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ABSTRACT

The incidence of congenital heart disease (CHD) is approximately 6-7 per 1,000 newborns. With
advanced diagnostic, medical, and surgical methods, survival of CHD is increasing, as is the number
of people living with CHD. Echocardiography is a useful modality in non-invasive imaging, whereas
magnetic resonance imaging (MRI), cardiac MR (CMR), cardiac computed tomography (CT), and CT
angiography (CTA) are increasingly gaining ground in congenital cardiac imaging with developing
technology. Considering the limited postoperative use of echocardiography, these techniques have
assumed vital roles with the increasing population of CHD in children and adults. CMR and cardiac
CT can complement the information obtained with echocardiography and invasive cardiac cathe-
terization and can sometimes provide more detail. In postoperative imaging of CHD, CMR allows
an evaluation of anatomy, especially with spin echo MRI techniques, whereas cine MR, created in
gradient echo sequences, allows functional data to be obtained. Phase contrast CMR data provides
information on flow direction and flow rate, allowing accurate measurement of regurgitation and
shunt volume. In addition, in post-gadolinium imaging, data such as on MR angiography, myocar-
dial perfusion, and fibrosis can be obtained with CMR. Cardiac CT and CTA provide great advan-
tages, especially in newborns, by almost completely reducing movement and respiratory artifacts
through capabilities such as high spatial and temporal resolution, fast acquisition, and short acqui-
sition time. Three-dimensional reformatted images with contrast-enhanced CMR or cardiac CT/CTA
provide excellent visualization of vascular structures in complex CHDs. Coronary imaging can be
viewed more easily with CT imaging. This article reviews the literature to provide an overview of the
diagnostic value, relative advantages, and overall evaluation of CMR and cardiac CT examinations
in the diagnosis and postoperative follow-up of CHD.
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ongenital cardiac malformations occur in 6-7 out of every 1,000 live births.” Major

advances in the diagnosis and treatment of congenital heart disease (CHD) in recent

years have led to increased survival rates, even in patients with the most complex mal-
formations. Studies conducted in light of these developments indicate that the number of
adults living with CHD has surpassed the number of children with CHD.? Echocardiography
and cardiac angiography are the primary traditional imaging techniques used to evaluate pa-
tients with CHD.?> However, these techniques have certain limitations. Echocardiography is
limited by its narrow field of view, the need for an adequate acoustic window for imaging, and
operator experience. Catheter angiography is limited by the superimposition of structures
being examined, the risk of complications associated with the catheter, and its suboptimal
evaluation of extracardiac structures. Studies have demonstrated that cardiac catheterization,
the gold standard for cardiac imaging in terms of hemodynamic assessment, causes death in
1% of newborns with complex CHD.* In recent years, the use of cardiac computed tomogra-
phy (CT) and magnetic resonance imaging (MRI) in the evaluation of this condition has in-
creased substantially. Considering the long acquisition times of MRI and the age group of
patients, MRI may require sedation and can lead to artifacts and potential anesthesia-related
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complications. However, recent studies have
reported that the data obtained from com-
pressed sensing four-dimensional (4D) flow
MRI shows no significant difference com-
pared with the reference standard two-di-
mensional (2D) phase contrast.’ CT scans can
be performed in seconds, thereby limiting
the need for sedation in patients who are
clinically incompatible. With isovolumetric
imaging in CT, high-quality multiplanar re-
constructions (MPR) and three-dimensional
(3D) images can now be created. Finally, CT
provides more detailed information about
extracardiac structures than MRI. Imaging
modalities for early and accurate diagnosis
of CHD, along with advancements in surgi-
cal and medical treatments, have led to im-
proved long-term survival® To ensure that
this multidisciplinary approach is properly
implemented, it is essential that radiology,
cardiology, and cardiovascular surgery units
use a common language in classifying and
defining these diseases so that they can play
a role in the diagnosis and follow-up of CHD.
In this review, CT and MRI findings in CHD are
discussed.

Computed tomography in congenital heart
disease

Multi-detector CT (MDCT) scanners
quickly collect volumetric data with high
spatial resolution. The increased scanning
speed reduces motion and breathing arti-

* The use of cardiac computed tomography
(CT) and magnetic resonance imaging (MRI)
in the diagnosis and postoperative fol-
low-up of congenital heart disease (CHD) is
steadily increasing.

*+ Cardiac CT, with its high spatial and tem-
poral resolution, rapid acquisition, and re-
duced motion artifacts, plays a crucial role,
particularly in newborns and in the evalua-
tion of complex vascular anomalies.

* Cardiac MR, as a radiation-free modality, is
advantageous for long-term follow-up and
provides valuable functional information,
including ventricular performance, flow
quantification, shunt assessment, and myo-
cardial fibrosis detection.

* Both modalities complement the limitations
of echocardiography and invasive angiogra-
phy, offering critical data for surgical plan-
ning and postoperative management.

* Ongoing technological advances have
enabled lower radiation doses, shorter im-
aging times, and improved image quality,
thereby contributing to the prognosis and
long-term outcomes of pediatric and adult
patients with CHD.

facts during imaging, enabling images to
be obtained at high heart rates.” By com-
pleting the scan in a very short time, it also
eliminates the need for sedation.? Although
recent advancements in scanners and pro-
tocols have reduced radiation exposure, ra-
diation remains a key concern for children.
In addition to cardiac anatomy, CT angiog-
raphy (CTA) with CT imaging helps evaluate
the lung parenchyma, chest wall structures,
tracheobronchial structures, and related
pathologies of the aorta—pulmonary vas-
cular structure.® Data from CT is analyzed in
three orthogonal planes (axial, coronal, and
sagittal) using MPR. The volume rendering
technique allows for 3D visualization of car-
diac and extracardiac morphology. Cardiac
CTA (cCTA) is a highly successful imaging
modality in pediatric cardiac imaging; how-
ever, it has poorer temporal resolution than
other cardiac imaging techniques, such as
echocardiography, cardiac catheterization,
and cardiac MR (CMR)." In the literature, a
64-slice MDCT system is considered the min-
imum adequate modality for the evaluation
of coronary heart disease and coronary ar-
tery disease, as well as for optimizing image
quality through radiation dose-reduction
and noise-reduction algorithms." In pedi-
atric populations, however, given the higher
likelihood of heart rate and respiratory arti-
facts, faster scanners equipped with wider
detector coverage are recommended. Ad-
vances in MDCT technology, including fast-
er and broader collimation as well as higher
gantry rotation speeds, have led to reduced
scan times, enhanced temporal resolution,
and, as a result, diminished motion and res-
piratory artifacts.”® Functional assessment is
generally feasible with MDCT scanners with
256 slices or more. Next-generation MDCT
scanners, including 256-320/640-slice sys-
tems and dual-source MDCT, achieve a
50%-70% reduction in radiation exposure
through shorter scan times, reaching as low
as 0.12 seconds.”®™ Functional cardiac as-
sessment is generally feasible with scanners
of 256 slices or more.” Moreover, recent
studies in pediatric cardiacimaging indicate
that photon-counting CT offers superior res-
olution and a reduced radiation dose when
compared with dual-source CT.'® Contrast
medium (CM) is required for all scans, and
the CM dose is determined based on body
weight. For imaging without coronary ar-
teries, the routine dose is 1.0 mL/kg of CM
containing 300 mg of iodine per mL, and for
imaging with coronary arteries, the dose is
1.0-1.2 mL/kg of CM containing 350-370
mg of iodine per mL."”
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Cardiac computed tomography angiogra-
phy and computed tomography angiogra-
phy techniques

There are primarily two imaging tech-
niques: non-electrocardiogram (ECG)-trig-
gered and ECG-triggered imaging. Non-ECG-
triggered CTA is primarily used for evaluating
non-cardiac structures, whereas ECG-trig-
gered imaging is primarily used for coronary
artery imaging."” ECG-triggered imaging
has two modes: prospective and retrospec-
tive ECG-triggered imaging.’* Retrospective
ECG-triggered imaging acquires data for
the R-R interval of a complete cardiac cycle,
thereby enabling multisegmental recon-
struction, improved temporal resolution, and
assessment of left ventricular function. How-
ever, despite these advantages, it results in
3-5 times the radiation exposure of prospec-
tive imaging.” Additionally, it allows imaging
at heart rates of up to 170 bpm. In prospec-
tive ECG-triggered imaging, high pitch val-
ues and dual-source devices enable imaging.
This technique can also be referred to as the
“step and shoot”technique. It is necessary for
the heart rate to remain low, and more im-
portantly, stable.’®?In this technique, the CT
scanner is positioned during the R-R cycle
of the heart, applying maximum tube cur-
rent only at end diastole in adults and early
systole in children and completely stopping
radiation during the remainder of the cardiac
cycle, thereby reducing the dose.** The use of
a low tube current and the inability to visu-
alize all phases of the heart limit functional
assessment.'® Table 1 presents the technical
specifications and protocols of next-genera-
tion CT systems.'®

Cardiac magnetic resonance imaging in
congenital heart disease

In recent years, CMR has gained impor-
tance in the evaluation of complex malfor-
mations and the morphological and func-
tional assessment of CHDs.*' Due to the
absence of ionizing radiation, it is ideal for
long-term CHD follow-up. Moreover, it pro-
vides blood flow data, and detailed func-
tional assessment can be performed using
cine images.’® CMR provides images that can
serve as standard references for the accurate
and reproducible quantification of right and
left ventricular volumes, mass, and func-
tion.?2The steady-state free precession (SSFP)
sequence is preferred in CMR examinations
because it provides good contrast between
blood and the myocardium. The 2D “white
blood” SSFP sequence can provide dynamic
information about the heart and large ves-
sels.2 The “black blood” spin echo sequences
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Table 1. Technical characteristics of new-generation computed tomography scanners and

recommended parameters for contrast media injection

DSCT (2 x 192) PCCT (2 x 144)
Extracardiac structure Non-ECG gated Non-ECG gated
Intracardiac structure/coronary arteries ECG gated ECG gated
Spatial resolution (mm) 0.24 0.11
Temporal resolution (msec) 66 66
Gantry rotation time (sec) 0.25 0.25
Maximum scan speed (mm/sec) 737 737
Tube voltage (kVp) 70 920

Tube current (mA)
Pitch

Iterative reconstruction
Mean dose (mSv)
Contrast medium
Concentration

Dose

Injection rate

Automatic modulation

Automatic modulation

3.0 3.0
Available Available
0.50 0.52
lodine lodine
320-370 mg/mL 320-370 mg/mL
1-1.2 mL/kg 1-1.2 mL/kg

1.5-4 mL/second

1.5-4 mL/second

DSCT, dual-source computed tomography; PCCT, photon-counting computed tomography; kVp, kilovoltage peak;

mA: milliampere; mSy, milisievert; ECG, electrocardiogram.

obtained with the double inversion recovery
technique provide static high-resolution im-
ages. Another advantage is the minimal pres-
ence of metallic artifacts in these sequences.
Images obtained with the 3D isotropic SSFP
sequence allow evaluation in different planes
without loss of resolution.* CMR is the pre-
ferred technique for assessing valvular insuf-
ficiency, with shunt quantification based on
pulmonary-to-systemic flow ratios (Qp/Qs)
achievable through flow measurements in
the main pulmonary artery and aorta.*® Ad-
ditional advantages of CMR include compre-
hensive evaluation and grading of valvular
dysfunction, accurate shunt quantification,
detailed flow assessment, and non-invasive
tissue characterization.?® Recent studies have
demonstrated that advancements in 4D
phase contrast velocity mapping yield novel
insights into cardiovascular hemodynamics,
which are of particular relevance for surgi-
cal reconstruction. This is especially crucial
in patients with single-ventricle physiology
undergoing cavopulmonary connection.
Furthermore, 4D flow MRI has been estab-
lished as the non-invasive gold standard for
postoperative follow-up of procedures such
as the Fontan operation.” For contrast-en-
hanced MR angiography (MRA), a breath-
hold 3D spoiled gradient echo sequence
without ECG triggering is preferred.?® It is
particularly useful in evaluating abnormal
pulmonary or systemic venous return and
aortic coarctation (CoA), as well as in post-
operative follow-up, and it correlates well
with conventional angiography and CTA in

identifying stenotic vascular structures.?® In
cases where contrast is contraindicated, the
3D SSFP sequence can be used. In delayed
contrast studies, it enables the assessment
of myocardial scarring and fibrosis, providing
prognostic information for patients with ven-
tricular dysfunction or myocardial evaluation
following surgical repair.® Table 2 outlines
the clinical scenarios in which specific CMR
sequences should be applied.>' Recent stud-
ies have highlighted the value of T1, T2, and
extracellular volume mapping and dark- or
gray-blood late gadolinium enhancement
techniques for tissue characterization and
the detection of subendocardial scarring in
CHD.3? Although CMR has become safer, it
remains challenging in patients with metal-
lic implants and pacemakers. Therefore, all
cardiac imaging modalities are complemen-
tary, and it is essential to understand their
strengths and weaknesses to optimize the
use of various imaging modalities (Table 3).2

Acyanotic heart defects: conditions and im-
aging considerations

Atrial septal defect

Atrial septal defects (ASDs) are the most
common congenital heart defects detected
in adults (Figure 1).3®* There are three main
types: secundum ASDs account for 75%, pri-
mum ASDs for 20%, and sinus venosus ASDs
for 5%.* Coronary sinus-type ASDs are the
rarest. cCTA and CMR are useful for detecting
associated abnormal pulmonary veins locat-
ed above the level of the azygos vein in the

superior vena cava. The presence of an ASD
causes left-to-right shunting, leading to atri-
al and ventricular enlargement on the right
side. ASDs are also an independent risk fac-
tor for thromboembolic stroke.

Ventricular septal defect

Ventricular septal defects (VSDs) are a
shunt that occurs between the right ventri-
cles (RVs) and left ventricles (LVs) through
a defect in the ventricular septum (Figure
2). VSDs are the most common type of CHD
detected in newborns,* and they can occur
in isolation or with other anomalies. When
associated with multiple anomalies, if the
most notable hemodynamic abnormality is
the shunt associated with the VSD, the VSD is
considered the primary anomaly.*® VSD clas-
sifications are based on the location of the
defect, and the most common type is the pe-
rimembranous type. Other types include the
muscular, outlet, and inlet types. Both MRI
and CT are useful in determining the location
and type of a VSD.*”

Atrioventricular septal defect

Atrioventricular septal defects (AVSDs) are
also known as endocardial cushion defects
or atrioventricular canal defects (Figure 3).
These types of defects involve the atrial and
ventricular septum, with one or both of the
mitral and tricuspid valves.*® Clinical findings
may present as complete defects (ASDs and
VSDs) or partial defects (only ASDs).** AVSDs
result from the underdevelopment of the
apical portion of the atrial septum, the basal
portion of the ventricular septum, and the
AV valves. In this defect, the four chambers
of the heart are generally interconnected,
allowing shunts to form from left to right or
right to left. There is a strong association be-
tween AV canal defects and trisomy 21, with
a risk of trisomy 21 being as much as 50% in
fetuses with AV canal defects.*® Classification
is based on complete and partial types. In the
complete type, a posterior or inlet VSD is ac-
companied by a primum ASD and a common
AV valve. In the partial type, aVSD is not pres-
ent, and there is a single AV valve annulus
with two separate valve orifices.’ The most
common partial form involves primum ASDs
and a cleft in the anterior leaflet of the mitral
valve.®

Patent ductus arteriosus

The ductus arteriosus (DA), a normal vas-
cular structure connecting the pulmonary
artery and the aorta during fetal life, allows
blood from the RV to pass into the aorta. The
DA accounts for 41% of total cardiac output.*?
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Table 2. Indications for the use of specific sequences in cardiac magnetic resonance imaging

Sequence Indication
RV/LV size, shape, and volume; atrial size and shape; ventricular function; mass and EF;

Cine bSSEP LVOT/RVOT obstruction; assessment of pulmonary artery anatomy and pulsatility; aortic
valve morphology; aortic anatomy; measurement of aortic root; ascending aorta and
aortic arch

Tagging Screen for fusion of pericardium and myocardium in constriction

Phase contrast flow

Black blood imaging (especially with metallic artifacts)
Contrast-enhanced magnetic resonance angiography

T1- or T2-weighted with post-gadolinium spin echo or cine SSFP

3D bSSFP imaging

4D flow imaging

T2 imaging and/or mapping

T1 mapping (native)

T1 mapping (post contrast)
Early gadolinium enhancement

Late gadolinium enhancement

Pulmonary regurgitation, differential pulmonary blood flow, aortopulmonary collateral
flow measurement, Qp/Qs measurement in the context of a suspected shunt, valve

dysfunction

Arterial or venous evaluation

vascular anatomy

Intracardiac anatomy

Indicated as part of first study: pulmonary artery and vein anatomy, extracardiac

Pericardial layer or fluid characterization

Assessment of pulmonary arterial pressures, wall shear stress, RV diastolic function

Myocardial edema

Myocardial characterization

Myocardial characterization, extracellular volume

Hyperemia

Myocardial inflammation, fibrosis, fat

3D, three-dimensional; 4D, four-dimensional; EF, ejection fraction; LV, left ventricular; RV, right ventricular; bSSFP, balanced steady-state free precession; LVOT, left ventricular
outflow tract; RVOT, right ventricular outflow tract; Qp/Qs, pulmonary-systemic flow ratio.

Table 3. Relative advantages of CMR and CT/CTA

CMR CT/CTA
Morphology ot r
Function ++++ ++ (with ECG gated)
Extracardiac structure ++ 4+
Ventricular volumes AR St
Flow quantification ++++ —
Myocardial perfusion ++++ et
Myocardial viability ++++ ++
Intracardiac anatomy ++++ ++
Coronary artery evaluation + R
Radiation — T+
Examination time ++++ +
Contrast allergy 4 e
Emergency case ++ g
Real-time viewing ++++ _
Calcium imaging 4 o+
Long-axis resolution 4 AT
Trained radiologists 1 4+

CMR, cardiac magnetic resonance; CT, computed tomography; CTA, computed tomography angiography; ECG,

electrocardiogram.

Unlike other vascular structures, the media
layer of the DA contains smooth muscle.® Af-
ter birth, this smooth muscle contracts and
thickens, thereby reducing the lumen size
and causing the functional closure of the DA.
Functional closure occurs in 44% of infants
within 24 hours and in 88% within 48 hours.
Failure of the DA to close postnatally results
in patent DA (PDA) (Figure 4). The incidence

of PDA in term infants ranges from 3 to 8 per
10,000 live births and is more common in fe-
male infants.* Prematurity is the mostimpor-
tant risk factor for PDA, and the risk of PDA in
premature infants is generally more than 10
times higher.** Although both right and left
PDA are possible, the most common type is
left-sided PDA between the main pulmonary
artery and the proximal descending aorta.*
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PDAs are classified into five types based on
their angiographic appearance, as described
by Krichenko et al.*’ The hemodynamic out-
comes of PDA vary depending on the extent
of the left-to-right shunt. In a small PDA, the
pulmonary-systemic flow ratio (Qp/Qs) is
<1.5,in a medium-sized PDA, itis <2.2,and in
alarge PDA, itis >2.2.%8

Partial anomalous
drainage

pulmonary venous

A defect in the normal embryonic de-
velopment of the pulmonary veins can
lead to congenital anomalies ranging from
partial anomalous pulmonary venous
connection (PAPVC) to total anomalous
pulmonary venous connection. Abnormal
pulmonary venous variations can be seen
in up to 38% of the population.* The most
common type is drainage of the right pul-
monary vein into the superior vena cava
or right atrium (Figure 5).°° The anomaly
may be associated with the presence of
an associated ASD or may occur as part
of a complex CHD. Associated congenital
anomalies serve as the main determinants
of morbidity and mortality in PAPVC.®' Cur-
rently, MDCT and MRA have replaced tra-
ditional imaging techniques and provide
optimal evaluation capabilities.

Aortic stenosis

Left ventricular outflow tract obstructions
account for 6% of CHD cases (Figure 6),%
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Figure 1. Primum-type atrial septal defect (ASD; black star) in an axial computed tomography angiography (CTA) image (a), secundum-type ASD (black star) in a
four-chamber cine cardiac magnetic resonance image (b), sinus venosus-type ASD (black star) in a coronal CTA image (c), and coronary sinus-type ASD (black star)

in a coronal CTA image (d).

Figure 2. Axial computed tomography angiography images: (a) perimembranous-type (black star) and (b) muscular-type ventricular septal defects.

with valvular aortic stenosis (AS) account-
ing for 70%.%? Valvular AS most commonly
occurs secondary to a bicuspid aortic valve,
and it may be accompanied by Turner syn-
drome. Critical neonatal AS is characterized
by a myxomatous valve and an aortic valve
opening as small as a needle tip. The aor-

tic valve is typically hypoplastic, and mitral
valve hypoplasia, left ventricular hypoplasia,
and VSDs frequently accompany it.* Supra-
valvular AS is rarely seen, and Williams syn-
drome is present in 30%-50% of cases. The
subvalvular type accounts for 10%-20% of
cases. It causes narrowing due to a simple

membrane or a fibromuscular structure re-
sembling a long tunnel in the left ventricu-
lar outflow tract. It is often associated with
other left ventricular anomalies, including
Shone complex.*

Imaging of congenital cardiovascular anomalies - 41 3



Figure 3. Axial computed tomography angiography images: complete-type (a) atrioventricular septal defect (AVSD; black star) [primum-type atrial septal defect
(ASD)], membranous-type ventricular septal defect, single AV valve) and incomplete-type (b) AVSD (black star) [primum-type ASD and two separate valves (white
stars)]. The interventricular septum (white arrow) is intact.

Figure 4. Type A patent ductus arteriosus (PDA; black arrow) in a three-dimensional (3D) volume rendered image (a), Type B PDA (black arrow) in a sagittal
reformatted computed tomography angiography image (b), and Type E PDA (black arrow) in a 3D volume rendered image (c).

Figure 5. In the three-dimensional (3D) volume rendered cardiac computed tomography (CT) (a) image of a 25-year-old male patient, the left pulmonary veins
(black arrows) and the right inferior pulmonary vein (white arrow) open into the left atrium, whereas in the coronal cardiac CT (b) and 3D volume rendered (c)
images, the right upper pulmonary vein, formed by the union of two veins, opens into the superior vena cava (white arrows).
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Figure 6. Axial (a) and sagittal reformatted (b) computed tomography angiography images of a 6-day-old female patient showing supravalvular diffuse aortic

stenosis (white arrows).

Pulmonary stenosis

Pulmonary stenosis (PS) accounts for
8%-12% of CHDs,* with valvular PS the
most common type (Figure 7). The pulmo-
nary valve has thickened leaflets, and the
commissures may be absent or fused. In
most patients, the pulmonary valve appears
dome shaped. Severe PS is associated with
right ventricular and infundibular muscle
hypertrophy.* Critical PS is the most serious
type of PS, resulting in inadequate pulmo-
nary blood flow, and is seen in 10%-20% of
patients. Dysplastic pulmonary valve is as-
sociated with Noonan syndrome.>* Tricuspid
atresia, tetralogy of Fallot (ToF), and trans-
position of the great arteries (TGA) may ac-
company PS. Alagille, Williams, and congen-

ital rubella syndromes are associated with
peripheral-type PS.>*

Aortic coarctation

CoA accounts for 5%-8% of CHDs (Figure
8),%> and may occur in isolation or in associ-
ation with other cardiovascular anomalies,
such as bicuspid aortic valve (50%-75%), aor-
tic arch hypoplasia, subaortic stenosis, mitral
valve abnormalities, AVSDs, and PDAs.* CoA
is generally sporadic and may be accompa-
nied by extracardiac anomalies. Cerebral
aneurysms are observed in 2.5%-10% of
patients with CoA.*” Preductal CoA occurs
proximal to the DA and is typically seen in
newborns.’® Moreover, preductal CoA is the
most common type of coarctation in Turner

syndrome.*® Postductal coarctation, howev-
er, typically occurs after the neonatal period
and is anatomically located distal to the in-
sertion of the DA. Patients with postductal
coarctation are generally asymptomatic and
are diagnosed based on decreased femoral
artery pressure and systemic arterial hyper-
tension.®®

Interrupted aortic arch

Interrupted aortic arch is a rare congenital
anomaly, with an incidence of approximately
2in 100,000.%° It is characterized by the com-
plete absence of connection between the
ascending and descending aorta and may be
connected by a remnant fibrous band. Blood
flow to the descending aorta is usually via a

Figure 7. In the axial cardiac computed tomography angiography image (a) of a 6-year-old girl, stenosis (black arrow) and poststenotic dilatation (star) at the
pulmonary valve level are observed. In the three-dimensional volume rendered image (b), poststenotic dilatation is seen more clearly (white arrow).

Imaging of congenital cardiovascular anomalies - 415



Figure 8. A 10-day-old male patient: sagittal computed tomography angiography image (a) showing a coarcted segment (white arrow) and patent ductus arteriosus
at the level of the aortic isthmus (black arrow). In the three-dimensional volume rendered image (b), the coarcted segment can be clearly seen (white arrow).

PDA. Interrupted aortic arch clinically resem-
bles CoA, but the underlying mechanisms are
thought to be different.’! Interrupted aortic
arch is classified into three types (A, B, and C)
based on the location of the aortic interrup-
tion relative to the arch vessels. Type A occurs
when the interruption is distal to the left sub-
clavian artery (Figure 9), type B when it is be-
tween the carotid and subclavian arteries, and
type C when it is between the carotid arteries.
Subtypes are classified based on the normal
or abnormal origin of the right subclavian
artery. In the normal origin of the right sub-
clavian artery (subtype 1), the aberrant right
subclavian artery originates distally from the
left subclavian artery (subtype 2), and the iso-
lated right subclavian artery originates from

the right DA (subtype 3).°? Interrupted aortic
arch is typically associated with a large VSD or
PDA or, less commonly, with an aortopulmo-
nary window or truncus arteriosus (TA).'

Cyanotic heart defects: conditions and im-
aging considerations

ToF is the most common cyanotic CHD,
occurring in approximately 1 in 3,600 live
births.5® There are four anatomical features:
aVSD, an overriding aorta, a pulmonary out-
flow tract obstruction, and right ventricular
hypertrophy (Figure 10).5* Anterior deviation
of the conal septum and infundibular hypo-
plasia cause pulmonary outlet obstruction.
The primary problem in ToF is the inade-
quate development of the pulmonary infun-

dibulum,® and the pulmonary valve is often
abnormal. In patients with atresia, pulmo-
nary blood flow is maintained via a PDA. The
VSD is typically located in the membranous
septum. In the variant of ToF with absent
pulmonary valve, RV and pulmonary arterial
dilatation are observed. When ToF is accom-
panied by an ASD, it is named Fallot’s penta-
logy. The degree of pulmonary regurgitation
plays a key role in ToF follow-up (Figure 11).%
In particular, quantification of RV volumes
and function using CMR is indispensable for
treatment protocols.%

Transposition of the great arteries

TGAs refers to a condition in which the
aorta originates from the RV and the main

i M

Figure 9. A 19-year-old male patient diagnosed with interrupted aortic arch (Type A): the aortic arch is normal (black arrows) in the sagittal reformatted computed
tomography angiography image (a) and three-dimensional volume rendered image (b), but an interruption is observed between the descending aorta (white
arrows) and the left subclavian artery distal to it. Numerous collateral vascular structures draining into the descending aorta are observed (black stars).
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Figure 10. Male patient diagnosed with 2-day-old tetralogy of Fallot: dextroposed aorta is observed in a coronal computed tomography angiography (CTA) image
(a) (black arrow), pulmonary trunk hypoplasia (star) and notable stenosis in the left pulmonary artery root (black arrow) in an axial CTA image (b), perimembranous
ventricular septal defect (black star) in an axial CTA image (c), and patent ductus arteriosus in a three-dimensional volume rendered image (d) (white arrow).
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Figure 11. Control cardiac magnetic resonance image of a 62-year-old male patient who underwent surgery for tetralogy of Fallot 40 years ago: phase contrast flow
examination (a) showing notable insufficiency findings in the pulmonary valve. Calculations made from the pulmonary valve (b) show a 51% regurgitation fraction

in the pulmonary valve.

pulmonary artery originates from the LV
(ventriculoarterial discordance).” The most
common form is known as complete transpo-
sition and is often referred to as dextro-TGA
or d-loop TGA (Figure 12). Complete trans-

position is characterized by AV concordance
(the LV is connected to the left atrium and the
pulmonary artery, whereas the RV is connect-
ed to the right atrium and the aorta). Con-
genital corrected TGA, also known as I-loop

or L-TGA, is characterized by AV discordance
(the left atrium is morphologically connected
to the RV, and the right atrium is morpholog-
ically connected to the LV).% The incidence of
TGAis 1 in 2,000 to 5,000 live births.®*%° TGAs
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Figure 12. Patient diagnosed with 1-day transposition of the great arteries: sagittal computed tomography angiography (CTA) image (a) showing the aorta
originating from the right ventricle and anteriorly (white arrow) and the pulmonary artery originating from the left ventricle and posteriorly (black arrow); axial CTA
image (b) showing a membranous-type ventricular septal defect (black star). In three-dimensional volume rendered images (c, d), the aorta originates from the
right ventricle and anteriorly (black arrow), the pulmonary trunk originates from the left ventricle and posteriorly (white arrow), and there is a distinct patent ductus
arteriosus (red arrow) between the aorta and pulmonary artery.

accounts for 5% to 7% of CHDs and 10% of all
neonatal cyanotic CHDs.” A VSD is the most
common associated anomaly (50%), and an
ASD and PDA may also be present. It is the
cyanotic CHD that presents with the earliest
findings in newborns. Thoracic CTA is a highly
useful imaging modality for diagnosis, as it
can be performed rapidly and provides eval-
uation of vascular structures and surrounding
tissues. Moreover, CMR can be used preoper-
atively to measure LV mass, function, and vol-
ume and to assess associated anomalies.®’

Truncus arteriosus

TA is a rare cyanotic CHD in which a single
common trunk emerges from the heart in-
stead of the aorta and pulmonary artery.”" A
VSD is always present, and the atria and ven-
tricles are usually normal.”? TA accounts for
1% to 2% of CHDs,*? and is associated with

DiGeorge syndrome. It is classified into sub-
types according to the Collet and Edwards
classification. In Type | (50%-70%), the pul-
monary trunk arises from the common trunk
and divides into the right and left pulmonary
arteries (Figure 13). In Type Il (30%-50%), the
right and left pulmonary arteries arise sepa-
rately from the posterior portion of the com-
mon trunk. In Type Il (6%-10%), the pulmo-
nary arteries arise from the lateral aspect of
the common trunk.®® In Type IV, pulmonary
atresia (PA) is present and may be accom-
panied by VSDs, PDA, and major aortopul-
monary collateral arteries (MAPCAs). In the
revised classification by Van Praagh, Type IV
is not considered a subtype of TA but rather a
variant of PA.% Patients are initially asympto-
matic due to high pulmonary vascular resist-
ance but begin to develop symptoms as pul-
monary vascular resistance decreases over
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several weeks.”? Cyanosis is typically minimal
but increases as pulmonary artery stenosis
becomes more pronounced.” Preoperative
CT or MRl is generally helpful in distinguish-
ing the branching of the pulmonary arteries
and the presence of MAPCAs, pulmonary
venous drainage, aortic arch anomalies, and
complex anatomy in the newborn.”

Double outlet right ventricle

Double outlet RV (DORV) is a CHD in which
both the aorta and the pulmonary trunk orig-
inate from the RV (Figure 14),”> and a VSD is
always present. Classification is based on
the relationship of the VSD to the great ves-
sels. The type associated with subaortic VSDs
(50%) is the most common. The type associ-
ated with subpulmonary VSDs is also known
as the Taussing-Bing anomaly. The type as-
sociated with bilateral VSDs and the type as-
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Figure 13. A 3-day-old male patient diagnosed with truncus arteriosus Type I: the common trunk (white arrow), the pulmonary trunk branching from the trunk
(black arrow), and both main pulmonary arteries are seen in the axial computed tomography angiography (CTA) image (a) (black stars). In the sagittal CTA image
(b) and three-dimensional (3D) volume rendering image (c), the accompanying aortic coarctation is seen (white stars). In the 3D volume rendering image (d), the
pulmonary trunk arising from the common trunk is clearer (white arrow).

b

Figure 14. Female patient diagnosed with 3-day double outlet right ventricle: sagittal computed tomography angiography (CTA) (a) and three-dimensional volume
rendered (b) thoracic CTA images show the aorta (white arrows) and pulmonary trunk (black arrows) originating from the right ventricle and accompanying
hypoplasia (black star) in the aorta.
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sociated with distally located VSDs are rare.”
Ventricular function is important to monitor
in patients with DORV, so CMR is particularly
important.”

Tricuspid atresia

Tricuspid atresia is a CHD characterized by
agenesis or congenital absence of the tricus-
pid valve.”? It accounts for 1.4% of patients
with CHD, is the third most common type
of cyanotic CHD (Figure 15), and is the most
common cause of cyanosis and left ventricu-
lar hypertrophy.”® It is often associated with
right ventricular hypoplasia and VSDs, and
pulmonary blood flow is shunted via the DA.
Tricuspid atresia classification is subdivided
into subtypes based on PS and the position
of the great arteries. In Type 1, the great ar-
teries are normal (the most common type); in
Type 2, ToF is present; and in Type 3, complex
anomalies such as TA or AVSD accompany
ToF or malposition.”

Ebstein anomaly

Ebstein anomaly (EA) is a malformation
of the tricuspid valve (Figure 16). The septal
and posterior leaflets of the dysplastic tri-
cuspid valve extend toward the RV and are
usually associated with tricuspid regurgi-
tation.”® EA is rare, with a prevalence of 5.2
per 100,000 births. It accounts for 1% of CHD
but is consequential because it constitutes
approximately 40% of congenital tricuspid
valve malformations.®®° The severity of the
condition depends on the extent to which
the RV is filled by the enlarged right atrium,
a condition known as RV atrialization.” There
are four types, classified from A to D, based
on the degree of RV atrialization. A patent fo-
ramen ovale (PFO) or ostium secundum ASD
is always present.”” As a result, pressure in the
right atrium increases, leading to a right-to-
left shunt.

Total anomalous pulmonary venous con-
nection

Total anomalous pulmonary venous con-
nection is characterized by abnormal drain-
age of the pulmonary veins into the systemic
circulation.®' It is a rare cardiac malformation
occurring in approximately 7 per 100,000
live births.8 Typically, the pulmonary veins
drain into the left brachiocephalic vein (most
common) (Figure 17), the superior or inferi-
or vena cava, the coronary sinus, the portal
vein, or, rarely, into other systemic veins. Less
commonly, the pulmonary veins drain direct-
ly into the right atrium,® resulting in a left-to-
right shunt. This condition is classified based
on the location where the abnormal venous

connection occurs relative to the heart. The
supracardiac type accounts for 50%, the car-
diac type for 20%, and the infracardiac type
for 20%.8" The mixed type is observed in 10%
of cases. Physiologically, it can be character-
ized as obstructive or non-obstructive based
on the condition of the pulmonary venous
flow. Obstruction is commonly seen in the
infracardiac type.®*

Hypoplastic left heart syndrome

Hypoplastic left heart syndrome (HLHS) is
a broad spectrum of anomalies characterized
by hypoplasia of the left-sided structures of
the heart, including the aorta, mitral valve,

LV, aortic root, and ascending aorta.* The left
atrium is typically small but may be normal or
enlarged in size (Figure 18). By contrast, the
right heart structures are markedly enlarged.
The PFO and PDA are critical to the systemic
circulation. Despite a prevalence of 1 in 5,000
live births, HLHS accounts for 7% to 9% of all
CHDs diagnosed before the age of 1 year.” Ad-
ditionally, it is the fourth most common CHD
presenting in the first year of life. It may be
associated with syndromes such as Noonan,
Holt-Oram, Turner, or Smith-Lemli-Oplitz
syndromes.®® CT is preferred preoperatively to
detect anomalies such as CoA and VSD, which
may accompany HLHS. CMR is an extremely

Figure 15. Tricuspid valve atresia (white arrow) and accompanying right ventricular hypoplasia (black arrow)

in a 5-day-old girl with a diagnosis of tricuspid atresia.

Figure 16. In the cardiac magnetic resonance examination performed on a 26-year-old female patient, a
distinct extension of the tricuspid valve cusps toward the right ventricle was observed and a diagnosis of

Ebstein anomaly was made (black arrows).
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Figure 17. Coronal reformatted computed tomography angiography (a) and three-dimensional volume rendered image (b) of a 3-day-old male patient showing
the pulmonary veins (black stars) opening into the left brachiocephalic vein (white arrows) via a vertical venous connection (black arrows).

d

Figure 18. Axial computed tomography angiography (a,b) images of a 2-day-old female patient showing left ventricular hypoplasia (black arrow), aortic hypoplasia
(white arrows), and accompanying pulmonary artery enlargement (black star).

important imaging modality for detecting
pathologies such as endocardial fibroelastosis
that may accompany HLHS, for quantitative
measurement of ventricular volumes pre- and
postoperatively, for functional assessment of
the aortic and mitral valves, and, particularly,
for detecting fibrosis, which may develop in
the ventricles during postoperative follow-up.

Pulmonary atresia with intact ventricular
septum

PA with intact ventricular septum (PA-
IVS) is characterized by the absence of com-
munication between the RV and LV and the
presence of PA (Figure 19).8” Moreover, the
RV is hypoplastic to varying degrees. This
condition is rare, occurring in 5 per 100,000
live births and accounting for 1% to 3% of
CHDs.® Another important feature of PA-IVS
is that it may be associated with other cardi-
ac anomalies; PFO, coronary arteriovenous

fistulas (10%-50%), and tricuspid insuffi-
ciency secondary to RV dilatation, as well as
MAPCAs, which provide pulmonary vascular-
ization, may be present.®® CT is an extreme-
ly successful technique for identifying any
additional pathologies, fistulas, or collateral
vascular structures that may be present.®
CMR is vital in the postoperative period for
evaluating pulmonary valve and RV function
and monitoring the presence of fibrosis.”

Single ventricle

The primary definition of single ventri-
cle is the presence of a single ventricle into
which both atria drain and the systemic and
pulmonary circulation provided by this ven-
tricle; it is a CHD (Figure 20).”' Depending on
the ventricular morphology, it is referred to
as double-inlet LV, double-inlet RV, or, when
differentiation is not possible, primitive ven-
tricle.”? The incidence of the LV type is 5-10

per 100,000 live births, making it the most
common functional single ventricle defect.*®
Associated conditions include TGA (70%, typ-
ically L-type), subvalvular PS or atresia (66%),
subaortic obstruction, and CoA.”> CT and MRI
are superior to echocardiography in evalu-
ating extracardiac vascular structures, iden-
tifying associated anomalies, and assessing
complex anatomical relationships. CMR has
a distinct role in evaluating postoperative
valve and ventricular function.®*

In conclusion, CHDs represent a wide
spectrum, and accurate diagnosis is vital.
This is because treatment plans are specific
to the patient’s diagnosis. Advances in car-
diac imaging in recent years have been in-
strumental in reducing morbidity rates and
increasing life expectancy in individuals with
CHD. In the evaluation of imaging methods,
radiography is non-specific but can assist in
determining heart size and pulmonary vas-
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Figure 19. A 19-year-old male patient with isolated pulmonary atresia: the aorta (black arrows) is observed, but the pulmonary artery is not observed in coronal
reformatted computed tomography angiography (CTA) (a) and three-dimensional volume rendered (b) images. Multiple accompanying major aortopulmonary
collateral arteries are observed (black stars). In the axial CTA image (c), the interventricular septum is seen intact (white arrow).

Figure 20. Axial computed tomography angiography image of a 6-day-old girl showing atrioventricular
septal defect, single atrioventricular valve (white arrows), and single ventricle morphology (white stars).

cularity, whereas echocardiography is user
dependent and has a limited role in evalu-
ating extracardiac structures. Advances in
imaging have led to an increasing role for
CT and MRl in addition to cardiac evaluation,
including the visualization of extracardiac
vascular structures and postoperative fol-
low-up. This has substantially reduced the
role of invasive cardiac catheterization in the
diagnosis of CHD. Ongoing technological
innovations have led to non-invasive mo-
dalities with improved image quality, lower
ionizing radiation and contrast doses, and
reduced imaging time, thereby decreasing
the need for anesthesia. Diverse modalities
for detecting cyanotic CHD, along with on-
going advances in surgical procedures, will
result in more patients with CHD surviving

into adulthood in the future. Therefore, the
role of CT and MRI will continue to expand.
The appropriate selection of imaging meth-
ods is guided by the clinical context and the
relative strengths of various imaging modali-
ties. CT is preferred for the initial assessment
of large vessel anatomy in newborns, espe-
cially when functional information is not im-
portant. CMR is critical for the preoperative
and postoperative assessment of ventricular
and valve function, measurement of flow pa-
rameters in existing shunts, and detection of
myocardial fibrosis. With this approach, the
proper use of imaging modalities provides
the detailed anatomy and post-surgical fol-
low-up of the patient that are important for
surgical planning.
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