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Abstract Improvements in the outcomes of surgical and
catheter-based interventions and medical therapy have led to
a growing population of adult patients with congenital heart
disease. Adult patients with previously undiagnosed congen-
ital heart disease or those previously palliated or repaired may
have challenging echocardiographic examinations.
Understanding the distinct anatomic and hemodynamic fea-
tures of the congenital anomaly and quantifying ventricular
function and valvular dysfunction plays an important role in
the management of these patients. Rapid advances in imaging
technologywithmagnetic resonance imaging (MRI) and com-
puted tomography angiography (CTA) allow for improved
visualization of complex cardiac anatomy in the evaluation
of this unique patient population. Although echocardiography
remains the most widely used imaging tool to evaluate con-
genital heart disease, alternative and, at times, complimentary
imaging modalities should be considered. When caring for
adults with congenital heart disease, it is important to choose
the proper imaging study that can answer the clinical question
with the highest quality images, lowest risk to the patient, and
in a cost-efficient manner.
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Introduction

Imaging plays a very important role in the diagnosis and man-
agement of the adult patient with congenital heart disease.
Echocardiography has traditionally been the workhorse of cardi-
ac imaging in these patients and continues to be the modality
used most frequently. The ability to answer all clinical questions
with echocardiography can be challenging in the adult patient
due to poor acoustic windows related to patient size, prior oper-
ations, or lung disease. These patients will often require addition-
al imaging to answer the clinical question. Rapid advances in the
fields of cardiac magnetic resonance imaging (MRI) and com-
puted tomography angiography (CTA) have made these modal-
ities a clinically useful adjunct, and sometimes alternative, to
echocardiography. These modalities are used in the evaluation
of patients with congenital heart disease with increasing frequen-
cy [1–3]. As these modalities become more widely available,
understanding when to choose a particular modality can some-
times be confusing for the providers and patients. This article
seeks to describe the basics regarding the use ofMRI andCTA in
the adult with congenital heart disease, including advantages of
each modality, contraindications, and technical considerations.

Basic Concepts

Magnetic Resonance Imaging

MRI uses the signal from hydrogen ions (protons) in various
tissues to generate an image [4]. When a patient is placed in
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the MRI scanner, all hydrogen ions in the body align with and
precess (spin) along the axis of that strong magnetic field.
Radiofrequency pulses are applied to move the protons out
of phase and the rate of relaxation back to baseline is mea-
sured. These differences are processed to form images.
Different tissues have variable rates of relaxation and these
differences allow MRI to provide tissue characterization and
detect the presence of edema, fluid, fibrosis, or fat. By taking
advantage of differences in tissues, MRI imaging can obtain
high-resolution images for evaluation of cardiac morphology
and function without the use of contrast.

There are many advantages to cardiac MRI. There is no
need for ionizing radiation and high-resolution cine images
can be obtained for accurate quantitation of ventricular vol-
umes and ejection fraction without the use of a contrast agent
[5, 6]. Images can be obtained in any selected plane without
limitations from acoustic windows or overlapping structures.
Phase contrast imaging can quantify flow, which is used to
quantitate valvular regurgitation, shunt fraction, and differen-
tial pulmonary perfusion [7]. The use of gadolinium-based
contrast agents allows for assessment of myocardial perfusion
and delayed-enhancement sequences allow for assessment of
viability and fibrosis [8, 9]. Gadolinium can also be used to
perform magnetic resonance angiography (MRA), which al-
lows for visualization of vascular structures such as the aorta,
pulmonary arteries, and systemic and pulmonary veins
[10–13]. Myocardial tagging can be used for strain analysis
[14]. New technology with the use of 4D flow mapping holds
promise for evaluation of many congenital lesions [15]. A
detailed description of the various sequences used in cardiac
MRI is beyond the scope of this article.

Limitations to the use of MRI may be due to the lack of
availability or contraindications to MRI. It is critically impor-
tant that individuals with both knowledge in image acquisition
and interpretation and an understanding of congenital heart
disease perform cardiac MRI [1–3]. Unlike CTA, where im-
ages are obtained in an axial stack and then reconstructed in
various planes, MRI is very operator dependent and requires
an understanding of the anatomy and physiology to appropri-
ately setup and obtain the proper imaging planes. Patient-
specific limitations include the presence of implanted devices
such as pacemakers or defibrillators or metallic coils, clips, or
wires. The majority of implanted cardiac devices such as
stents, valves, coils, and surgical clips are safe for use in
MRI but may cause significant artifact that precludes assess-
ment of some cardiac structures. Specific MRI sequences can
be employed to try to reduce this artifact [16]. MRI-
conditional pacemakers are commercially available but are
approved only for use with 1.5 Tesla magnets and have not
been approved for use in cardiac MRI. MRI can safely be
performed in patients with conventional pacemakers and de-
fibrillators, as long as they are not pacemaker-dependent, ex-
hibit normal device function, and have been in place for more

than 90 days [17]. The presence of leads in the heart can cause
artifact and may limit the evaluation. The use of gadolinium
contrast should be avoided in the setting of renal dysfunction
with a creatinine clearance <30 mL/min/1.73 m2 or with acute
kidney injury to avoid the risk of development of nephrogenic
systemic fibrosis, a systemic disorder resembling scleroderma
in which fibrosis occurs in the skin and connective tissues
thought to be due to the inability to clear gadolinium chelates
[18]. Cardiac MRI requires ECG gating and irregular rhythms
such as atrial fibrillation can make image acquisition challeng-
ing. The patient must also be able to lie flat, still, and perform
breath holds in order to reduce motion artifact. MRI examina-
tions are time-consuming, and sequences should be tailored to
obtain the necessary imaging to answer the clinical question.

Computed Tomography Angiography

To perform imaging with CTA, iodinated contrast agents are
injected and the scan is timed to opacify the structure(s) of
interest. Rapidly rotating x-ray beams and detectors are used
to create images and ECG gating is used to reduce motion
artifact and allow for cine reconstructions in various phases
to measure ventricular volumes and ejection fraction [19, 20].
Postprocessing is used to perform multiplanar reformats to
view structures in any plane, perform measurements of vas-
cular structures, and understand spatial relationships and
connections.

CTA has excellent spatial resolution and is very good for
evaluation of small vascular structures, such as coronary ar-
teries. Advances in technology with the use of dual-source
scanners and multidetector rows have allowed for shorter scan
times, better temporal resolution, and lower radiation doses
[21, 22, 23•]. CTA is a very useful alternative for patients with
implanted devices that are contraindicated or would result in
significant artifact with MRI. CTA has a very short scan time
with all images being acquired in a single breath hold.

The major disadvantage to CTA is the use of ionizing ra-
diation. Although technologic advances have decreased the
radiation exposure, for young patients that will require serial
imaging, the cumulative radiation dose still remains a concern.
CTA always requires the use of iodinated contrast, which can
be an issue for patients with chronic renal disease or contrast
allergies. As with MRI, technical expertise is incredibly im-
portant, as the timing of the scan must be optimized for max-
imum contrast enhancement of the structure of interest.
Knowledge of congenital heart disease is essential; as timing
of the scan will be vastly different for a patient with a Fontan
circulation than it would be for a patient with a normal four-
chamber heart; and the location of the intravenous injection
will impact the ability to visualize the intended structures.
Failure to properly address these issues may lead to unneces-
sary risk to the patient from radiation and contrast exposure
with a low likelihood of answering the clinical question. CTA
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also requires ECG gating and, as with MRI, irregular rhythms
can make for challenging images.

Choosing an Imaging Modality

Basic Principles

In many adult patients with congenital heart disease, it is often
challenging to answer all relevant clinical questions with a
single imaging study. It is critical for the provider to under-
stand the strengths and weaknesses of each modality and to
outline all clinical questions that need to be addressed. The
goal should be to choose a modality that will answer the clin-
ical question(s) in the most cost-effective manner and with the
least amount of risk and discomfort to the patient. If there are
multiple clinical queries to answer, which is often the case, the
modality best proven to answer them all should be chosen,
keeping in mind that this may not be possible or may not be
the least expensive modality. In selecting the most appropriate
imaging technique, it is equally important to have the right
expertise in performing and interpreting those studies.
Therefore, all patients with complex congenital heart disease
should have imaging performed in regional adult congenital
heart disease centers by providers with expertise in both ad-
vanced cardiac imaging and congenital heart disease [3]. For
many clinical questions, either MRI or CTA can provide sim-
ilar information. The choice of one over the other often is
determined by individual patient characteristics (kidney func-
tion, implanted devices), patient preference (claustrophobia
with MRI), need for serial imaging and a desire to avoid radi-
ation exposure (right ventricular volumes or aortic dimen-
sions), or plans for upcoming surgery (may choose CTA to
be able to exclude coronary artery disease without the need for
invasive coronary angiography).

Shunt Lesions

Atrial septal defects (ASDs), ventricular septal defects
(VSDs), and atrioventricular septal defects (AVSDs) are typi-
cally evaluated with echocardiography, and additional imag-
ing is usually not needed. However, in a patient with a known
cardiac shunt, flow measurements obtained with MRI can
quantitate the severity of the shunt when the latter is in doubt
[24, 25]. MRI or CTA should be performed in the patient with
unexplained dilation of right ventricle or concern for anoma-
lous pulmonary venous connections when an obvious shunt is
not detected by echocardiography. Similarly, MRI or CTA
needs to be considered if device closure of a secundum atrial
septal defect is planned and normal pulmonary venous con-
nections could not be established with echocardiography.MRI
or CTA can be used to quantitate right ventricular volumes in a
patient with a suspected shunt and can clearly delineate a sinus

venosus defect (Fig. 1) or anomalous pulmonary venous con-
nections [26].

Pulmonary Venous Anomalies

Anomalous pulmonary venous connection can be a single
defect or more commonly associated with an atrial septal de-
fect. Either MRI or CTA can be used to evaluate normal and
anomalous pulmonary venous connections (Fig. 2) [27–30].
The ability to visualize the location and number of anomalous
connections is vital in planning a surgical approach. In the
adult patient requiring surgical intervention, such as in sinus
venosus ASD with partial anomalous pulmonary venous re-
turn, CTA may be a better imaging choice, because it allows
for excellent visualization of the location of the anomalous
veins (often the right upper lobe vein) and also allows the
ability to look for coronary artery disease, thus obviating the
need for invasive coronary angiography. The entry point of the
anomalous vein in relation to the superior vena cava-right
atrium junction is an important determinant of the surgical
approach needed to baffle the anomalous vein(s) into the left
atrium. In the patient with previous repair of anomalous pul-
monary veins, MRI or CTA provide excellent delineation of
the postoperative anatomy and should be performed when
there are concerns about baffle stenosis or leaks.

Aortopathies and Disorders of the Aorta

MRI and CTA are ideal imaging techniques in evaluation of
patients with aortic disease, whether it is an aortopathy due to
abnormalities of connective tissue such as Marfan syndrome,
or a structural abnormality of the aorta, such as coarctation of
the aorta or a vascular ring [31, 32]. Both modalities provide a
three-dimensional evaluation of the aorta and branch vessels
and allow for accurate measurement of dimensions. For the
patient with an aortopathy requiring serial surveillance stud-
ies, MRI is preferable because it does not expose the patient to
radiation. However, in a patient with a newly diagnosed large
aortic aneurysm by echo, CTA may be the best choice to
evaluate the size, location, and extent of the aneurysm because
it also allows for a non-invasive evaluation of the coronary
arteries prior to surgery. For newly diagnosed thoracic aortic
aneurysm, imaging of the abdomen and pelvis is recommend-
ed to look for other aneurysmal diseases that can at times assist
in identifying the underlying genetic mutation. Similarly, for
the patient who has undergone surgical repair of thoracic as-
cending aortic aneurysm, follow-up imaging of the aorta is
needed to assess result of the repair and to look for potential
complication such as pseudoaneurysm, or to assess the size of
the rest of the aorta that could later be involved in the disease,
such as the descending aorta.

The adult patient with a new diagnosis of coarctation of the
aorta requires cross-sectional imaging of the aorta to evaluate
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the location and severity of the coarctation, as well as the
presence of any associated aortic dilatation, hypoplastic arch,
or collateral formation. CTA is ideal in this situation as it
provides additional information needed to determine the best
treatment approach and, if surgery is indicated, allows for
assessment of the coronary arteries. MRI would provide all
of the same information but without assessment for obstruc-
tive coronary artery disease (Fig. 3). MRI-based

computational fluid dynamics may offer additional hemody-
namic information which could obviate the need for cardiac
catheterization in some patients when the coarctation severity
is in question, although additional study is necessary[33]. In a
patient with prior surgical coarctation repair, serial imaging of
the coarctation site, to assess for restenosis, aneurysm, or
pseudoaneurysm, is often performed with MRI to reduce the
cumulative radiation exposure. In patients with prior stenting
of coarctation, significant artifacts may be present with MRI
and CTA may be a better way to evaluate the stented segment
[34].

Tetralogy of Fallot

Almost all adult patients with Tetralogy of Fallot (TOF) will
have undergone repair in childhood and many will have im-
portant hemodynamic sequelae, and less so residua, as a result
of that repair. Until recently, relief of right ventricular outflow
tract obstruction, commonly accompanied by transannular
patch, has resulted in significant, often free, pulmonary regur-
gitation in the majority of patients. Chronic pulmonary valve
regurgitation leads to right ventricular volume overload and
subsequently right ventricular dysfunction, tricuspid annular
dilatation, tricuspid regurgitation, and ventricular arrhythmias.
Cardiac MRI has become a powerful tool in the assessment of
right ventricular volume and function to help determine opti-
mal timing of pulmonary valve replacement (PVR). Cardiac
MRI is also important in determining candidacy for percuta-
neous PVR. Multiple studies have determined that PVR
should be performed before the right ventricular end diastolic
volume index exceeds 150–170 ml/m2 in order to achieve
normalization of right ventricular volumes after surgery
[35–41]. Quantification of right ventricular volume and ejec-
tion fraction is highly reproducible, especially if performed on

Fig. 1 Axial image from chest
CTA demonstrates a large sinus
venosus atrial septal defect
(asterisk). LA= left atrium,
SVC = superior vena cava

Fig. 2 MRA performed with time-resolved imaging of contrast kinetics
(TRICKS) demonstrates scimitar syndrome with all right-sided
pulmonary veins (arrows) draining to the inferior vena cava.
IVC= inferior vena cava
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axial datasets [42]. Left ventricular systolic dysfunction oc-
curs in up to 20 % of patients with repaired TOF and is asso-
ciated with poorer prognosis and increased risk of sudden
death [43, 44]. Ventricular-ventricular interaction related to
right ventricular dysfunction is one proposed mechanism for
the development of left ventricular dysfunction [45]. Left ven-
tricular function can be accurately evaluated with MRI. MRI
can also be used to assess for fibrosis, which has been associ-
ated with other adverse clinical markers and arrhythmias in
patients with repaired TOF [46].

MRI can also quantitate pulmonary valve regurgitation
with phase contrast imaging and the same sequences can be
used to quantitate flow in each of the branch pulmonary arter-
ies [47–50]. MRA of the pulmonary arteries can be used to
evaluate pulmonary arterial stenosis, often occurring at the site
of prior palliative shunts, or pulmonary artery aneurysms.
Aortic root dilatation occurs in conotruncal defects and can
lead to aortic valve regurgitation. The aortic dimensions can
be measured with MRA and aortic regurgitation can be
quantitated [51].

Transposition of the Great Arteries

Adult patients with d-TGAwill have undergone palliative in-
terventions in childhood, including the atrial switch (Mustard
or Senning), Rastelli, or arterial switch operation. Each of
these repairs is associated with both anatomic and hemody-
namic sequelae [52].

Patients with prior atrial switch procedure often develop
systemic right ventricular dysfunction and secondary tricuspid
regurgitation and heart failure. MRI has been used to accurate-
ly quantitate the volumes and function of the systemic right
ventricle, and the presence of fibrosis as detected by late gad-
olinium enhancement has been associated with poor outcomes
[53–55]. In addition, systemic or pulmonary venous baffle
obstruction can be challenging and often suboptimally evalu-
ated with echo [56]. Both MRI and CTA provide great spatial
resolution, enabling accurate assessment of the baffles to look
for stenosis (Fig. 4). The high prevalence of sinus node dys-
function requiring pacemakers may make MRI less useful in
this situation, as the presence of leads in the superior vena
cava baffle may result in artifact.

In patients with prior Rastelli repair, progressive right ven-
tricular to pulmonary artery (RV–PA) conduit dysfunction is
expected 10 to 15 years after repair [57]. The Rastelli proce-
dure is an operation to treat d-transposition of the great arteries
with pulmonary or subpulmonary stenosis and VSD. This
operation involves direction of the outflow from the left ven-
tricle to the aorta using a patch, which also closes the VSD,
and surgical closure of the pulmonary valve with creation of a
conduit to direct blood from the right ventricle to the pulmo-
nary arteries. Although echocardiography will provide very
useful information such as right ventricular function and pres-
sure, the conduit itself can be challenging to evaluate due to its
retrosternal location. MRI and CTA both provide excellent
visualization of the conduit and can localize obstruction, while
MRI can be used to quantitate regurgitation.

The arterial switch operation is associated with neoaortic
root dilatation and neoaortic valve regurgitation, branch pul-
monary artery stenosis, and coronary artery obstruction [58].
CTA is superior for evaluation of the coronary artery anatomy,
while MRI provides the ability to quantitate valvular regurgi-
tation. Both allow for assessment of anatomic abnormalities
such as root dilatation or branch pulmonary stenosis (Fig. 5).

Ebstein Anomaly

Right ventricular dysplasia is a very common finding in
Ebstein anomaly. In addition, chronic severe tricuspid regur-
gitation leads to further right ventricular volume overload and
dysfunction and is a major determinant of outcome. Although
echo has been the modality of choice in the evaluation of
patients with Ebstein anomaly, at times, assessment of RV size
and function is suboptimal. MRI has increasingly been used to
complement echo, allowing quantitation of RV volumes and
function prior to consideration for surgical intervention, espe-
cially when there are concerns about the severity of the dys-
function and its associated increased postoperative mortality
[59–61]. Left ventricular dysfunction is also a risk factor for
poor outcomes after surgical repair, and ventricular function
can be quantitated with MRI. In patients with severe RV

Fig. 3 Volume-rendered image from MRA in a patient with severe
coarctation of the aorta (large arrow). Prominent intercostal collateral
vessels are also visualized (small arrows)
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dysfunction, a 1.5 ventricle repair can be used to offload the
RV. This operation includes repair of the tricuspid valve and a
bidirectional cavopulmonary anastomosis, which directs

blood from the SVC directly to the pulmonary arteries, hence
reducing the preload to the dysfunctional RV. MRI can be
used to assess patency of the bidirectional cavopulmonary
anastomosis following this repair (Fig. 6) [62].

Single Ventricle Physiology

Evaluation of the adult patients with single ventricle physiol-
ogy following Fontan palliation can be extremely challenging
and almost always requires repeated cardiac imaging to assess
for its known sequelae, such as Fontan obstruction, ventricular
dysfunction, atrioventricular valve regurgitation, venovenous
collaterals, and intracardiac or intrapulmonary thrombus for-
mation. Accurate quantitation of single ventricular function
with echocardiography can be suboptimal, and adequate visu-
alization of the whole Fontan pathway can be very difficult in
the adult. Complications such as focal narrowing of the path-
way, thrombus formation, or branch pulmonary artery stenosis
can be easily evaluated with MRI or CTA [63–65].
Assessment of flow dynamics can be performed with MRI
and research in this area is ongoing to better understand how
the physiology differs in the different types of Fontan connec-
tions [66–68]. Liver dysfunction is now recognized as a major
contributor to morbidity and mortality in patients after Fontan
palliation, including the development of cirrhosis and hepato-
cellular carcinoma [69•, 70, 71]. Routine imaging of the liver
should be performed in these patients to detect the presence of
cirrhosis or masses. Our institution has adopted a practice of
performing combined imaging of the heart and liver with
MRI, utilizing a limited evaluation of the liver for masses
and evaluation of liver stiffness with magnetic resonance

Fig. 4 a Steady-state free precession imaging in a patient with
transposition of the great arteries status post atrial switch with a
Mustard procedure demonstrates obstruction of the inferior vena cava
baffle (arrow). b Oblique coronal reformat from CTA in the same

patient after stent was placed in IVC baffle (arrow). SVC = superior
vena cava, IVC= inferior vena cava, LV = subpulmonary morphologic
left ventricle, PA= pulmonary artery, Ao= aorta

Fig. 5 Volume-rendered image from CTA in a patient with transposition
of the great arteries status post arterial switch with LeCompte maneuver
(bringing the main and branch pulmonary arteries anterior to the
ascending aorta) demonstrates the typical anatomy with the main
pulmonary artery pulled anterior to the aorta and the branch pulmonary
arteries draped over the ascending aorta. The coronary arteries were also
noted to be widely patent on this study (not completely visualized on this
image). MPA =main pulmonary artery, Ao= aorta, LAD = left anterior
descending coronary artery, RCA= right coronary artery
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elastography (MRE). MRE is a non-invasive way to evaluate
liver stiffness and may obviate the need for liver biopsy [72].
MRE evaluation of patients with prior Fontan palliation has
been shown to be feasible and increased levels of stiffness
correlate with fibrosis as detected by biopsy [73–75].

Evaluation of Fontan pathways with MRI or CTA requires
an understanding of the often complex anatomy and physiol-
ogy in order to adequately visualize the pathways. Injecting
contrast into an upper extremity intravenous site will only
opacify venous return from the upper extremities and the
mixing of non-contrast opacified blood from the inferior vena
cava (IVC) can create artificial filling defects in the pulmonary
arteries, often misinterpreted as thrombi. In order to adequate-
ly visualize the pathways, simultaneous injection of contrast
in both the upper and lower extremities must be performed
and timing this can be challenging.

Coronary Artery Anomalies

Both CTA and MRI can be used to evaluate the anomalous
coronary artery [76]. CTA has superior spatial resolution and
recent advances in technology have led to improved temporal
resolution. In a patient with anomalous aortic origin of the

coronary artery from the opposite sinus of Valsalva, CTA al-
lows for identification of the origin and course of the coronary
artery, as well as the presence of high-risk features such as an
acute angle of takeoff, slit-like orifice, and proximal intramu-
ral course (Fig. 7) [77–79]. It is important to remember that
CTA allows for excellent delineation of the anatomy but does
not provide additional information about the physiology [80].
CTA also allows for evaluation of the entire extent of the
coronary arteries, to exclude atherosclerotic plaque [81].
Other congenital coronary artery anomalies can be adequately
evaluated by CTA such as coronary fistulae and myocardial
bridging. The origin, course, and termination of coronary fis-
tulae are important in planning an approach to treatment, and
CTA allows for excellent evaluation of the anatomy, making it
the procedure of choice [82, 83]. MRI can also be used to
evaluate the location of the origins of the coronary arteries,
but imaging is challenging due to small vessel size and both
cardiac and respiratory motion, requiring special expertise to
obtain high quality images [84].

Conclusions

Imaging plays a central role in the management of the adult
patient with congenital heart disease. Understanding the
strengths, weaknesses, and risks of each imaging modality is
important in order to choose the study that will answer the
clinical question with the lowest risk to the patient and in a
cost-effective manner, especially given that repeated imaging

Fig. 6 Steady-state free precession imaging in a patient with prior repair
of Ebstein anomaly utilizing a bidirectional cavopulmonary anastomosis
(1.5 ventricle repair). The bidirectional cavopulmonary anastomosis
(arrow) is widely patent. SVC = superior vena cava, RPA = right
pulmonary artery

Fig. 7 Axial image from coronary CTA showing anomalous origin of the
right coronary artery from the left coronary cusp with a proximal
intramural course (arrow). Ao= aorta, MPA=main pulmonary artery
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is often required over the lifespan of the patient. As technolo-
gy continues to improve, this field will continue to evolve and
offer improved visualization of the anatomy and physiology in
patients with congenital heart disease.
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