be adequately counselled of the conse-
quent risk–benefit ratio. Non-conventional EP strategies may 
warrant consideration. For example, the use of remote mag-
netic navigation for EP catheter guidance may avoid transhe-
patic cannulation or baffle puncture [5].

23.3.3  Useful Intracardiac Shunts

CMR may identify “useful” intracardiac shunts, or useful 
residual or postoperative anomalous connections that will 
allow increased options for the electrophysiologist. For 
example, the presence of an atrial septal defect, patent fora-
men ovale, patent fenestration, baffle leak, or ventricular 
septal defect may allow more choice of access routes to the 
chamber of interest (Figs. 23.2 and 23.3).

Clot
RA

a

LV

RV

Ao

b c

Fig. 23.1 Large clot in right atrium post-atrio-pulmonary Fontan with 
consequent decision not to proceed to EP study. This 26-year-old man 
presented with persistent atrial tachycardia status post-Fontan operation 
for double inlet left ventricle, transposed great arteries, left-sided ante-
rior subaortic rudimentary RV, and ventricular septal defect. The patient 
was studied in the rate-controlled atrial tachycardia. (a) CE-MRA 

showing large clot in dilated right atrium. (b) 3D bSSFP image showing 
large clot in dilated right atrium with varying signal intensity suggestive 
that the inner core is more longstanding than the more recently laid 
down outer regions. This was timed in systole. (c) 3D LGE CMR show-
ing clot in the dilated right atrium. The right atrial walls appear thick-
ened and enhanced
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Fig. 23.2 Useful intracardiac shunt for EP procedure; baffle leak post- 
Mustard operation for transposition of the great arteries. This 35-year- 
old woman status post-Mustard operation for transposition of the great 
arteries presented with atrial tachycardia. This was clinically likely to 
emanate from the pulmonary venous compartment. (a) The transposed 
great vessels with parallel orientation are noted. The RV is hypertro-

phied as expected. The pulmonary artery is dilated. (b) A baffle leak 
was seen (red arrow) from the pulmonary to the inferior systemic 
venous compartment. The procedure access routes include retrograde 
access to the pulmonary venous compartment from the aorta but also 
venous puncture-only, with access to the pulmonary venous compart-
ment from the systemic venous compartment through the baffle leak

RA

LSVC

LA

LSVC

RA

a b

Fig. 23.3 Venous connection to both atria allowing avoidance of arte-
rial puncture. This 19-year-old man had complex congenital heart dis-
ease including left atrial isomerism for which he underwent intra-atrial 
baffling of his systemic venous return and subsequent balloon dilatation 
of the inter-atrial baffled superior vena caval pathway. The expected 
findings were that his left-sided SVC would be baffled to the right 
atrium with or without narrowing at the entrance to the right atrium. (a) 

The connection between the left SVC and the right atrium was easily 
demonstrated with 3D bSSFP as was hepatic venous return to the right 
atrium. (b) An unexpected connection between the left SVC and the left 
atrium was also demonstrated. There was hemiazygos return to the left 
SVC. EP access options included either hemiazygos or left SVC venous 
access to the right atrium and the left atrium in addition to arterial ret-
rograde access if needed

23.4  CMR to Provide 3D Roadmaps for EP 
Procedures

3D imaging to provide an anatomical roadmap during EP 
procedures is invaluable, particularly in congenital heart dis-
ease. Normal cardiac anatomy differs substantially from 
patient to patient but these individual differences are rela-

tively easily predictable from positions of catheters and the 
operator can mentally visualise the individual cardiac struc-
tures in standard fluoroscopy projections. However, in 
ACHD the orientation and spatial relationships may be chal-
lenging to understand, particularly after intra-atrial baffle 
procedures. There may be distortion and cardiac dilatation. 
Progressive myocardial fibrosis can result from growth and 
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advancing age. Scoliosis which is common in congenital 
heart disease patients may itself radically alter the relevant 
positions or shapes of even normally connected heart cham-
bers, making conventional fluoroscopic approaches more 
challenging (Fig. 23.4).

3D anatomical images can be generated using CMR 
which can be segmented and merged with X-ray fluoroscopy 
and electroanatomic maps during EP procedures [6–8]. 
Image integration using CMR may also lead to reduction in 
fluoroscopy time. Though computed tomography (CT) data 
can also be used for image integration, this has the drawback 
of radiation exposure which is a relevant concern as ACHD 
patients are subject to multiple procedures and diagnostic 
tests from a young age and over a lifetime [9]. Reducing the 
lifetime risk of ionising radiation-induced malignancy is 
important [9] in congenital heart disease patients who may 
have already undergone multiple serial investigations involv-
ing radiation over their lifetime particularly from CT and 
cardiac catheterisation. It is therefore desirable not to out-
weigh the value of 3D image integration resulting in reduced 
fluoroscopy time [5] through additional pre-procedure ionis-
ing radiation from CT.

CMR 3D imaging can be performed either using first-pass 
contrast angiography during a breath-hold acquisition or 
using a balanced steady-state free precession (bSSFP) 
sequence during free-breathing with some form of respira-
tory gating. In neither does visualisation subsequently allow 

for heart motion or intracardiac chamber volume changes 
during the subsequent procedure.

23.4.1  First-Pass Contrast Angiography

First-pass contrast angiography is frequently used in clinical 
practice to obtain 3D images. The precise timing of the 
acquisition following bolus administration is determined 
from a pre-scan where a small bolus is injected, followed by 
continuous 2D imaging of the chamber of specific interest to 
determine its time of arrival and hence plan the contrast scan. 
Subtraction of a pre-contrast scan will eliminate the back-
ground. The acquisition is rapid and does not significantly 
prolong clinical scan time (Fig. 23.12b).

First-pass contrast angiography has been used extensively 
to evaluate the pulmonary veins prior to ablation for atrial 
fibrillation [10–13] with good reliability [14], though pulmo-
nary vein size is often over-estimated [15]. However, in con-
genital heart disease, this approach is complicated by unusual 
flow patterns and shunts. There is therefore a greater chance 
that acquisitions are mis-timed. It can also prove difficult to 
appropriately time filling for later segmentation of more than 
one heart chamber of clinical interest. In ACHD EP, 3D 
imaging may need to allow segmentation of several or all 
heart chambers, if both atrial and ventricular studies are 
planned. Whereas imaging prior to atrial fibrillation ablation 

DA

LA LA

RA

LV
DA

a b

AA

Fig. 23.4 Atypical shape and position of heart chambers. This patient 
had severe kyphoscoliosis and Noonan’s syndrome. He has no signifi-
cant target haemodynamic lesion. He presented with symptomatic, 
recurrent right atrial tachycardia. (a) The severity of the scoliosis can be 
noted together with the resultant displacement of cardiovascular struc-
tures. Fluoroscopy and experience alone would be challenging given 
the sites of structures will not be in expected locations. (b) Of note, the 

right atrium is more dilated than the left atrium. If pulmonary vein iso-
lation were performed for atrial fibrillation this would be difficult. First, 
the risks associated with atrial septal perforation would be greater given 
the left atrial deformity. The mid part of the left atrium is squashed flat 
in the anteroposterior direction between the sternum, ascending and 
descending aorta, and spinal column. Second, the mechanical deformity 
of the left atrium might result in multiple triggers for atrial fibrillation
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in the structurally normal heart can be directed at the left 
atrium and pulmonary veins only.

A further drawback is that to acquire the images with 
good spatial resolution, the acquisition is non-ECG-gated. 
The resulting images are therefore a composite of the entire 
cardiac cycle which may result in image blurring. This may 
contribute to mis-registration in the EP laboratory. Typical 
acquisition parameters are 96 slices at 
1.1 mm × 0.9 mm × 1.3 mm acquired with parallel imaging 
(acceleration factor of 2) and partial Fourier over a 19 car-
diac cycle breath-hold. A “dynamic” multi-phase time- 
resolved approach may instead be chosen in complex 
congenital heart disease in order to avoid mistiming and to 
image several chambers of interest but the disadvantages of 
the lack of ECG gating remain.

Gadolinium contrast agent cannot be used in patients with 
significantly impaired renal function, particularly group 1 
and III agents (see chapter “Gadolinium-Based Contrast 
Agents”) or in those with inadequate venous access.

23.4.2  3D Balanced Steady-State Free 
Precession

bSSFP produces images with high signal-to-noise ratio 
(SNR) and good contrast without the need for contrast 
administration [16]. When directly compared to first-pass 
contrast angiography for pulmonary vein imaging prior to 
radiofrequency ablation, it has been shown that 3D bSSFP 
imaging results in similar conspicuity and fewer motion arte-
facts [17]. A relative disadvantage of 3D bSSFP is image 
degradation due to metallic implants. For most congenital 
heart disease patients, devices such as modern Amplatzer 
closure devices, stents and stented biological valves do not 
cause problematic artefacts. Coils used to block veno-venous 
collaterals after Fontan or to embolise major aortopulmonary 
collateral arteries (MAPCAs) may, however, cause artefact 
too difficult to overcome.

3D whole heart data sets can be obtained with high spatial 
resolution in either the systolic or diastolic cardiac rest peri-
ods, when used with diaphragmatic navigators to respiratory 
gate the acquisition. The duration and exact timing of these 
rest periods is highly subject-specific [18] and may be deter-
mined from observation of a 4-chamber view cine acquisi-
tion [19]. The rest period duration determines how much 
data may be acquired within each cardiac cycle without 
motion blurring and therefore directly impacts on the acqui-
sition duration. Other factors include the spatial resolution 
and number of slices required, SNR ratio, respiratory effi-
ciency, and heart rate. Typical acquisition parameters include 
96 slices at 1 mm × 1 mm × 3 mm (before zero-filling) with 

parallel imaging (acceleration factor 2) and partial Fourier 
with acquisition durations of 5–8 min being typical.

For 3D bSSFP roadmaps, it is important to reduce the 
sequence echo time (TE) as much as possible so as to mini-
mise artefacts due to flow [20] which result in regions of 
signal reduction or, in the case of jets, signal void. Such 
regions may adversely affect the segmentation process which 
is particularly important if the primary factor guiding it is 
intensity. Using a sequence with a short TE also reduces 
problems due to off resonance which result in characteristic 
dark band artefacts [15]. Signal drop out may be particularly 
apparent around right inferior pulmonary veins where the 
frequency of blood flowing from the lungs is close to 100 Hz 
off resonance [21]. The use of a non-selective radiofrequency 
pulse enables the TE to be reduced to as low as 1 ms [22] and 
reduces problems with off-resonance sensitivity, although 
this requires imaging to be performed in the coronal, rather 
than the more usual transverse, plane. Using this technique, 
bSSFP imaging is suggested to outperform contrast enhanced 
angiography for visualisation of the cardiac chambers, proxi-
mal coronary arteries, pulmonary trunk, and aortic root [22].

As noted above, imaging may be performed in either the 
systolic or diastolic rest period. The end diastolic pause is 
generally longer than that at end systole (152 ± 67 ms vs. 
98 ± 26 ms) and would therefore allow the scan to be com-
pleted more quickly [23]. However, for subjects with an 
irregular heart rate, systole is more consistent and imaging in 
the systolic rest period may be preferred. We have also found 
systolic imaging helpful at faster heart rates including for 
studies when patients are in the index atrial tachycardia at 
CMR attendance awaiting ablation (Figs. 23.5 and 23.6).

When considering the timing of the acquisition, consider-
ation should also be given to flow-inducing artefacts. For 
pulmonary vein imaging for example, mid-diastolic imaging 
when pulmonary vein flow is high results in signal voids in 
the left atrium which may be reduced by imaging in late dias-
tole [20]. In congenital heart disease there are likely to be 
other sources of turbulent flow from valvular regurgitation or 
flow accelerations in partially obstructed pathways and tim-
ing of the acquisition needs to account for these effects. 
Where several flow effects may be seen, the flow effects 
which summate to the least negative impact on the clear 
delineation of the chamber(s) of interest for the planned EP 
procedure should be chosen.

Diaphragmatic navigators allow the acquisition to be 
respiratory-gated so that only data acquired when the dia-
phragm position is within a narrow window centred on the 
end-expiratory pause position are accepted [24]. These tech-
niques are inherently inefficient, with the data acceptance 
rate (or respiratory efficiency) typically being around 40% 
for a 5 mm acceptance window. Furthermore, in cases where 
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Fig. 23.5 3D bSSFP for 3D volume reconstruction and image integra-
tion with 3D EP mapping systems to facilitate retrograde approach and 
avoid puncture of baffled atrial pathways after Mustard operation for 
transposition of the great arteries. This patient followed up after 
Mustard operation for transposition of the great arteries and presented 
with atrial tachycardia requiring cardioversion. His CMR study was 
performed in sinus rhythm and 3D bSSFP was timed in systole. (a) 3D 
bSSFP imaging was performed and subsequently segmented with 
CARTO. The subaortic (red) heavily trabeculated RV (purple) is shown. 
The pulmonary arteries are coloured orange and the subpulmonary LV 
brighter purple. The systemic venous baffled atrial compartment (tur-
quoise) and pulmonary venous compartment (yellow) were separately 
segmented. A rotating movie can be seen (Movie 5.1). (b) 3D CMR 
reconstructions of the systemic venous compartment (SVA) and pulmo-

nary venous atrial compartment (PVA) were displayed and merged to 
the local activation time map. The CMR roadmap of all the heart cham-
bers was merged with the EP maps and displayed superimposed on 
fluoroscopy. (c) Low voltage (grey) scar was found in the pulmonary 
venous compartment. The dark red tags depict the ablation sites. (d) 
This site in the left inferior pulmonary vein was reached using retro-
grade access from the femoral artery and avoiding puncture of the sur-
gical baffle. Retrograde manipulation was made possible by the 
combination of CMR image integration and remote navigation EP 
using magnetic navigation allowing several S bends of the catheter. The 
“MAP” catheter is shown and the retrograde path to reach the site of 
ablation can be appreciated on the fluoroscopy image. The other two 
catheters are in the LV apex (LVA) and systemic venous atrial append-
age (SVAA) respectively
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Fig. 23.6 3D bSSFP for 3D volume reconstruction and image integra-
tion with 3D EP mapping systems to facilitate retrograde approach and 
avoid puncture of lateral tunnel total cavopulmonary connection and 
integrated EP activation map. A patient with single ventricle physiology 
presented clinically with recurrent atrial tachycardia status post-lateral 
tunnel total cavopulmonary connection (TCPC, blue). The TCPC was 
performed for situs solitus, discordant atrioventricular connections, 
double inlet left ventricle, transposed great arteries, and pulmonary ste-
nosis. The CMR was performed in established atrial arrhythmia and 3D 

bSSFP was timed in systole. (a) 3D reconstruction of 3D bSSFP CMR 
imaging showing the lateral tunnel total cavopulmonary connection 
(turquoise) and the remaining native RA (yellow). The underlying anat-
omy was double inlet LV (purple). A rotating whole heart structure can 
be seen in the attached movie (Movie 6.1) whereby the aorta is red and 
left atrium dark blue. (b) In this image, the ventricular mass has been 
masked. Re-entrant tachycardia was mapped in the residual RA with 
counterclockwise activation around the tricuspid annulus. (c) There is 
bystander activation of the left atrium

the respiratory pattern is irregular or unstable, the respiratory 
efficiency may drop so low that the acquisition must be aban-
doned. Improved respiratory gating techniques, such as those 
implementing real-time motion correction with subject- 
specific motion models [25], potentially improve the respira-
tory efficiency and reduce acquisition duration. These 
models are derived from a short pre-scan and have also been 
used to generate dynamic roadmaps that vary with respira-
tion [26]. Another option for increasing the respiratory effi-
ciency of an acquisition is to use a real-time and fully 
automatic algorithm to determine the optimal placement of 
the navigator acceptance window so as to maximise effi-
ciency (CLAWS [27]).

23.5  A Role for Ventricular and Atrial Scar 
Imaging in ACHD EP

Intravenous gadolinium contrast lingers in scarred regions of 
the heart. CMR imaging can then be used to visualise scarred 
myocardial regions enhanced with gadolinium that appear 
different from neighbouring normal myocardium. Late gado-
linium enhancement (LGE) CMR is the gold standard imag-
ing method for non-invasive measurement of myocardial 
infarction and fibrosis [28]. LGE CMR evidence of fibrosis 
has been documented in varying extents and patterns in a 

number of heart diseases. It predicts outcomes in coronary 
artery disease [29, 30], dilated cardiomyopathy [31], and 
hypertrophic cardiomyopathy [32]. Whether these findings 
can be extrapolated to patients with different congenital 
heart disease lesions is the subject of ongoing study.

23.5.1  2D Late Gadolinium Enhancement 
Imaging Methods

LGE imaging is usually performed as a 2D stack of breath- 
hold inversion-prepared segmented gradient-echo acquisi-
tions [33] with inversion time (TI) adjustment to compensate 
for gadolinium wash-out throughout the study. Imaging is 
generally performed with alternate R-wave gating which 
allows for almost complete recovery of the longitudinal 
magnetisation between sequence repeats and improves con-
trast between normal and abnormal tissue and reduces the 
effects of cardiac arrhythmia [34]. In patients with faster or 
irregular heart rates, gating on every third or even fourth R 
wave may improve image quality. In-plane resolution is typi-
cally 1.2–1.8 mm × 1.2–1.8 mm, with a slice thickness of 
6–8 mm in a breath-hold of ~12 s. The inversion time varies 
from patient to patient and depends on the dose of gadolin-
ium and the time after administration [35]. For experienced 
operators, this individualised approach with meticulous 
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inversion time adjustment remains the best [33]. The inver-
sion time can be estimated by visual inspection of an inver-
sion recovery cine scout acquisition [36] and then shifted 
upwards as the study progresses to account for gadolinium 
wash-out. Alternatively, phase-sensitive reconstruction of 
data acquired with a nominal TI eliminates the need for pre-
cise setting [37] and has demonstrated better contrast 
between viable and non-viable myocardium at sub-optimal 
TI [38, 39]. It also eliminates the ‘dark rim’ artefact apparent 
in magnitude reconstructed images [40] when the TI is too 
short, which may aid the depiction of thin-walled structures 
such as the RV [41] or the atria. Imaging is performed in 
diastole, when the heart is relatively still, and the number of 
lines of data acquired per cardiac cycle is reduced in tachy-
cardic patients as the length of this quiescent period is short-
ened. Recent studies have shown that imaging at higher field 
strength improves both the SNR and, because of the field 
dependency of longitudinal relaxation times, the contrast-to- 
noise ratio (CNR) [38, 42, 43]. BSSFP is an alternative to 
segmented gradient-echo and has a shorter TE and TR, 
enabling more lines to be acquired in the cardiac rest period 
and consequently, a reduced imaging time. However, the 
contrast achieved between viable and non-viable myocar-
dium may be different, as may the artefacts have generated. 
Its use for LGE imaging has generally been limited to single- 
shot acquisitions in patients with frequent arrhythmias or in 
those who cannot hold their breath [44], but generally, these 
studies have compromised spatial resolution and much- 
increased acquisition windows [38, 45, 46]. More recently, 
parallel imaging has been used to reduce the long acquisition 
windows with rigid [47] and non-rigid [48] image registra-
tion of multiple free-breathing images being performed to 
improve SNR.

23.5.2  3D Late Gadolinium Enhancement 
Methods

With conventional 2D LGE imaging, the spatial resolution is 
limited by the need to acquire the complete data set within 
the duration of a comfortable breath-hold period. For high 
spatial resolution, respiratory-gated 3D acquisitions may be 
performed during free-breathing [49, 50]. Registering the 
LGE images with 3D electrical maps and fluoroscopic 
images within a catheter navigation environment may guide 
ablation studies [51–53], potentially increasing procedural 
success and reducing radiation exposure to patients. High- 
resolution imaging may also facilitate atrial fibrillation abla-
tion procedures by improving planning and assessing the 
adequacy of ablation. Atrial fibrosis has been demonstrated 
in several studies [54–61], with the spatial distribution and 
extent appears related to the likelihood of arrhythmia recur-
rence [62–66]. Such imaging could help predict recurrent 

arrhythmia in future and help guide ablation procedures in 
patients with recurrent atrial or ventricular arrhythmia 
(Fig. 23.7).

For 3D imaging, typical parameters include spatial resolu-
tion of 1.25–1.5 mm × 1.25–1.5 mm × 4 mm (before zero- 
filling) with 32 slices covering the atrial chambers, more 
being required if whole heart imaging is required. Acquisition 
duration is reduced by using parallel imaging with a ×2 accel-
eration factor, the resulting SNR decrease being mitigated by 
the thick slab excitation. For segmented gradient echo imag-
ing at 1.5 Tesla, selecting a TE of 2.4 ms ensures that fat and 
water are out of phase at the time of echo formation which 
reduces partial volume effects around the thin- walled atria 
and RV. In addition, fat saturation is used to suppress the fat 
signal. Acquisitions are typically performed within a window 
of approximately 120 ms in diastole, the exact timing being 
determined from atrial cine acquisitions. Using alternate 
R-wave gating, as for 2D imaging, would result in the acqui-
sition duration being prolonged unacceptably. As well as 
being difficult for the patient, the gadolinium wash-out during 
this period would result in poor nulling of the normal myocar-
dium and any scarring would be seen with reduced contrast. 
Consequently, 3D acquisitions are performed with single 
R-wave gating with the TI used being reduced to compensate. 
However, although this is necessary to reduce the acquisition 
duration, incomplete magnetisation recovery between 
sequence repeats on every heartbeat results in the sequence 
being very susceptible to changes in the RR interval, resulting 
in ghosting and poor nulling of the normal myocardium. In 
the atrial fibrillation population, for example, image quality 
can be poor [56], with up to 40% of studies being unsuitable 
for further analysis [59]. The most common cause of a failed 
acquisition is poor rate control in patients presenting with 
atrial fibrillation during the scan [65]. Typical acquisition 
durations are 4–8 min, depending on volume coverage, spa-
tial resolution and respiration, and heart rate. Endo and epi-
cardial atrial borders may be segmented and the extent of 
atrial scar determined using a threshold-based algorithm [59, 
60]. The amount of left atrial scar calculated in this way has 
been used to stage atrial fibrillation and to allow a more tai-
lored approach to management [61, 67].

As for the roadmap studies discussed above, respiratory 
gating is generally performed using navigators. These navi-
gators consist of ‘pencil-beam’ or ‘crossed-pair’ excitations 
which create an inflow artefact in the right pulmonary veins 
and atrial wall which may obscure detail. This has recently 
been reduced by using a large slab right hemidiaphragm nav-
igator [68]. In congenital heart disease patients, effort must 
be taken to place the navigators carefully. The navigators and 
their localised artefact should not be placed such that they 
impair imaging of enlarged heart chambers. In some cases, 
such as dextrocardia the left hemidiaphragm needs to be 
chosen.
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Fig. 23.7 3D LGE images in atrial fibrillation and dilated left atrium 
due to congenital mitral valve disease (a–c). This young woman had 
mitral valve replacement for congenital mitral regurgitation. The left 
atrium is markedly dilated and measures 92 × 88 mm in the left-hand 
image. The giant nature of the left atrium in relation to the chest cavity 
can also be noted. Of note, the pulmonary veins are not severely dilated. 

In this case, there is striking diffuse late gadolinium enhancement and 
thickening of the atrium in a global distribution. Even if the patient 
underwent pulmonary vein isolation there may be multiple triggers out-
side the pulmonary veins and sufficient left atrial body fibrosis for atrial 
fibrillation maintenance

23.5.3  Clinical Application of LGE CMR 
in Congenital Heart Disease Risk 
Stratification

23.5.3.1  Transposition of the Great Arteries 
Following Atrial Redirection Surgery

In patients with TGA, which has been palliated with atrial 
redirection surgery (Mustard or Senning surgery), the RV sup-
ports the systemic circulation. Whilst this has been largely 
superseded by the neonatal arterial switch procedure, a large 
cohort of adults with previous atrial redirection surgery remain 
under follow-up. The RV is poorly adapted to support the 
high-pressured systemic circulation and long- term complica-
tions include progressive systemic RV dysfunction, reduced 
exercise capacity, arrhythmia, and SCD [69].

A systematic study of LGE in the systemic RV after 
Mustard operation for TGA demonstrated the presence of 
LGE. Systemic RV LGE was associated with older patients 
with later repair, longer follow-up, and adverse clinical 
risk markers such as right ventricular dysfunction, inci-
dence of atrial arrhythmia, and also prolonged QRS dura-
tion and QT dispersion which are markers for SCD in this 
population [2, 70, 71].

In a larger prospective study of patients with TGA and 
atrial redirection surgery, RV LGE was present in 56% and 
predicted a composite outcome of adverse clinical events 
including new onset sustained arrhythmia, heart failure 
admission, transplantation, and mortality (Fig.  23.8) [72]. 
The presence and location of RV LGE agreed with histologi-
cal fibrosis in an explanted heart from a patient who under-
went transplant. The composite endpoint of adverse 
cardiovascular events was driven by first onset sustained 
atrial tachyarrhythmia, but this often precedes RV failure 
[70] and ventricular arrhythmia [2, 73] and is in itself a risk 
factor for mortality in this patient population. Several uni-

variate predictors for events were identified including maxi-
mal right atrial area and reduced RV ejection fraction but 
only peak oxygen consumption and the presence of RV LGE 
were independently significant [72]. These can be used 
together to predict 5-year risk of events in individuals.

23.5.3.2  Repaired Tetralogy of Fallot
RV dysfunction, arrhythmia, and SCD complicate the fol-
low- up for patients with repaired tetralogy of Fallot (ToF) [1, 
74]. Despite decades of research, precise risk stratification 
for ventricular arrhythmia remains challenging. Whilst prog-
ress has been made to define timing of pulmonary valve 
replacement for pulmonary regurgitation to prevent prema-
ture heart failure and reduce SCD, myocardial fibrosis 
remains as an arrhythmic substrate for macro re-entrant ven-
tricular tachycardia (VT) [75, 76].

LGE is seen in the RV and left ventricle (LV) in repaired 
ToF including in surgical sites (Figs. 23.9 and 23.10). More 
extensive RV LGE (excluding ubiquitous RV-LV insertion 
point enhancement) has been associated with RV dysfunc-
tion, reduced exercise capacity, increased B-type natriuretic 
peptide (BNP) level, and sustained arrhythmia in patients 
with repaired ToF in cross- sectional analysis [77]. Association 
with restrictive RV physiology and fractionated QRS has 
also been reported [78, 79].

In a recent prospective study of 550 patients (mean fol-
low- up 6.4 ± 5.8; total 3512 years) with repaired ToF, RV 
LGE independently predicted all-cause mortality and a sec-
ondary endpoint of ventricular arrhythmia (a composite of 
life-threatening sustained VT/resuscitated ventricular fibril-
lation/SCD but not simply appropriate implantable cardio-
verter defibrillator (ICD) shock) (Figs. 23.9 and 23.11) [80]. 
Moreover, a weighted risk score incorporating clinical, LGE 
CMR, cardiopulmonary exercise, and BNP data was shown 
to identify patients with repaired ToF at high risk of death. 
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Fig. 23.8 RV LGE in the systemic RV in patients with transposition of 
the great arteries post-atrial redirection surgery. Macroscopic fibrosis 
and correlation with in vivo late gadolinium enhancement (LGE) car-
diovascular magnetic resonance (CMR)  in heart explanted during fol-
low- up. LGE CMR (a and c) and corresponding photographs of 
macroscopic sections (b and d) showing excellent correlation of CMR 
LGE with visually fibrotic areas (arrows). The increased signal on bal-
anced steady-state free precession (e) and turbo spin echo (f; continu-
ous arrows) is compatible with fat. In (g), the corresponding macroscopic 
specimen shows epicardial fatty infiltration (continuous arrows) but 
also right ventricular (RV) endocardial fibrosis. Corresponding histol-
ogy is shown after staining with Masson’s Trichrome; region (h) shows 
extensive replacement of the compact myocardium by fatty tissue, 
whereas the trabeculations lining the cavity contain myocardium (red) 

and extensive fibrous tissue (green, ×16). Regions (i) and (j) show 
extensive fatty and fibrous replacement (×100). (k) Kaplan-Meier 
event-free survival curve for reaching the composite clinical end point 
of new-onset sustained tachyarrhythmia (atrial and/or ventricular), 
decompensated heart failure admission, transplantation, or death. 
Fibrosis-patients without LGE, Fibrosis+ with LGE.  Logrank 
P = 0.001. (l) Five-year risk prediction curve by percent of predicted 
peak VO2 and fibrosis status for the composite clinical end point. (With 
kind permission from Rydman et al, Systemic Right Ventricular Fibrosis 
Detected by Cardiovascular Magnetic Resonance is Associated with 
Clinical Outcome, Mainly New-Onset Atrial Arrhythmia, in Patients 
After Atrial Redirection Surgery for Transposition of the Great Arteries. 
Circ Cardiovasc Imaging, 2015 [72])

This is the first time LGE has been shown to predict mortal-
ity in congenital heart disease. Additionally, we have sepa-
rately demonstrated that RV scar burden identified by 3D 
LGE segmentation in repaired ToF independently predicts 
inducible VT during invasive programmed electrical stimu-
lation (Fig. 23.12) [81]. More data are needed to know how 
right atrial LGE could be relevant to the more prevalent right 
atrial tachycardias patients with ToF experience.

23.5.3.3  Other Congenital Heart Conditions
An association between myocardial LGE and arrhythmia 
has been reported for other congenital heart disease lesions. 
Ventricular LGE has been detected in 28% of patients with 
Fontan palliation, with the presence and extent of ventricu-
lar LGE correlating with increased ventricular size, 
impaired ejection fraction, and prevalence of non-sustained 
VT [82]. In patients with Ebstein anomaly of the tricuspid 
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Fig. 23.9 RV LGE segmental scoring in repaired tetralogy of Fallot. 
Patients with a total RV LGE score ≥8 were in the top quartile for RV 
LGE burden and were graded as severe extent. Patients with a total RV 
LGE score 5–7 were graded as moderate extent where a score of 5 was 
the median. A total RV LGE score <5 was deemed as minimal or mild. 
The segmental system used for scoring RV LGE has been previously 
published. The RV is divided into six segments (yellow numbers 1–6). 
Regions of RV LGE were scored according to linear extent (0 1/4 no 
enhancement, 1 1/4 up to 2 cm, 2 1/4 up to 3 cm, 3 1/4 3 or more cm in 
length) and number of trabeculations enhanced including the moderator 

band (0 1/4 no enhancement, 1 1/4 1 trabeculation, 2 1/4 2–4). Scoring 
of LVLGE was performed using the universally accepted 17-segment 
LV model [77]. Points were attributed to the proportion of LGE present 
in each myocardial segment, as visually judged: 0 1/4 no LGE, 1 1/4 up 
to 25%, 2 1/4 up to 50%, 3 1/4 up to 75%, and 4 1/4 up to and including 
100% of the myocardium enhanced. LGE 1/4 late gadolinium enhance-
ment; LV 1/4 left ventricle; RV 1/4 right ventricle. (With kind permis-
sion from Ghonim et al, Predicting Survival in Repaired Tetralogy of 
Fallot. JACC Cardiovasc Imaging, 2022 [80])

valve, LGE of the right atrium and ventricle is associated 
with history of supraventricular arrhythmia [83]. In unre-
paired secundum atrial septal defect, atrial arrhythmia doc-
umentation was cross-sectionally associated with more 
extensive right atrial LGE though the independence of this 
finding compared with right atrial size was not demon-
strated [84].

LGE CMR has potential to be a useful tool to refine 
arrhythmia risk stratification in patients with a variety of 
congenital heart defects. Moreover, LGE CMR may allow 
non-invasive imaging of the arrhythmic substrate for re- 
entrant tachycardias. This could improve patient selection 
for invasive VT stimulation and primary prevention implant-
able cardioverter defibrillator. Machine learning and quanti-
fication of diffuse ventricular fibrosis using T1 mapping 
could provide additional insights [85, 86].

23.5.4  Ventricular and Atrial Scar 
Segmentation and Image Integration 
in ACHD EP

CMR of scars has been used in invasive arrhythmia diagnos-
tic and therapeutic procedures in ischaemic heart disease and 
cardiomyopathy patients [52, 87, 88]. 3D LGE CMR at 

1.5 Tesla has been correlated with electroanatomical map-
ping and the use of high-resolution 3D LGE CMR is reported 
at 3 Tesla [87, 89].

We have applied remote magnetic navigation EP to con-
genital heart disease patients in our centre [5]. Conventional 
3D EP mapping of ventricles by point-by-point voltage 
amplitude maps to identify the underlying arrhythmia sub-
strate has limitations. First, poor contact for mapping can 
lead to overestimation of the area of scar (low voltage areas). 
Remote navigation, however, uses soft catheters that are 
guided to the region of interest by external magnets over-
coming problems relating to anatomic obstacles. Such cath-
eters also have minimal risk of causing perforation of heart 
chambers compared with conventional catheters. This gives 
the potential to give adequate “read” by improving catheter 
tissue contact. Therefore, particularly if the chamber size is 
provided by CMR, the problem of over-estimating the area 
of scar (using low voltage mapping) through lack of contact 
can be overcome. This is especially relevant in congenital 
heart disease patients where the right atrial and ventricular 
chambers can be massively enlarged.

Second, conventional mapping of ventricles frequently 
mechanically induces VT or ventricular fibrillation leading 
to haemodynamic compromise and possible repetitive DC 
cardioversion. If the latter causes patient movement on the 
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Fig. 23.10 Examples of LV LGE late after tetralogy of Fallot repair. 
Images illustrating unexpected LV infarction (arrowed) in two different 
patients (a and b) A further example of localised LV LGE in another 
patient is shown. The cine frame in C1 and corresponding LGE image 
in C2 suggest fibro-fatty change in this region. (With kind permission 

from Babu-Narayan et al., Ventricular fibrosis suggested by cardiovas-
cular magnetic resonance in adults with repaired tetralogy of Fallot and 
its relationship to adverse markers of clinical outcome. Circulation, 
2006 [77])

EP table, accurate registration of mapping data is more 
challenging. CMR image resolution and multimodality 
image registration may provide different potential errors. 
Congenital heart disease patients are frequently consid-
ered to have complex scar substrates and the risk of 
arrhythmia recurrence following conventional ablation is 

higher [90]. Haemodynamic instability may be a reason 
that the treatment needs to be anatomically “substrate” 
based. If CMR segmentation and post-processing can be 
used to demonstrate both heart chambers and complex 
scars, this will aid an anatomical “substrate” based EP 
approach (Figs. 23.13 and 23.14). In future, CMR-defined 
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Fig. 23.11 RV LGE segmental score quartiles predict ventricular 
arrhythmia and all-cause mortality in repaired tetralogy of Fallot. Cox 
proportional hazard survival plots for patients with repaired tetralogy of 
Fallot stratified by RV LGE quartiles to predict (a) ventricular arrhyth-

mia and (b) all-cause mortality. See Fig. 23.9 for the RV LGE segmen-
tal score. (With kind permission from Ghonim et al., Predicting Survival 
in Repaired Tetralogy of Fallot. JACC Cardiovasc Imaging, 2022 [80])

Fig. 23.12 RV scar burden detected by 3D LGE CMR predicts VT 
inducibility in repaired tetralogy of Fallot. 3D LGE CMR defined RV 
scar segmentation for two patients with repaired tetralogy of Fallot. 
Grey colour = RV scar. Blue colour = healthy tissue. Higher RV scar 
burden was associated with inducibility of VT for patients undergoing 

invasive programmed VT stimulation. (With kind permission from 
Ghonim et  al, Three-Dimensional Late Gadolinium Enhancement 
Cardiovascular Magnetic Resonance Predict Inducibility of Ventricular 
Tachycardia in Adults with Repaired Tetralogy of Fallot. Circulation: 
Arrhythmia and Electrophysiology, 2020 [81])
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Fig. 23.13 CE-CMRA for 3D volume reconstruction and image inte-
gration with 3D EP mapping systems in repaired tetralogy of Fallot and 
RV outflow tract ventricular tachycardia. (a) RV LGE in the RV outflow 
tract after repair of tetralogy of Fallot (arrowed). (b) CE-MRA was per-
formed and segmented with CARTO software to provide an anatomical 
roadmap of the right ventricle and pulmonary artery (purple). The red 
patch was segmented from 3D LGE study (arrowed) and reflects CMR 

documented anatomical scar. (c) The CMR images were integrated with 
fluoroscopy. Here there is a catheter in the RV apex (RVA) and the mag-
netic catheter is also labelled (MN). Ventricular tachycardia was 
induced at EP study with associated haemodynamic instability and 
ablation next to the scar defined by LGE CMR terminated the tachycar-
dia. Subsequently, the patient was no longer inducible for ventricular 
tachycardia

RA

Fig. 23.14 RA tachycardia with giant RA and both RA and RV 
LGE. This patient in her fifties had repaired tetralogy of Fallot with 
pulmonary atresia. She re-presented to follow up with established atrial 
tachycardia and massively dilated right atrium. The image shown fol-
lows Syngofusion™ of 3D bSSFP and 3D LGE CMR sequences. The 
bright areas show extensive LGE in the right atrium and in the right 
ventricle

scar images merged with EP data could be used intra-pro-
cedure to attempt to image the anatomy including scar and 
direct the diagnostic elements of the procedure towards the 
potentially multiple and complex regions of interest, mak-
ing it more timelier and improve outcomes of ablation in 
ACHD patients.

23.6  Real-Time MR Image-Guided Ablation

Over the last few years, there has been progress in animal 
models and clinical studies to develop real-time CMR- 
guided electrophysiology workflows [91, 92]. Potential 
advantages include improved procedural guidance with 
visualisation of cardiovascular anatomy, improved guid-
ance of catheters to target regions of interest, and real-time 
evaluation of the arrhythmic substrate and transmurality of 
ablation lesions. Moreover, procedural time and radiation 
exposure could be reduced [93]. CMR has the potential to 
visualise lesion formation during radiofrequency ablation 
delivery. T2-weighted imaging allows assessment of acute 
myocardial oedema. This immediate lesion assessment 
might enable a deeper ablation without significantly 
increasing the risk of perforation. LGE can identify abla-
tion lesion necrosis and longer-term scar substrate for pre-
diction of recurrence.
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Feasibility of real-time CMR-guided systems to perform 
electroanatomic mapping and ablation has been demon-
strated in porcine ischemia-reperfusion models of VT and in 
patients with typical atrial flutter [92, 94]. Such systems 
could potentially help improve arrhythmic substrate assess-
ment in ACHD patients undergoing ablation of complex 
scar-related tachycardias.

23.7  Micro-Structural Myocardial Fibre 
Architecture

Diffusion tensor cardiac magnetic resonance (DT-CMR) is 
a novel imaging technique, which allows non-invasive 
assessment of the myocardial fibre architecture at the 
micro- structural level. Whilst DT-CMR was previously 
limited to ex  vivo studies, advances in sequences have 
allowed in vivo imaging to be acquired. The technique has 
been applied to assess myocardial fibre orientation and 
sheetlet function in various cardiac pathologies, primarily 
in animal models of cardiac disease, but also in hypertro-
phic cardiomyopathy and ventricular remodelling post-
infarction in humans [95]. For example, myocardial 
disarray identified by DT-CMR in vivo has been associated 
with ventricular arrhythmias in patients with hypertrophic 
cardiomyopathy [96]. In congenital heart disease, ex vivo 
DT-CMR of pathology specimens has shown myocardial 
fibre organisation differs between ToF, TGA, CcTGA, sys-
temic RV, and situs inversus [97].

Whilst currently limited to a small number of research 
centres, DT-CMR has the potential to increase understanding 
of the myocardial micro-structure in patients with 
ACHD. This could help identify patients at increased risk of 
arrhythmia and SCD. In addition, visualisation of surviving 
myocardial fibre tracts within scarred myocardium could 
potentially identify the ‘critical isthmus’ for re-entrant tachy-
cardias, thereby increasing the targets for catheter ablation.

23.8  Personalised Virtual Heart 
Computational Modelling

Recent advances in image-based computational modelling 
have enabled patient-specific virtual hearts to be created. 
Personalised models are constructed from 3D LGE CMR 
images, incorporating patient-specific data (chamber geom-
etry and fibrotic remodelling), estimates of myocardial fibre 
orientation, and EP properties, to reproduce the arrhythmo-
genic substrate in silico. Simulations of electrophysiology 
testing and catheter ablation can then be applied to predict 
arrhythmia inducibility and ablation targets [98].

This approach has been applied as proof-of-concept to 
predict ventricular arrhythmia post-infarction [99], in paedi-

atric myocarditis [100], and in patients with repaired ToF 
[101]. Computational modelling has also been used to iden-
tify targets for ablation of persistent atrial fibrillation [102] 
and predict arrhythmia recurrence following pulmonary vein 
isolation [103]. Translation of personalised computational 
modelling to patients with ACHD has potential to improve 
arrhythmia prediction and ablation outcomes.

23.9  Conclusion

Imaging the functional details of the cardiovascular system 
is a forte of CMR. This detailed information is even more 
important in ACHD when it comes to planning and execution 
of EP procedures. The true incremental value of LGE CMR 
applied to adults with congenital heart disease above other, 
perhaps easier and more widely available markers of risk, 
remains to be proven in longitudinal, prospective studies. It 
seems likely that LGE CMR has value in predicting risk of 
arrhythmia in repaired ToF and systemic RV patients and can 
lead to better identification of patients at most risk of prema-
ture deaths. This will allow referral for surgical, transcathe-
ter, or EP intervention including implantation of an automated 
internal cardiac defibrillator to be expedited where appropri-
ate and avoidance of the risks, significant morbidity, and 
costs related to these procedures in patients who do not need 
these interventions. Visualization of 3D geometry but also 
fibrosis/scar that serves as the underlying substrate for 
arrhythmia could result in shorter procedures with better out-
come and reduction in radiation exposure.
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243D Printing in Congenital Heart Disease

Michael D. Seckeler, Claudia E. Guerrero, 
and Andrew W. Hoyer

24.1  Introduction

Stereolithography, or as it is more commonly known, 3D 
printing, was first performed by Charles Hull in 1983 when 
he used the technique to produce a small plastic cup [1], and 
his first patent was issued in 1986 [2]. Since that time, there 
has been a rapid expansion of the use of 3D printing, initially 
in the fields of engineering and manufacturing, but more 
recently, in medicine. One field in which 3D printing has been 
embraced is congenital heart disease (CHD). Given the com-
plex and variable nature of CHD, the ability to visualize and 
hold these hearts in your hand has been a game changer. In 
this chapter, we will explore some of the technical aspects of 
3D printing, image acquisition in CHD, applications and lim-
itations of 3D printing, and future uses of the technology.

24.2  The Process of 3D Printing

3D printing, or additive manufacturing, is the process of suc-
cessive layering of a material to generate a structure with 
length, width, and height. The steps of digital model devel-
opment and preparation are illustrated in Fig. 24.1. The first 
step is to acquire a digital 3D dataset, and for CHD, this is 
typically from computed tomography (CT) or magnetic reso-
nance imaging (MRI). Once the dataset is acquired, the areas 
of interest for printing must then be identified and high-
lighted, a process called segmentation (Fig. 24.1), and usu-
ally converted to stereolithographic (STL) file formatting, 
the same that Charles Hull developed. The segmented data-

set is then sliced, or converted into a stack of cross sections, 
which will become the printed layers (Fig. 24.1). The sliced 
file also has instructions for the 3D printer to physically print 
the object. The process of segmentation and slicing can take 
minutes to hours, and the print time can be as long as 24 h, 
depending on the size and complexity of the structure to be 
printed.

The most common 3D printing technologies in use today 
are fused deposition modeling (FDM), selective laser sinter-
ing (SLS), stereolithography (SLA), PolyJet, and digital 
light processing (DLP). Each has its own advantages and dis-
advantages, and a full analysis is beyond the scope of this 
chapter, but some examples of the printing process and final 
products from FDM and DLP printers are shown in Fig. 24.2.

Some of the earliest descriptions of 3D printing in CHD 
came in 2006 when several groups reported printing models 
of various defects, including direct comparisons between the 
printed model, standard angiography, and direct visual 
inspection at the time of surgery [3, 4]. 3D datasets that have 
typically been used for CHD are CT or MRI, but they need to 
be high quality for accurate model generation. There is also 
a need for expertise in software and hardware manipulation 
[5, 6]. Several groups have quantitatively compared 
3D-printed models to the original CT datasets and found 
high fidelity in the reproductions [7, 8].

While it is ideal to minimize exposure to ionizing radia-
tion in patients with CHD, many have metallic implants 
(stents, occluder devices, and coils) which, even if safe for 
MR imaging, could cause enough image distortion to render 
MRI useless. In addition, image acquisition time is still lon-
ger for MRI such that infants need to be anesthetized to 
obtain diagnostic images. In response, cardiac CT scans with 
dose-reduction techniques have been used for infants with a 
variety of CHD and were found to generate excellent-quality 
images [9]. There have also been improvements in MR post- 
processing techniques so 3D modeling from MRI may 
become more commonplace [10]. While CT typically pro-
vides higher resolution imaging for 3D model generation, 
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a

b

Fig. 24.1 Process of 3D 
model generation for a 
neonate with pulmonary 
atresia, intact ventricular 
septum, and a tortuous patent 
ductus arteriosus. (a) Once a 
3D dataset is obtained 
(typically from CT or MR 
imaging), the structures of 
interest are highlighted, a 
process known as 
segmentation. This shows 
axial, coronal, and sagittal 
projections with the 
segmented structures 
highlighted in orange and the 
3D reconstruction in the 
upper right box. (b) Once the 
model has been cleaned and 
checked for errors, it is 
imported into slicing software 
which will generate support 
structures (gray) which are 
needed during the printing 
process and provide 
instructions for the 
movements for the specific 
3D printed to be used

our group has been able to successfully use MRI to generate 
3D models on newborn infants weighing less than 3  kg 
(Fig. 24.3).

Newer imaging modalities have allowed for acquisition of 
3D datasets at the same time as other clinically indicated 
procedures. 3D rotational angiography (3DRA), which is 
increasingly performed as part of routine cardiac catheteriza-

tions, can produce printable 3D datasets [11, 12]. Due to the 
concern for increased radiation doses with 3DRA, Fetterly 
performed simulated radiation dose reductions for 3DRA 
imaging and found that even after reducing the radiation 
dose by 72%, there were no significant differences in the 
quality of the imaging or measurements of the structures of 
interest [13].
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Fig. 24.2 The process of 3D model printing for a neonate with pulmo-
nary atresia, intact ventricular septum, and a tortuous patent ductus 
arteriosus. (a–c) An example of fused deposition modelling (FDM) 
printing which heats and extrudes filament and draws the layers to cre-
ate a 3D model. Once the model is complete, there are support struc-
tures which are needed during the print but are removed afterwards to 

produce the final model. (d–f) An example of digital light processing 
(DLP) printing which uses a light source to photocure resin material to 
generate the layers and create a 3D model. Once the model is complete, 
there are support structures which are needed during the print but are 
removed afterwards to produce the final model. Photos for (d–f) pro-
vided by Jason Pedersen

An exciting new development is the use of echocardio-
graphic datasets to generate 3D-printed models without the 
use of any ionizing radiation. As detailed as CT and MRI are, 
thin structures, such as the atrioventricular valves, can be dif-
ficult to visualize, particularly in smaller patients. Several 
groups have utilized 3D datasets from either transthoracic or 
transesophageal echocardiograms to successfully print 3D 
models [14–17]. Additionally, others have been able to 3D 
print models of complex CHD with data obtained from fetal 

echocardiograms which have been particularly useful for 
prenatal counseling [18, 19].

Finally, combining all these modalities into hybrid model 
generation has allowed teams to use the best aspects of each 
technique to generate accurate 3D-printed models and opti-
mize the clinical data obtained from the models. These mod-
els can be used for surgical planning, hemodynamic 
simulation, or education [14–16].

24 3D Printing in Congenital Heart Disease
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Fig. 24.3 Printed 3D model of a 2.7 kg neonatal with a hypoplastic 
transverse aortic arch (arrow) created from a cardiac MRI obtained on 
a 1.5 T scanner

24.3  Current Applications of 3D Printing 
for Congenital Heart Disease

The use of 3D-printed models in CHD is relatively new [3, 
4], but there has been rapid adoption within the field for mul-
tiple uses, including procedural planning (surgical and trans-
catheter), hemodynamic simulations, and education [20]. To 
support these uses, several studies have demonstrated the 
accuracy of 3D-printed models within 1  mm of standard 
clinical imaging [21, 22].

24.3.1  Surgical Planning for Complex CHD 
Repair

Two of the most challenging forms of CHD to repair surgically 
are double outlet right ventricle (DORV) and complete atrio-
ventricular septal defects (AVSD) as the complex intracardiac 
relationships can be quite challenging to visualize by standard 
transthoracic echo alone and the interventional decisions made 
can greatly alter the long term outcomes for these patients.

For DORV, the location of the aorta relative to the ven-
tricular septal defect (VSD) determines whether a surgeon 
can create an intracardiac baffle from the left ventricle, 
through the VSD and out the aorta to establish biventricular 
circulation (Fig. 24.4). 3D-printed models have been used to 
guide the critical decision of either initiating single ventricle 
palliation and potentially later converting to biventricular 
circulation [23] or performing biventricular repair as the ini-
tial intervention in patients where standard imaging sup-
ported single ventricle palliation [24–29]. To further 
understand the potential clinical benefits of a pre-operative 
3D-printed model, one team compared outcomes for patients 
with DORV between those with and those without 3D-printed 
models. Encouragingly, post-operative ventilator time and 
ICU stays were significantly shorter in the 3D model group 
[30].

For patients with an AVSD, particularly in the setting of 
heterotaxy syndrome, it can be difficult to determine patient 
suitability for single versus biventricular intracardiac repair. 
A review of the management of AVSD highlighted the ben-
eficial addition of 3D echocardiography and 3D-printed 
models in helping to determine adequacy of biventricular 
repairs in borderline cases [31]. A series of patients with 
complex AVSD achieved conversion to biventricular circula-
tion with the aid of 3D-printed models as part of the standard 
pre-operative evaluation [32].

In addition to DORV and AVSD, researchers have utilized 
3D-printed models for a variety of complex CHD cases, 
including variants of tetralogy of Fallot [33, 34], transposi-
tion of the great arteries [35], anomalous pulmonary venous 
connection [36], pulmonary artery pseudoaneurysm resec-
tion [37] and rerouting of a Fontan pathway [38]. It is felt 
that 3D-printed models used for surgical planning can reduce 
the exploration and surgical times, which in turn can improve 
clinical outcomes. The 3D model can also help in the under-
standing of complex patient anatomy and can help improve 
pre-operative communication between the surgeon and the 
patient and family [37] (Fig. 24.5).

Overall, 3D printing can be very useful in planning surgi-
cal techniques and in choosing between single ventricle, one 
and a half ventricle, and biventricular repair [39]. It can also 
improve multidisciplinary team decision-making, patient 
and family understanding, and education of medical profes-
sionals [39, 40].

24.3.2  Mechanical Cardiac Support and Heart 
Transplantation

It is inevitable that some patients with CHD will develop 
heart failure and require mechanical cardiac support and pos-
sible heart transplantation. Many of these patients will have 
unusual intracardiac and intrathoracic post-operative anat-
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Fig. 24.4 Utility of 3D models for surgical repair of double outlet right 
ventricle (DORV). (a, b) Two views of a virtual 3D reconstruction of an 
infant with DORV (right ventricular free wall removed) with the aorta 
highlighted in red, the pulmonary artery highlighted in blue, and the 
ventricular septal defect (VSD) outlined with the dashed line. (c, d) 

Two views of a 3D-printed model of the same patient with the red line 
representing the direction of flow from the left ventricle, through the 
VSD and out the aorta and the blue line representing flow from the right 
ventricle through the right ventricular outflow tract and out the pulmo-
nary artery

omy, and 3D-printed models can be used to plan for ven-
tricular assist device (VAD) implantation [41]. This can be 
particularly important for adults with CHD as the multiple 
prior surgeries can make re-intervention more challenging 
and higher risk. And while these patients could benefit from 
mechanical cardiac support, their anatomy and risk factors 
may preclude it. 3D-printed models can help identify the 
best approach for placing mechanical support devices, 
increasing surgeon confidence to undertake the procedure, 
and may lead to shorter procedure times as well [42].

For those who go on to heart transplantation, 3D-printed 
models can help surgeons anticipate and plan for problems 
that may arise during dissection or implantation of the donor 

heart. Models can be particularly useful in determining any 
special dimensions and requirements of the donor heart, such 
as extra donor venous tissue to “undo” Fontan procedures 
[43–45]. Better pre-operative planning can also reduce cross- 
clamp and total operative time, further reducing patient mor-
bidity [44].

24.3.3  Cardiac Catheterization

The field of interventional congenital cardiology has always 
pushed the envelope to develop minimally-invasive 
approaches to minimize morbidities for this fragile popula-

24 3D Printing in Congenital Heart Disease
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Fig. 24.5 3D-printed model of a neonate with double aortic arch from 
anterior (a) and posterior (b) views. The double aortic arch (red) with a 
hypoplastic left segment (*) enwraps the trachea and esophagus (white). 

These models can help families to understand the anatomy of their 
child’s congenital heart defect and need for surgical intervention

tion. The complex anatomy can be challenging to understand 
with angiography alone, so 3D-printed models have been 
embraced by the interventional community to optimize the 
planning and safety of interventional catheterizations. There 
are almost as many uses of 3D-printed models to guide trans-
catheter interventions as there are CHDs. 3D-printed models 
have been used for coronary artery fistula closure [46, 47], 
ductus arteriosus stenting to maintain pulmonary blood flow 
[48], closure of an atrial baffle leak in a patient with a 
 crisscross heart [49], device closure of a right ventricular 
outflow tract pseudoaneurysm [50], device closure of a rup-
tured sinus of Valsalva aneurysm [51], transcatheter Fontan 
completion [52], closure of an unroofed coronary sinus [53], 
recanalization of a chronically occluded branch pulmonary 
artery [54] and percutaneous edge-to-edge repair of systemic 
atrioventricular valve regurgitation [55]. For each of these 
reports, the ability to simulate and practice intervention, as 
well as improved communication with the care team and 
patients, were noted benefits of the 3D-printed models.

The first reported use of a 3D-printed model to guide a 
catheterization was in 2014 when Olivieri and colleagues 
printed a 3D model of the heart of a patient with pulmonary 
venous baffle obstruction after a Mustard procedure to aid in 
planning successful transcatheter stent placement [56]. This 
was followed by reports of 3D-printed models to guide 
catheter- based interventions on complex aortic coarctation 
and arch hypoplasia [57, 58].

Device closure of atrial septal defects (ASDs) is one of 
the earliest transcatheter interventions, but the septal geom-
etry can be complex and hard to assess by standard imaging 
techniques, such as echocardiography, such that some 

patients who could benefit from device closure instead 
undergo surgical closure. In particular, some patients appear 
to have insufficient tissue rims around the ASD on echocar-
diogram to allow for safe placement of standard occluder 
devices. Several groups have found that 3D-printed models 
can allow for more accurate visualization and assessment of 
the tissue rims [59] and for in vitro test closure of complex 
ASDs with standard and off-label closure devices [60, 61].

An exciting extension of 3D printing in planning trans-
catheter interventions is the treatment of superior sinus veno-
sus ASDs and partial anomalous pulmonary venous return, 
which have historically required surgical closure. However, 
using 3D-printed models and bench simulations of covered 
stent placement has allowed planning to create the “missing” 
wall between the superior vena cava and the pulmonary veins 
(Fig. 24.6). The team at Evelina London Children’s Hospital 
in the United Kingdom has pioneered this technique with 
good medium-term outcomes [62–64]. 3D model planning 
allows for selection of candidates with anatomy favorable for 
the transcatheter approach, and the procedure has success-
fully been replicated at other centers around the world [65].

3D-printed models have been used in electrophysiology 
catheter interventions as well. A number of adults with CHD 
will develop conduction abnormalities related to the underly-
ing CHD or as a consequence of their prior interventions. 
Atypical anatomy is the norm for these patients and unusual 
approaches may be needed to successfully perform ablation 
procedures or place transvenous pacemaker leads (Fig. 24.7). 
Many patients with ventricular looping abnormalities can 
have unusual coronary sinus anatomy, [66] and it may even 
be absent [67], making pacemaker lead placement challeng-
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Fig. 24.6 Planning for transcatheter correction of anomalous right- 
sided pulmonary venous return and a superior sinus venosus atrial sep-
tal defect. (a) 3D virtual model (anterior right atrial wall cut away) 
demonstrating the anomalous right-sided pulmonary veins entering the 
superior vena cava (*), the superior sinus venosus atrial septal defect 
(dotted line), and the normal entry of the azygous vein (†). (b) Virtual 

implantation of a covered stent (white) to recreate the back wall of the 
superior vena cava, rerouting the anomalous pulmonary venous drain-
age and closing the atrial septal defect. (c) 3D-printed model for pre- 
procedure simulation. Note that the azygous vein is not obstructed by 
the covered stent

a b

Fig. 24.7 3D-printed model of a patient with transposition of the great 
arteries who has undergone a Mustard procedure and required trans-
catheter ablation for atrial flutter with a tricuspid annular focus from 
lateral (a) and anterior (b) views. Because of the complex surgical intra- 
atrial venous rerouting, the inferior vena cava no longer communicated 

with the tricuspid valve annulus (dotted line) and transbaffle puncture 
was needed to perform the intervention. The 3D-printed model was 
used to plan the two puncture sites (*) needed to position the interven-
tional catheters (represented by the blue line)

24 3D Printing in Congenital Heart Disease
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ing, but 3D-printed models have been used in such cases to 
plan and guide an alternative approach for successful lead 
placement.

24.3.4  Simulation

Aside from procedural planning, groups have also been 
exploring the utility of 3D-printed models for various simu-
lations. The most common use has been simulated surgical 
intervention [20]. Trainees and junior surgeons can learn 
complex congenital surgical interventions on life-size 
3D-printed models made from thin, flexible materials, such 
as polyurethane resin, before sewing a stitch in a human [68, 
69]. Several authors have published small series and proof- 
of- concept papers, but these works have lacked objective 
data to prove the utility of the models in improving surgical 
outcomes [70], aside from one objective assessment of suc-
cessful simulated arterial switch procedures, to be able to 
better understand the utility of surgical simulation in 
improving outcomes [71]. Groups have also utilized 
3D-printed models for simulated transcatheter interven-
tions, such as intracardiac shunt occlusion [69] and inter-
ventions for pulmonary artery stenosis [72], but more 
assessment tools will need to be developed for other lesions 
to understand the potential benefit of 3D-printed models for 
clinical care.

Another innovative use of 3D-printed models is to simu-
late post-intervention physiology. One team 3D printed a 
series of different-sized simulated ASDs to allow for deploy-
ment of a transcatheter ASD occluder to better define and 
understand the deployed dimensions of different device sizes 
in different-sized defects [73]. Another group used 3D-printed 
models to predict adverse outcomes after surgical interven-
tion on coronary arteries both for arterial switch procedures 
[74] and for repair of anomalous coronary artery origins 
[75]. 3D-printed models of right ventricular outflow anatomy 
(normal and tetralogy of Fallot after transannular patch 
repair) were used in hemodynamic simulators and 4D MRI 
modeling of flow to assess factors that can affect the longev-
ity of implanted bioprosthetic valves [76]. Another group 
used 3D-printed mitral valves in hemodynamic simulators to 
predict hemodynamic changes after transcatheter edge-to- 
edge valve repair [77], a technique that could potentially be 
used in single-ventricle patients. Another team compared 
3D-printed models of Fontan conduits using SLA, SLS, and 
FDM printers and assessed flow dynamics with hemody-
namic simulators. Overall, each made a reasonable represen-
tation, but the internal support structures required in FDM 
models produced less accurate flow modeling [78]. The 

attractive low-cost FDM models will need to be balanced 
against the anatomic and physiologic accuracy of the model.

24.3.5  Education

Just as surgeons can learn to perform an arterial switch oper-
ation on a 3D model, students can learn anatomy of CHD 
lesions using models. An open-access library of 3D models 
of CHD that would be freely available for downloading and 
printing has been proposed [79]. Others have used cardiac 
CT of fetal hearts [80] and digital manipulation of cardiac 
CT scans of normal hearts [81] to create libraries of CHD for 
education.

There have been numerous studies that assess the subjec-
tive and objective benefits of incorporating 3D-printed models 
of CHD into didactic sessions. These have included multiple 
levels of learners (medical students, nursing staff, cardiology 
fellows, attending cardiologists and surgeons) and covered a 
variety of CHD, such as VSDs and tetralogy of Fallot [82–90], 
extracardiac vascular defects [84, 85, 88–91], crisscross hearts 
[92], and complex single ventricle lesions [85, 93]. These 
studies have shown subjective improvements in learner under-
standing, but the objective improvements have been less con-
sistent. One innovation that improves understanding is the use 
of different colored materials to distinguish anatomic struc-
tures [85]. There is also probably more benefit for higher com-
plexity lesions (tetralogy of Fallot versus an isolated VSD) 
[87] and for more junior learners [89, 92].

3D-printed models of CHD have also been used for 
hands-on surgical training which can allow for practice on 
pathological hearts without patient risk or having to follow 
the traditional training model of waiting for potential oppor-
tunities to present themselves [68, 94–98]. Hearts can be 3D 
printed with flexible, tissue-like material to allow for cutting 
and suturing and have been used for transposition of the 
great arteries, tetralogy of Fallot, and hypoplastic left heart 
syndrome, among other defects. Earlier studies found the 
material to be too different from human myocardium to be 
useful [94], but there have been advances in material devel-
opment [68]. Cardiac valves were poorly recreated in the 
earlier models [94], but a newer technique for valve simula-
tion using 3D echocardiographic imaging to print negative 
molds and then cast silicone valves has created more tissue- 
like valves for surgical practice [96]. Hussein and colleagues 
have shown a reduction in simulated operative time for the 
arterial switch procedure with repeated practice using 
3D-printed models [97]. The same group has also created an 
objective assessment tool to define successful simulated arte-
rial switch procedures to better understand the utility of sur-
gical simulation in improving clinical outcomes beyond just 
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shorter operative time [71]. Scientific proof of the utility of 
3D-printed models for surgical education is challenging due 
to many confounders that affect outcome [99], and more 
tools will need to be developed for other CHD to truly under-
stand the potential benefit of 3D-printed models for clinical 
care.

Besides medical professionals, 3D models can educate 
patients and their families about their cardiac defect. Children 
with CHD will require lifelong cardiology care, and a good 
understanding of the pathologic disease process is likely 
helpful in improving medical compliance. This can start as 
early as the initial diagnosis with fetal echocardiograms 
being used to 3D print models [18, 19]. Pre-operative 
3D-printed models can also help families understand the 
indications for surgery and aid in operative consent [39, 
100]. 3D-printed models have also been shown to help 
reduce patient and family anxiety before cardiac catheteriza-
tions [101]. Stressing the importance of lifelong cardiology 
follow-up, Liddle used virtual 3D models to teach adoles-
cents with CHD about their disease and found improved 
understanding after the teaching sessions [102]. A meta- 
analysis found a small number of reports which suggest that 
3D models are accurate and help with communication, but 
consistent with other studies, objective clinical utility has yet 
to be demonstrated [103].

24.4  Future of 3D Printing for Congenital 
Heart Disease

24.4.1  Machine Learning

There are several barriers to widespread adoption of 3D print-
ing in CHD, and one of the most important is fast, accurate 
segmentation from the initial 3D dataset. This is currently 
mostly a manual, time-consuming process, and any inaccura-
cies that occur during segmentation will carry through the 
entire 3D printing process, which can lead to inappropriate 
clinical interpretations or plans [104]. There are only limited 
options for semi-automated segmentation of scans [105] and 
still no consistent method for model creation and printing 
across centers [106]. Machine learning has been proposed as 
a solution for improved automated segmentation [107]. The 
striking variation in CHD anatomy that occurs in a relatively 
small population of patients limits the datasets available for 
machine learning [107]. However, progress has been made 
with development of a machine learning technique to autose-
gment the left atrium and anomalous pulmonary veins for 
pre-operative planning in patients with total anomalous pul-
monary venous return [108]. The authors report that using 
their method would decrease the radiologist’s workload from 
several hours per scan to only 400 ms. Expansion of this tech-

nique to other CHD will be critical to widespread and clini-
cally useful adoption of 3D modeling and printing.

24.4.2  Bioprinting

An exciting area of future development for 3D printing in 
CHD is bioprinting of customized implants [109]. Work has 
been done to create cardiac valve replacements [110], bio-
printed scaffolds seeded with a patient’s stem cells to create 
vascular grafts that can be used to replace stenotic or hypo-
plastic vessels [111], or implanted as Fontan conduits [112] 
that can grow with the patients. While tissue engineering has 
existed for some time, 3D printing can aid in more lifelike 
and anatomically accurate scaffold creation [113]. Another 
step toward growing implants is 4D bioprinting of materials 
that are designed to respond to specific stimuli, such as heat, 
to alter their shape which could allow for growth of implanted 
structures, such as intravascular stents [114]. In addition, 
implants printed from biodegradable material could grow 
with the patients, who would not need chronic anti- 
coagulation typically used after implantation of metallic 
devices [115].

Currently, there is no ideal printer available, but industry 
has taken notice and is working to develop printers that can 
provide optimal resolution and speed with low costs and high 
viability of the printed cells [113].

24.5  Limitations of 3D Printing 
for Congenital Heart Disease

As exciting as 3D-printed models are for CHD, there are still 
several limitations that hinder widespread adoption. The first 
was discussed earlier and relates to the time-consuming 
nature of the process of model generation and the steep learn-
ing curve [104, 106, 116]. There have already been steps 
made at reducing segmentation time by utilizing machine 
learning [108] and these will only continue to improve as 
larger datasets of CHD anatomy are created. There is still a 
lack of consistency in methods for segmentation and model 
generation [105, 106], but future work will continue to refine 
the techniques to aid in universal adoption.

The costs of 3D printing cannot be ignored, and are often 
cited as a reason to reject adoption [37]. However, several 
studies have looked at this issue and found that highly accu-
rate and clinically useful models can be printed using free 
and open source software and commercially available FDM 
desktop printers, often for average costs of less than €100 per 
model [117, 118].

Another limitation is the difficulty in quantifying the clin-
ical benefits of 3D-printed models of CHD. There are several 
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reports of subjective improvements in procedural planning, 
but objective measures are still lacking [6, 119]. Work that 
has already been undertaken to develop objective outcome 
measures for CHD surgery [97] will continue to provide data 
to “prove” the utility of 3D-printed models in improving care 
for patients with CHD.

24.6  Conclusions

Incorporation of 3D printing into clinical care for patients 
with CHD has rapidly evolved in the past two decades and 
has helped increase understanding of the anatomy and 
physiology and allowed for the development of novel treat-
ment approaches. As technology continues to improve and 
adoption becomes more widespread, there will be further 
optimization of the outcomes for this complex patient 
population.
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