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ABSTRACT

Double-outlet right ventricle (DORV) is a type of ventriculoarterial connection in which
both great arteries arise entirely or predominantly from the right ventricle. The morphology
of DORV is characterized by a ventricular septal defect (location and relationship with the
semilunar valve); bilateral coni and aortomitral continuity; the presence or absence of
outflow tract obstruction; tricuspid-pulmonary annular distance; and associated cardiac
anomalies. The surgical approach varies with the type of DORV and is based on multiple
variables. Computed tomography (CT) is a robust diagnostic tool for the preoperative and
postoperative assessment of DORV. Unlike echocardiography and magnetic resonance
imaging (MRI), CT imaging is not limited by small acoustic window, need for anaesthesia
and can be used in patients with metallic implants. Current generations CT scanners with
high spatial and temporal resolution, wide detectors, high-pitch scanning mode, dose-
reduction algorithms, and advanced three-dimensional post-processing tools provide a
low-risk, high-quality alternative to diagnostic cardiac catheterization or MRI, and have been
increasingly utilized in nearly every type of congenital heart defect, including DORV.

Keywords: Congenital heart disease; Double outlet right ventricle

INTRODUCTION

Double-outlet right ventricle (DORV) represents a complex congenital heart disease (CHD)
in which both the great vessels arise entirely or predominantly from the right ventricle

(RV). Extreme heterogeneity is evident in the anatomy and physiology of DORYV, with a wide
spectrum mimicking tetralogy of Fallot (TOF), large-ventricular septal defect (VSD), and
transposition of great vessels (TGA)." Transthoracic echocardiography (TTE) is the primary
diagnostic tool used to assess cardiac anatomy and function. It is relatively inexpensive,
readily available, and poses little risk, even to unstable patients. An echocardiogram, along
with bed-side pulse oximetry, provides a definitive diagnosis of the pathophysiology, non-
invasively in most of the cases. However, operator dependency; small acoustic window in
adult patients, particularly those with extensive sternal scarring after multiple interventions;
difficulty in determining the details of small, often sub-centimetre, structures and
extracardiac vessels; and the poor reproducibly of ventricular size and function are inherent
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disadvantages that affect its diagnostic performance.?’ Magnetic resonance imaging (MRI)

is a promising imaging modality for congenital heart defects, but it is limited by higher
costs, lesser availability, need for anaesthesia or sedation, and incompatibility with metallic
devices (pacemakers, stents and occluder devices). Digital subtraction angiography, although
long ago a mainstay of congenital cardiac imaging, is currently used only for hemodynamic
evaluations rather than anatomic definitions. Computed tomography (CT) has emerged as an
alternative and effective diagnostic tool in the imaging of CHDs. Recent advancements in CT
technology, such as electrocardiogram (ECG) gating, high-pitch scanning, wide detectors,
automated tube-voltage selection, and tube-current modulation have revolutionized its role
in diagnosis and postoperative follow-up imaging of various CHDs, including DORV.? This
review explores the morphology and embryology of DORV; elucidates the role of CT in its
diagnosis, including suggested protocols; and discusses various available surgical procedures
and imaging features of their postoperative complications.

ANATOMY AND CLASSIFICATION

DORV requires both great vessels (200% rule) or the entire one vessel and 50% or more
of the other (150%) to arise from the RV.¥ Because of the extreme heterogeneity of hearts
classified as DORY, its definition has been subjected to considerable debate. When described
in the 1950s, a DORV was defined as a condition in which both great vessels arise completely
from the RV. Since 1981, a “50% rule” involving an arterial valve or valves overriding the
ventricular septum through a VSD, has been widely accepted. An overriding arterial trunk
is considered to have arisen from the RV when more than half of the circumference of its
valve belongs to the RV. DORV is not a single cardiac anomaly, but a heterogenous group
with variable morphological features and spatial relationships at each cardiac segment. The
abnormal position of the great vessels in association with various structural anomalies can
lead to different physiological phenotypes, such a TOF, VSD, TGA, or univentricular heart.
If both great vessels arise from the RV, the only pathway by which the left ventricle (LV) can
empty itselfis a VSD. Therefore, a VSD is always present in a DORV.”) Another commonly
seen feature in DORVs is pulmonary stenosis (PS), which is present in approximately 75%
of cases. The relationship of the VSD to the great vessels and the absence or presence of PS
provides a basis for classification of DORVs. Four different anatomical-physiological variants
are recognized and listed here in order of decreasing frequency®:

1. TOF-type variant (DORV with a subaortic VSD and PS)

2. TGA-type variant (DORV with a subpulmonary VSD but without PS), commonly called a

Taussig-Bing anomaly
3. VSD-type variant (DORV with a subaortic VSD but without PS)
4. Univentricular heart-type variant (DORV with mitral atresia, unbalanced atrioventricular
septal defects, or profound hypoplasia of one ventricle)

EMBRYOLOGY

DORV results from impaired morphogenesis of the outflow tract (conotruncus).
Traditionally, it was thought that DORV results from the failure of normal spiralling of
pulmonary trunk and aorta, which leads to abnormal positioning.” However, recent research
suggests that primitive RV has double outlets containing the conotruncus. The aortic side
migrates toward the LV and resolution of the subaortic conus leads to a fibrous connection
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between the aorta and mitral valve known as an aortomitral continuity. If this migration is
incomplete, a DORV anatomy can persist beyond the early stages of development. In a normal
heart, the aortic valve is in fibrous connection with the mitral valve, and the pulmonary valve
is higher than the aortic valve. In DORYV, aortomitral continuity is lost and both the aortic and
pulmonary valves lie at the same level.¥ Another proposed theory postulates that a DORV
results due to misalignment and arrest of the interventricular septum. Various relationships
between the outlet septum and septomarginal trabeculation (SMT) lead to different types

of VSDs and DORYV phenotypes. The outlet septum is a fibrous structure separating the

two outflow tracts and forms the cranial margins of the interventricular communication
channel. The SMT is a strap-like mass of myocardium that supports the septal surface. It

has both cranial and caudal limbs. In DORY, the interventricular communication opens into
RV between the 2 limbs of the SMT. If the outlet septum attaches to the cranial limb of the
SMT, the interventricular communication is positioned in a subaortic location. Similarly,

the attachment of the outlet septum to the caudal limb of the SMT leads to subpulmonary
positioning of the interventricular communication. If the outlet septum shows neither cranial
nor caudal attachment, the interventricular defect will become doubly committed. Lastly, if
the distance between the VSD and semilunar valve is greater than the that of the aortic valve,
it called remote or uncommitted VSD (Figure 1).”

OVERVIEW OF THE MODALITIES

The diagnosis of DORV can be obtained by echocardiography, CT, cardiovascular magnetic
resonance (CMR) or invasive angiography. Each modality has its own strengths and weaknesses.
Transthoracic echocardiography (TTE) remains the diagnostic modality of choice. Its portability,
accessibility, low cost, lack of radiation exposure, and extensive usage history have given the
technique a wide appeal. It can identify all the essential features of a DORV in most of the

cases. A combined assessment using an echocardiogram and bed-side pulse oximetry can
provide a diagnosis non-invasively. The limitations of TTE are related primarily to the small
acoustic window, particularly in infants, which precludes assessment of RV size and function,
pulmonary arteries, and aberrant coronary anatomy.'” CMR provides a detailed assessment

of cardiac and extracardiac morphology along with ventricular function analysis and flow
quantification without radiation exposure. However, scan acquisition timings are lengthy and
require sedation.” Other disadvantages of CMR include higher cost, poor evaluation of lungs
and airways, artifacts from non-MRI-compatible implants, lengthy post-processing time,
gadolinium-induced nephrogenic systemic fibrosis, and limited availability, particularly in
developing and less-developed countries.? Although recent guidelines state that CMR can be
performed in patients with implanted devices (MRI-conditional or not) if safety conditions are
met, the device can still generate artifacts, and a packing box implanted in the chest wall can
make the study non-diagnostic.” Additionally, the risk of anaesthesia and emerging risks from
gadolinium deposition in the central nervous system and other organs have prompted an FDA
advisory on gadolinium contrast, making CMR a less-benign imaging option.¥

The role of cardiac catheterization is well established for the assessment of intra-cardiac
pressures, coronary artery anatomy, and branch pulmonary arteries. Its invasive nature, need
for prolonged sedation/anaesthesia, ionizing radiation, and catheter-related complications
limit its use. Currently, it is used in determining pulmonary vascular resistance to check
suitability for Fontan operation, and when catheter-based interventions such as balloon
dilatation and stenting of the pulmonary arteries are anticipated.®"”

https://doi.org/10.4250/jcvi.2020.0196 207



Role of CT in DORV

Journal of C VI
Cardiovascular Imaging

https://e-jcvi.org

SMT
RV
Ao
PA
RV SMT RV SMT

© ©)

Figure 1. Four types of VSDs. The relationship between the outlet septum (green) and SMT defines the location of
the VSD. In subaortic VSD, (A) the outlet septal attaches to the anterior limb of the septal band. In subpulmonic
VSD, (B) the outlet septal attaches to the posterior limb of the septal band. In the doubly committed VSD, and (C)
the outlet septum is absent. (D) A remote VSD is not related to the outlet septum and the distance between the
VSD and the semilunar valve is greater than the size of the aortic valve.

RV: right ventricle, SMT: septomarginal trabecula, VSD: ventricular septal defect.

Multi-detector computed tomography (MDCT) has evolved into a reliable tool for imaging
pediatric patients with CHD. It can delineate preoperative cardiac anatomy demonstrating
the relationship of heart to extracardiac structures; and can identify post-operative
complications of DORV. While both MDCT and CMR provide high spatial resolutions, MDCT
offers higher spatial resolution and CMR has a superior temporal resolution.'® Improved
CT technology with wider detectors enables greater volume coverage and faster data
acquisition. The introduction of helical prospective ECG-triggered acquisition at a relatively
high pitch (3.4) has enabled gapless volume data acquisition in a single cardiac cycle.” The
advantages of MDCT include protocol flexibility, greater accessibility, relatively low cost,
and superior evaluation of lung and airway abnormalities, which can occur concomitantly
with complex CHD. There is no need for sedation or anesthesia with the current generation
CT scanners, making CT an attractive alternative tool for pediatric patients. Additionally,
CT is the modality of choice for patients with various metallic devices like internal cardiac
defibrillators, and pacemakers (all of which are contraindicated for MRI). While surgical
clips, cardiac valve prostheses, and occlusion devices are not contraindicated for CMR
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procedures, MDCT is preferable because these implants can cause signal loss and reduce
image quality with CMR.?” Three-dimensional (3D) printing is an emerging technology in
which CT or MRI datasets are used to produce 3D cardiac models of increasing complexity.
A 3D model is a replica of a patient's anatomy that can be used for precise presurgical
planning and simulation. Because of the volumetric high-resolution images and availability,
cardiovascular CT is particularly suited to the requirements of 3D model generation.?”

The main limitations of CT include lack of access to the latest generation scanners and
trained personnel, iodinated contrast administration, and ionizing radiations. Radiation-
induced cancer that manifests after one or two decades is a significant concern that has
restricted the use of MDCT to complex congenital heart disease and when it is needed as a
problem-solving technique. However, modern scanners with wide detectors and dual-source
technology have dramatically lowered the radiation exposure, and sub-millisievert scans

are now possible in many children. Short scan times also significantly reduce the amount

of contrast media, reducing the risk of contrast-induced nephropathy.?? The temporal
resolution of CT does not approach that of MRI (20-50 ms) or angiography (1-10 ms), which
can be performed without B-blockers. A single-source MDCT provides a temporal resolution
of135 ms. Modern scanners have addressed this challenge, and fast gantry rotation (0.3-0.4
seconds) combined with half-scan reconstruction and optional multisector reconstruction
have dramatically improved temporal resolution to 50-65 ms.?)

PROTOCOLS

Protocol optimization for cardiac imaging can be challenging in pediatric patients due to
complexity of congenital defects, high heart and respiratory rates, requirement for stringent
dose reduction, and non-cooperative patients. At least 64 slice CT scanner is required to
obtain optimum image quality. The newer generation CT scanners, with advanced features
like dual-source technology, wide-detector system, high-efficiency detectors, greater X-ray
tube power, and improved image processing, have consolidated the role of cardiac CT in
children, particularly in unsedated patients with higher heart rates. Second-generation
dual-detector scanners offer a new technique, called high-pitch helical mode, in which the
pitch can be increased upto 3.4 without missing data, as data gaps are filled by the second
detector. The primary benefit of the high-pitch mode is high temporal resolution and short
scan time. A wide-detector scanner utilizing a 320/640-slice detector is another appealing
technology. The increased z-axis volume coverage from 12 cm (in a 256-slice MDCT) to 16 cm
(in 320/640-slice MDCT) produces temporally uniform images with homogeneous contrast
enhancement in no more than 0.3 seconds.? With such short scan time, both high-pitch
mode and volumetric scanning (in a wide-detector scanner) can image the whole heart within
a single cardiac cycle, even in patients with high heart rates. Furthermore, by reducing or
eliminating the need for overlapping helical imaging, radiation exposure can be reduced by
60% to 80% compared with 64-detector scanners. These techniques have obviated the need
for breath-holding and sedation in neonates and infants.?>*

Non-ionic, low- or iso-osmolar iodinated contrast agents are used universally due to their
safe nature. The antecubital vein is the most preferred intravenous access site. The size of
the intravenous catheter depends upon the patient's age: usually 2224 gauge for younger
children, 2022 gauge for older children and 18 gauge or larger for adolescents. The
intravenous contrast volume is calculated from body weight (1-2 mL/kg). The combined
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volume of contrast and saline flush should be kept to 2-3 mL/kg, which is well tolerated
without any hemodynamic consequences. Bolus tracking (automatic or manual) is the
preferred method to trigger the scan. In automatic bolus tracking, the region of interest (ROI)
is placed in the LV or proximal descending thoracic aorta. A set threshold between 100 and
150 HU is selected to trigger the scan, with a scan delay of 2-5 seconds depending on the CT
model. The scan delay time is 2—4 seconds with 64-slice MDCT due to inherent interscan
and image reconstruction delays. A 320-slice MDCT has no delay, except the time used for
potential tube repositioning and instructing patients to hold their breath. Automatic bolus
tracking is problematic in infants and younger children due to patient movements, which can
cause a scan to start too early or too late. Manual bolus tracking is helpful in this situation.
The monitoring sequence is placed at the mid-heart level to allow simultaneous visualization
of cardiac chambers and descending aorta. The ROI is placed outside the body. Manual
initiation of the scan is done when the contrast is visualized in all four cardiac chambers

and the descending thoracic aorta.”® The assessment of DORV requires simultaneous
opacification of both ventricles. This is achieved by biventricular or triphasic protocols. Two
different contrast-injection methods are available in triphasic protocols. One method gives
half the contrast at the usual arterial rate according to patient size and the remainder at a
slower rate, followed by a saline flush. In second method, the injection rate is kept constant
and 100% contrast in administered in the first phase followed by a contrast: saline mix (e.g.,
30%:70% to 50%:50% mix) in second phase. Either method will result in biventricular
opacification during image acquisition.?®?) Usually a single phase acquisition showing
biventricular opacification is sufficient for evaluation of cardiac and extracardiac anatomy.
However, DORV patients with remote VSD who have undergone Fontan repair require a
delayed venous phase (60-90 seconds after initiation of contrast injection) for appropriate
opacification of the Fontan circuit and pulmonary arteries.

There are 2 acquisition modes: non-ECG-gated and ECG-gated. As echocardiography

is an effective tool for delineating intracardiac anatomy and pathology, most cardiac CT
acquisitions are non-ECG-gated and aimed at visualization of extracardiac structures
(pulmonary arteries, aortopulmonary collaterals, and airways). ECG-gated acquisition is
needed for ventricular functional analysis and for assessing structures prone to cardiac
motion artifact (aortic roots and coronary arteries). Functional assessment using cardiac

CT is used primarily in patients having contraindications to CMR or when there a high
likelihood of non-diagnostic CMR. With advancements in surgical techniques and medical
care, the majority of CHD patients are now expected to survive to adulthood and even to
advanced ages. Much of the morbidity in CHD is from RV or LV failure and arrhythmia, which
necessitates the placement of electrophysiology devices.?®?? These devices can degrade the
CMR image quality. Cardiac CT is a reasonable alternative modality for functional assessment
in such patients. Multiple published reports have shown close correlation between cardiac
CT and CMR for evaluating ventricular systolic function. The use of prosthetic valves in CHD
is also increasingly and patients are frequently referred for prosthetic valve evaluation.>®

CT has been shown to be an effective method for evaluating both prosthetic valve function
and paravalvular leaks.?" Evaluation of coronary arteries is the another important indication
for gated acquisition. All DORV patients with subpulmonic VSD without PS undergo VSD
tunnel repair with arterial switch operation. The surgically created proximal pattern of the
main coronary arteries promote unfavourable changes in the postoperative period, such as
acute vessel angulation and compression. Coronary CT angiography using gated acquisition
provides useful and accurate information for postoperative management and selection of
high-risk patients.’?
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There are 2 modes of ECG-gated acquisition, prospective, and retrospective. A prospective
ECG-gated mode is a dose-saving mode in which data is acquired in a narrow-predefined phase
of cardiac cycle, i.e., end systole (30%—-40%) or end diastole (70%—-80%). In retrospective
ECG-gated mode, the data is acquired over the entire RR interval of a cardiac cycle, providing
multi-segment reconstruction (0%-100%). Cardiac anatomy and coronaries can be evaluated
with prospective ECG gating, while functional assessment (ventricular or valvular) requires
retrospective gating. Selecting the proper cardiac phase is important in prospective gating,
which is usually late diastole (70%—-80%) if the heart rate is less than 80 bpm and end systole
(30%—40%), if the heart rate is more than 80 bpm. Use of an absolute trigger delay as opposed
to a relative (percentage) trigger delay is recommended while performing cardiac CT in
children with a heart rate above 80 bpm to ensure maximum image quality.>® A consensus
document of the Society of Cardiovascular Computed Tomography suggests a scan window in
absolute milliseconds for prospective ccoronary CT angiography based on the recalculation of
a 35%-55% systolic percentage scan phase.?® For example, in a patient with a heart rate of 75
bpm and an RR interval of 800 ms, the 35%-55% systolic phase will correspond to a 210-440
ms absolute scan window. Dual-source CT offers the advantage of flexibility in choosing the
acquisition window. A quick-step acquisition window of 220 ms provides rapid acquisition

but limited flexibility for different phase reconstruction. In comparison, a 330 ms acquisition
window with an extended imaging angle from 260° to 460° provides a * 8% phase shift and
therefore flexibility in selecting the cardiac-phase reconstruction retrospectively. For example,
in a neonate with a 505 ms RR cycle time, it is possible to reconstruct the window between 170
and 350 ms when the acquisition is set at end systole.>

In retrospective ECG-gated mode, data is acquired continuously throughout the cardiac cycle.
It provides a large volume of data over the entire cardiac cycle but at the cost of high radiation
exposure which is 3 to 4 times that of a prospective mode. However, reliable image quality
can be obtained in heart rates of up to 170 bpm. Older CT scanners using retrospective ECG-
gated scan mode have reported effective doses up to 28 mSv per cardiac scan.*® Since then,
innovations such as prospective ECG gating, high-pitch helical scanning, ECG-controlled
tube-current modulation, wider detector coverage, and iterative reconstruction techniques
have dramatically lowered the radiation dose.>*® Today, sub-millisievert scans are possible in
many children.® Jin et al.® compared the image quality and radiation doses of retrospective
and prospective ECG-gated, dual-source CT imaging in pediatric patients with congenital
heart diseases. The mean estimated effective dose was higher for a retrospective ECG-gated
helical scan compared with a prospective non-helical scan (0.79 vs. 0.21 mSv, respectively,

p < 0.01). Marked dose reduction (73%) was seen using prospective gating compared with
retrospective gating.® Similarly, a study at Great Ormond Street Hospital NHS Trust achieved
a dose reduction of 64% by using prospective gating instead of retrospective gating.> The
Image Gently Alliance's “Have-a-Heart” campaign recently published radiation-management
guidelines for pediatric cardiovascular CT. The aim of these guidelines is to minimize
radiation doses and standardize imaging parameters across pediatric centers.>"

Image quality deteriorates when the heart rate exceeds 70 bpm, beat-to-beat variation is 10 bpm,
and the body mass index is greater than 30 kg/m?2.*>) Using a 320-slice MDCT, with 320 x 0.5

mm detector elements, a 350 ms rotation time, and an anatomic coverage of 16 cm, coronary
artery imaging in children can be performed with a single shot. The recommendations state
single-beat acquisition if the heart rate is less than 65 bpm; two-beat acquisition if the heart rate
is 65-75 bpm; and three-beat acquisition when the heart rate exceeds 75 bpm. Prospective gating
is usually selected if the heart rate is below 80 bpm, and retrospective gating with tube-current
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modulation is used if the heart rate is high. Artifacts causing image degradation are commonly
seen in children due to their intrinsically rapid heart rates. However, studies have shown that
256- and 320-slice MDCT and dual-source MDCT can provide heart-rate-independent image
quality with retrospective ECG gating, which is not possible with 64-slice MDCT.*

IMAGING APPROACH FOR PREOPERATIVE ASSESSMENT

Careful depiction of preoperative anatomy leads to optimal surgical approach and improved
patient outcome. A diagnosis of DORV is encompassed by vigilant description of the VSD,
including its relationship with the semilunar valves; conus and aortomitral continuity;
great vessels relationship; presence or absence of any aortic and pulmonary outflow tract
obstruction; coronary artery anatomy; and associated cardiac lesions.*?

DORV is often associated with complex and unique geometry. The echocardiography, 2D CT,
and MRI of such complex cases does not always provide all the information needed to choose
an operative approach (univentricular or biventricular). A 3D printed model provides better
insight into surface spatial orientation and intracardiac anatomy compared with conventional
imaging. These models are useful adjuncts in preoperative assessment of complex DORV. A
3D printed model enables better understanding of the spatial orientation of the heart in the
thorax; size and location of the VSD; relationships of the great arteries and the semilunar valves;
and the anticipated dimensions and orientation of the surgically planned interventricular
baffle. Recent applications of 3D printing include: interventional preoperative planning and
simulations; patient-specific hemodynamic evaluations; testing of novel procedural pathways;
and use of sterilized models during surgical procedures for enhanced structural orientation.
Patient-specific presurgical planning may reduce surgery time, leading to fewer complications.
This may decrease reintervention rates, shorten postoperative stays, and lower health care
costs.®*) A brief description of the various modifiers is presented below.

VSD

The location of the VSD in DORV is fairly constant and conoventricular. A VSD is typically
defined according to its relationship with the conus as subaortic, subpulmonic, doubly
committed, remote, or uncommitted. The most common subaortic VSD, is seen in
approximately 50% of the patients. It is positioned beneath the aortic valve between the

two limbs of the SMT.*) A subpulmonic VSD is found in approximately 30% of patients

and is located beneath the pulmonary valve .* Both the subaortic and subpulmonic VSD

are separated from the corresponding valves depending upon the presence and length of
subaortic or subpulmonic conus. If the conus is absent, the valve will override the VSD and
form a superior border (juxtaaortic or juxtapulmonary). The doubly committed VSD is seen
in approximately 10% of cases and it lies immediately beneath the aortic and pulmonary valve
leaflets between the limbs of SMT. A remote or uncommitted VSD is seen in 10% of patients.
It is not nestled within the limbs of SMT but in the inlet septum (Figure 2).

In most of the cases, the VSD is in the outlet portion, but it can also involve inlet or apical
trabecular septum. If it involves the inlet septum, its exact proximity with tricuspid leaflets
is a critical factor, as intraventricular baffling may compromise the size and function of
tricuspid valve. It is also essential to note the size and multiplicity of the VSD, which is

https://doi.org/10.4250/jcvi.2020.0196 212



Role of CT in DORV

Journal of C VI
Cardiovascular Imaging

Figure 2. Types of VSD. (A) A reformatted coronal CT angiography image indicates the subaortic position of VSD. (B) A reformatted coronal CT angiography image
indicates the subpulmonic position of the VSD. (C) A reformatted coronal CT angiography image indicates the doubly committed VSD. The VSD is located in
relationship to both semilunar valves. (D) An axial CT angiography image shows the remote intramuscular VSD.

Ao: aorta, CT: computed tomography, LV: left ventricle, PA: pulmonary artery, RV: right ventricle, VSD: ventricular septal defect.

https://e-jcvi.org

usually single and greater in diameter compared with an age-matched normal aortic valve. If
the diameter of the VSD is smaller than that of the aortic valve, it is considered restrictive.**®

CONUS AND AORTOMITRAL CONTINUITY

Conus refers to the thick muscular structure between the leaflets of the arterial and
atrioventricular valves. In the primitive ventricle, it is present in both subpulmonic and
subaortic regions. During the embryological development, the subaortic component get
resorbed and is represented by aortomitral fibrous continuity. The subpulmonic component
persists and separates the pulmonary and tricuspid valve. Since, DORV is characterized by
failure of aortic migration to the LV, the subaortic conus also persists (Figures 3 and 4). Initially,
the presence of bilateral conuses was used as a prerequisite for the diagnosis of DORV and to
differentiate it from the TOF in the gray-zone status of aortic overriding of RV. However, Ebadi
et al.* reported variability in the morphology of the infundibulum in DORV specimens. Out of
100 DORYV specimens, complete bilateral muscular conuses were present only in 23, and some
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Figure 3. Conus (infundibulum). (A, D) Axial and coronal CT angiography images show a subpulmonic conus in a normal individual. (B, E) Axial and coronal CT
angiography images indicate the subpulmonic conus in a patient with TOF. The subaortic conus is absent. Absence of the subaortic conus is used to differentiate a
TOF from a DORV in the gray zone. (C, F) Axial and coronal CT angiography images indicate the double coni (subpulmonic and subaortic) in a patient with a DORV.
Ao: aorta, CT: computed tomography, DORV: double-outlet right ventricle, LV: left ventricle, PA: pulmonary artery, RV: right ventricle, TOF: tetralogy of Fallot,
VSD: ventricular septal defect.

Figure 4. Aortomitral continuity. (A) A reformatted coronal CT angiography image indicates a preserved AMC in a normal individual. Fibrous continuity is
evident between the noncoronary and left coronary leaflets of the aortic valve and AML. (B) A reformatted coronal CT angiography image indicates a preserved
aortomitral continuity in a patient with a TOF. (C) A reformatted coronal CT angiography image indicates the loss of aortomitral continuity in a patient with a
DORYV. The subaortic conus is visible between the aortic valve and anterior mitral leaflet.

Ao: aorta, AMC: aortomitral continuity, AML: anterior mitral leaflet valve, AMV: anterior mitral valve, CT: computed tomography, DORV: double-outlet right
ventricle, LA: left atrium, LV: left ventricle, PA: pulmonary artery, RV: right ventricle, TOF: tetralogy of Fallot, VSD: ventricular septal defect.
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degree of continuity was noted between semilunar and atrioventricular (AV) valves in 49% of
the patients. Bilateral conuses are rarely found in a normal heart also.” This suggests that the
presence of bilateral conuses and discontinuity between semilunar and AV valves should not be
used as a diagnostic criteria for DORV. The status of the conus, however, must be documented
because it can affect the choice of surgical method. The length of the conus determines the
location of the VSD relative to the semilunar and tricuspid valves. For a given location of the
VSD, longer the conus or infundibulum the farther the VSD is from the aortic valve.

Role of CT in DORV

GREAT-VESSEL RELATIONSHIP

Two commonly seen great-vessel relationship patterns in DORVs are spiral and parallel. In
most of the cases, a normal spiral pattern is seen with aorta lying rightward and posterior
to the pulmonary trunk. The spiral type of great vessel relationship pattern is almost always
associated with a subaortic VSD. In the parallel relationship pattern, the great vessels do
not spiral around each other and aorta can be seen either side-by-side and rightward to the
pulmonary trunk, or anterior and rightward to pulmonary artery (D-malposition) or very
rarely leftward and anterior to the pulmonary artery (L-malposition). The parallel pattern is
usually associated with a subpulmonic VSD. The L-malposition is the rarest type of great-
vessel relationship and is usually associated with the subaortic VSD, pulmonary stenosis, and
anomalous courses of the right coronary artery (Figure 5). Although the position of the VSD
can be predicted by the type of great-vessel relationship, these are only generalizations and
not strict rules.”

VENTRICULAR OUTFLOW TRACT OBSTRUCTION

When the VSD is committed to a semilunar valve, the non-committed semilunar valve
narrows between the free wall of the infundibulum and outlet septum. In other words,
subaortic outflow tract obstruction is seen with subpulmonic VSD, and subpulmonic outflow
tract obstruction is seen with a subaortic VSD. Pulmonary outflow tract obstruction is usually
infundibular but valvular (hypoplasia or atresia) or versions that involve central pulmonary

Figure 5. Great-vessel relationship. (A) An axial CT angiography image indicating the posterior and rightward location of the Ao to the PA (normal relationship).
(B) An axial CT angiography image indicates the anterior and rightward location of the Ao to the PA (D-TGA type). (C) An axial CT angiography image indicating
the side-by-side and leftward orientation of the Ao to PA (cc-TGA type).

Ao: aorta, cc-TGA: congenitally corrected transposition of the great artery, CT: computed tomography, PA: pulmonary artery.
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Figure 6. RVOT obstruction. A sagittal reformatted CT image indicating mild RVOT obstruction. CT: computed
tomography, PA: pulmonary artery, RV: right ventricle, RVOT: right ventricular outflow tract.

artery are also possible (Figure 6). Subaortic stenosis is uncommon, usually seen in Taussig-
Bing anomaly and is contributed by accessory tissue or hypertrophied muscle bundles.*?

VENTRICULAR VOLUMES

Biventricular repair requires ventricles of adequate volumes. The creation of an
intraventricular tunnel or baffle compromises the volume of the RV because a part of the RV is
incorporated into the left ventricular outflow tract (LVOT). It is therefore important to assess
preoperative RV cavity size and estimate the volume of the remaining RV after the intended
surgical approach. If there is a tricuspid or mitral atresia or hypoplastic LV, staged palliative
repair is carried out as single functional ventricular operation. There are no uniform criteria
for univentricular or biventricular repair in hypoplastic LV, but it has been proposed that

in patients with critical aortic stenosis, an indexed LV end-diastolic volume < 20 mL/m?is
associated with poor prognostic outcome (Figure 7).59%?

DORV VARIANTS

DORV is not a single entity, but a spectrum of varying morphological features at each cardiac
segment. The relationship between the VSD and great vessels, outflow tract obstruction, and the
anatomical orientation of atrioventricular valves determine the clinical course and the surgical
management of DORV. As described above, four common anatomical-physiological variants

of DORYV are known, including TOF, TGA, VSD, and univentricular types. The TOF variant

is characterized by a DORV with subaortic VSD and variable degrees of pulmonary stenosis.

The aorta overrides the VSD and pulmonary valve is located anteriorly and superiorly. The
pathophysiology is determined by pulmonary stenosis, which increases with age (Figure 8).

A TGA variant is characterized by transposition of the great vessels and subpulmonic VSD. The
great vessel trunks run parallel to each other rather than spiralling, the aorta being rightwards
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Figure 7. Example of left ventricular systolic function calculated using short- and long-axis images from dual-
source CT coronary angiography.
CT: computed tomography, ED: end-systolic, ES: end-systolic, LV: left ventricle.

and anterior to the pulmonary trunk. This configuration is also called Taussig-Bing anomaly.>¥
The VSD variant is characterized by subaortic VSD without pulmonary stenosis. The pulmonary
trunk and aorta are normally related and the aortic valve is positioned higher than normal.
Aortomitral discontinuity is common (Figure 9).>® The univentricular variant is the least common
type and characterized by DORV with atrioventricular valve atresia, univentricular atrioventricular
connections, atrial isomerism, and severe hypoplasia of one of the ventricular sinuses. This DORV
classification scheme concisely conveys a broad sense of relational anatomy and classify DORV
patients according to the type of surgical repair.?

ASSOCIATED CARDIAC ANOMALIES

DORV is usually associated with multiple cardiac anomalies. The anomalous origin and
course of coronary arteries are frequently noted. Looking from above, the coronary orifices
rotate clockwise in DORYV; the right coronary artery arises from the posterior- facing sinus
and the left main trunk arises from the anterior-facing sinus. In addition, various types of
anomalous courses may be seen. It is important to identify these anomalous courses of
coronary arteries as any unidentified coronary anomaly may lead to disaster during surgery.
Multiple other cardiac and extracardiac concomitant anomalies can be seen related to the
aorta (right-sided arch, coarctation of aorta), pulmonary artery (pulmonary artery stenosis,
atresia), pulmonary veins (partial or total anomalous pulmonary venous return), systemic
veins (left-sided superior vena cava, interrupted inferior vena cava and azygous continuation),
and thoracoabdominal system (bronchogenic cyst and diaphragmatic hernia) (Figure 10).>
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Figure 8. TOF-type DORV. A cinematic rendered image (A) demonstrating both the great arteries arising from a right ventricle with severe stenosis of the
proximal pulmonary artery. A coronal reformatted (B) and front-cut VRT image (C) showing subaortic VSD. Sagittal (D) and axial-reformatted (E) CT images
showing great-vessel relationship. The Aorta is rightwards and posterior to the pulmonary trunk, with the conal septum separating them. Hypertrophy of

the pulmonic infundibulum causing severe RVOT stenosis is evident. The aortic valve appears to be bicuspid. A coronal reformatted CT image (F) shows an
associated extracardiac anomaly as a diaphragmatic defect, with herniation of the left hepatic lobe (*) into the thoracic cavity.

Ao: aorta, CT: computed tomography, DORV: double-outlet right ventricle, LA: left atrium, LV: left ventricle, PA: pulmonary artery, RA: right atrium, RV: right
ventricle, RVOT: right ventricular outflow tract, TOF: tetralogy of Fallot, VRT: volume rendering technique, VSD: ventricular septal defect.

https://e-jcvi.org

SURGICAL TREATMENT AND COMPLICATIONS

The surgical approach varies with the type of DORV. DORV with subaortic or doubly
committed VSD without PS is treated by intraventricular tunnel repair between LV and aorta
(Figure 11). Post-operative complications of this procedure are rare and include residual
VSDs and subaortic obstructions (tunnel or non-tunnel-related).>” A TOF-type DORV with
subaortic VSD and PS is treated like TOF, except the VSD closure is done by creating a tunnel
rather than VSD patch. Common postoperative complications include residual VSD and
residual or recurrent pulmonary artery stenosis.”” If the branch pulmonary arteries are
severely hypoplastic then the preferred treatment method include early palliative systemic-
pulmonary artery shunting followed by definitive repair later in the life. The Rastelli
procedure is another option in this condition. In Rastelli procedure, the VSD is tunnelled

to the aorta and an extracardiac conduit is placed between the RV and main pulmonary
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Bilateral

Figure 9. TGA-type DORV. (A) A cinematic rendered image demonstrating both great arteries arising from RV. The great-vessel trunks run parallel to each other,
with the aorta on the right side. (B) A coronal reformatted image showing subpulmonic VSD. (C) An axial reformatted CT image showing bilateral coni. The conal
septum separates the great vessels. (D) An axial reformatted CT image demonstrating great-vessel relationship. The aorta is anterior to and on the right side of
the pulmonary trunk (D-TGA type).
Ao: aorta, CT: computed tomography, LV: left ventricle, PA: pulmonary artery, RA: right atrium, RV: right ventricle, VSD: ventricular septal defect.

https://e-jcvi.org

artery. Common postoperative complications of Rastelli procedure could be conduit-related
(stenosis, calcification, kinking. and aneurysm), tunnel-related (stenosis, leakage, and
obstruction), branch pulmonary artery stenosis, and biventricular dysfunction.? Multiple
approaches have been used for TGA-type DORVs with subpulmonic VSD (Taussig-Bing
anomaly): (1) tunneling of VSD to the pulmonary artery with atrial switch; (2) tunneling

of the VSD to the pulmonary artery with arterial switch; and (3) tunneling of the VSD to

the pulmonary artery, aortopulmonary connection (Damus-Kaye-Stansel procedure),

and extracardiac conduit between the RV and pulmonary artery. Complications of these
procedures could be conduit- or tunnel-related as described above."™ A non-committed VSD
presents the greatest challenge due to its remote location. In majority of the patients with
remote VSD, the LV can be baffled to the aorta. If the anatomy allows rerouting of the VSD

to the pulmonary artery, that is it performed along with arterial switch.>® If neither aortic
nor pulmonary routing of the VSD is possible and there is concomitant PS, a systemic-to-
pulmonary artery shunt (Blalock-Taussig shunt) is made to alleviate cyanosis. This is followed
by bidirectional cavopulmonary anastomosis (a Glenn shunt) at the age of 6 months, and
completion of the cavopulmonary connection at the age of 1 to 2 years.*"
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Figure 10. Associated cardiac anomalies. (A) A coronal CT image demonstrating LSVC draining into left atrium. (B) VRT image showing coarctation of the aorta.
(C) Am axial CT image showing partial anomalous pulmonary venous return. The right inferior pulmonary vein is draining into right atria. The right atria and
ventricle are dilated. (D) An oblique reformatted CT image showing stenosis of the osteoproximal part of the left pulmonary artery. (E) An axial CT image showing
right-sided aortic arch. (F) An axial CT image shows mitral atresia.

Ao: aorta, CT: computed tomography, LA: left atrium, LPA: left pulmonary artery, LSVC: left-sided superior vena cava, LV: left ventricle, MV: mitral valve, PA:
pulmonary artery, RA: right atrium, RV: right ventricle, RIPV: right inferior pulmonary vein, RPA: right pulmonary artery, RSVC: right-sided superior vena cava, RV:
right ventricle, VRT: volume rendering technique, VSD: ventricular septal defect.

Figure 11. Postoperative appearance of DORV. Sagittal (A) and coronal (B) reformatted CT angiography images demonstrating intraventricular tunnel created to
channel blood flow from the LV to the aorta through ventricular septal defect. No evidence of any stenosis seen.
Ao: aorta, CT: computed tomography, DORV: double-outlet right ventricle, LV: left ventricle, T: tunnel.
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ROLE OF CT ANGIOGRAPHY IN POSTOPERATIVE IMAGING

Role of CT in DORV

Magnetic resonance imaging is routinely used for postoperative assessment of DORV. CT is a
good substitute due to widespread availability, low cost, rapid scanning, and especially when
CMR is contraindicated. CT can be used to assess both palliative and corrective surgeries
performed in DORV. It can reliably diagnose various postoperative complications related to

a VSD (residual), intraventricular tunnel (stenosis, leak, aneurysm), conduit (calcification,
stenosis, thrombosis), outflow tracts (RVOT obstruction, LVOT obstruction), pulmonary
arteries (stenosis, aneurysm), aorta (coarctation and recoarctation), and ventricles
(ventricular failure) (Figures 12-14). An ECG-gated scan can assess ventricular functions

and provides detailed volumetric analysis, which can predict imminent ventricular failure.
Volume rendering can reveal the extracardiac conduit or pathway. The imaging protocol in
postoperative assessment should be tailored to the type of surgical repair. A brief description
of surgical procedures and postoperative complications is provided in Table 1.

CONCLUSION

DORV often presents with complex and unique geometry. Cardiac CT imaging provides both
morphological and functional information about DORV which is decisive in the patient’s
management. CT is steadily becoming an invaluable imaging modality to fill the gap among
echocardiography, cardiac MRI and cardiac catheterization. The unbeatable advantages of
CT due to recent technological advancements have made it a very helpful tool in preoperative
planning and postoperative follow-up.
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Figure 12. Postoperative appearance of DORV. (A) Coronal reformatted CT angiography image indicating an intraventricular tunnel to channel blood flow from
the LV to the aorta through the ventricular septal defect. No evidence of any stenosis is visible. Oblique (B) and sagittal (C) CT angiography images indicating
pulmonary stenosis with bulging of the RVOT, suggesting an RVOT aneurysm. The RV is dilated.

Ao: aorta, CT: computed tomography, DORV: double-outlet right ventricle, LV: left ventricle, PA: pulmonary artery, RV: right ventricle, RVOT: right ventricular
outflow tract, T: tunnel.
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Figure 13. Postoperative (Rastelli operation) appearance in a case of a DORV with cc-TGA. VRT image (A) and VRT image after removing Ao (B) showing cc-
TGA morphology. The aorta is arising from right-sided LV. The RV is on the left side. A conduit is seen between the left-sided RV and the MPA. (C) An oblique
reformatted MIP CT image showing dense calcification with moderate stenosis at the RV anastomotic site of the conduit. (D) An oblique reformatted CT image
showing native pulmonary valve in the closed position. Mild calcification of the pulmonary valve leaflets is also seen.

Ao: aorta, C: conduit, cc-TGA: congenitally corrected transposition of the great artery, CT: computed tomography, DORV: double-outlet right ventricle, LPA:
left pulmonary artery, MIP: maximum intensity projection, MPA: main pulmonary artery, RV: right ventricle, LV: left ventricle, PV: pulmonary valve, RPA: right
pulmonary artery, VRT: volume rendering technique.
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Figure 14. Postoperative (Fontan repair) appearance in a DORV. An axial MIP image showing eccentric hypodensity
in an extra-atrial Fontan conduit that persists in a delayed venous phase, suggesting thrombosis (arrow).
C: conduit, DORV: double-outlet right ventricle, MIP: maximum intensity projection.

Table 1. Different types of surgical procedures performed in DORV and their post-operative complications

Type of VSD

Surgery

Postoperative complications

Subaortic or doubly
committed VSD without PS

Subaortic VSD with PS

Subpulmonic VSD
without PS

Remote VSD

- Intraventricular tunnel repair (Gore-Tex fabric patch is

used as a baffle to direct blood flow from LV through the
VSD to the aorta).

- Definitive repair possible - LV is directed to aorta via

intraventricular tunnel, Patch augmentation of PS is done.

- Definitive repair not possible - Palliative systemic to

pulmonary shunt is made (BT shunt) followed by definitive
repair later in life.

- Rastelli procedure (VSD is tunnelled to aorta and an

extracardiac conduit is placed between RV and main
pulmonary artery).

- Tunneling of VSD to pulmonary artery with atrial switch.
- Tunneling of VSD to pulmonary artery with arterial switch.
- Tunneling of VSD to pulmonary artery, aortopulmonary

connection (Damus-Kaye-Stansel procedure) and
extracardiac conduit from RV to pulmonary artery.

- Enlargement of VSD (if restrictive) and tunnelled to aorta.
- Tunneling of VSD to pulmonary artery with arterial switch.
- Systemic to pulmonary artery shunt (Blalock-Taussig

shunt) to alleviate cyanosis followed by bidirectional
cavopulmonary anastomosis (Glenn shunt) at the age of 6
months, and completion of cavopulmonary connection at
the age of 1to 2 years.

- Residual VSD
- Tunnel related (stenosis, leakage, and obstruction)

- Residual VSD

- Tunnel-related (stenosis, leakage and obstruction)

« Pulmonary artery (residual stenosis, recurrent stenosis)

- BT shunt (thrombosis, pseudoaneurysm)

- Conduit-related (stenosis, calcification, kinking and aneurysm)
- Tunnel-related (stenosis, leakage and obstruction)

- Branch pulmonary artery stenosis

- Biventricular dysfunction

- Tunnel-related (stenosis, leakage, and obstruction)

- Central or branch pulmonary artery stenosis

- Baffle-related (stenosis, leakage, and obstruction)

- Tunnel-related (stenosis, leakage, and obstruction)

- Central or branch pulmonary artery stenosis

« Tunnel-related (stenosis, leakage, and obstruction)

- Conduit-related (stenosis, calcification, kinking, and aneurysm)
- Systemic ventricular outflow tract obstruction

« Tunnel-related (stenosis, leakage, and obstruction)

- Tunnel related (stenosis, leakage, and obstruction)

- Central or branch pulmonary artery stenosis

- Conduit related (stenosis, calcification, and thrombosis)

- Aortopulmonary collaterals

- Venovenous collaterals (between systemic veins and pulmonary veins)
- Pulmonary arteriovenous malformations

- Extracardiac (cirrhosis, liver nodules, protein-losing enteropathy, and

plastic bronchitis)

BT: Blalock-Taussig, DORV: double-outlet right ventricle, LV: left ventricle, PS: pulmonary stenosis, RV: right ventricle, VSD: ventricular septal defect.
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