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A B S T R A C T   

Abnormal venous atrial (VA) connections present a congenital heart disease (CHD) challenge for 
pediatric cardiologists. Fully anatomical evaluation is very difficult in prenatal and perinatal 
follow-up, but it has a profound impact on surgical correction and outcome. The echocardiogram 
is first-line imaging and represents the gold standard tool for simple abnormal VA connection. CT 
and MRI are mandatory for more complex heart disease and “nightmare cases”. 3D post- 
processing of volumetric CT and MRI acquisition helps to clarify anatomical relationships and 
allows for the creation of 3D printing models that can become crucial in customizing surgical 
strategy. 

Our article describes a ten-year (2013–2022) tertiary referral CHD center of abnormal AV 
connections investigated with CT and MRI, illustrating most of these complex diseases with the 
help of volume rendering (VR) or multiplanar reconstructions (MPR). The nightmarish cases will 
also be addressed due to the complex cardiovascular arrangement that requires a challenging 
surgical solution for correction along with the post-surgical complications.   

1. Introduction 

Abnormal venous atrial (VA) connections pose a congenital heart disease (CHD) challenge to the pediatric cardiologists. Fully 
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anatomical evaluation is very difficult in prenatal and perinatal follow-up, but it has a deep impact on surgical correction and outcome. 
The echocardiogram is first-line imaging and represents the gold standard tool for simple abnormal VA connection. CT and MRI are 
mandatory for more complex heart disease and “nightmare cases”. 3D post-processing of volumetric CT and MRI acquisition helps 
clarify anatomical relationships and allows for the fabrication of 3D printing models that can become crucial in customizing surgical 
strategy [1,2]. 

2. Materials and methods 

Our article describes a ten-year (2013–2022) tertiary referral CHD center of abnormal VA connections investigated by means of CT 
and MRI, with the aim to comprehensively illustrate most of these complex diseases with volume rendering (VR) or multiplanar re-
constructions (MPR). 

Cases with complex cardiovascular anatomy will also be discussed showing some challenging surgical solutions for correction along 
with the most common post-surgical complications. 

All patients involved in the present study gave their consensus for the publication of anonymized clinical data and radiological 
images. 

Institutional Review Board approval was waived due to the retrospective nature of this observational study. 

3. Tecnique 

Contrast-enhanced chest CT scans (25 patients over a 10 years period) were performed with a 64-detector row scanner (Philips 
Ingenuity 64; Philips Medical System; The Netherlands); where required, in consideration of the age or conditions of the young pa-
tients, sometimes suffering from even serious cognitive deficits, the tests were performed with the help of anesthetist-resuscitator or 
pediatric intensivist staff who provided for a mild pharmacological sedation of the patients (intravenous administration of propofol or 
midazolam). 

Only contrast enhanced images were acquired instantly after bolus administration of iodinated contrast medium using a dual-head 
automatic injector; contrast medium with a high iodine concentration (370–400 mgI/mL) was used, administered at a dose of 1.5 mL/ 
kg of body weight, at a flow rate of 1.8 mL/s, followed by a bolus of 12 mL of saline; the contrast medium was administered through a 
peripheral venous access (24 Gauge catheter for newborns, 22 Gauge for older children) placed in the antecubital area or forearm, 
rather on the right, with the aim of reducing streak artifacts related to the passage of high-density blood contrast medium in the left 
brachiocephalic venous trunk which compromises the visualization of the aortic arch; in infants and very young children, the venous 
access was placed in the lower limbs to avoid streak artifacts related to the “stagnation” of the contrast medium in the superior vena 
cava which could affect the quality of the image in suspected anomalous venous return of the right lung. 

The images were acquired after a “fixed” delay time; two series of images were acquired, the first of which after a delay of about 
13–15 s for adequate opacification of the arterial side of the circulation and the second after a delay of about 35 s for optimal opa-
cification of the venous side. 

Images were acquired as follows: slice thickness 0.625 mm, reconstruction slice thickness 1 mm, increment 0.50, pitch 1.2, tube 
voltage 80 kV, tube current 150–200 mAs. 

Images were reconstructed using MPR (slice thickness 1 mm; images reformatted in para-axial, sagittal and coronal oblique plans), 
MIP (slice thickness 5 mm; images reformatted in para-axial, sagittal and coronal oblique plans) and VRT algorithms on an accessory 
console [3,4]. 

A small number of patients (only 5) underwent MRI scanning performed on a 1.5T scanner (Aera; Siemens Healthcare, Forcheim, 
Germany); despite a better safety profile due to the lack of use of ionizing radiation and iodinated contrast medium, the prolonged time 
necessary to perform an MRI makes the use of this instrument difficult in the pediatric population, in consideration of the absolute need 
for deep sedation and assistance anesthesiology of the young patient (the anesthetist/resuscitator present in the magnet room, on the 
indication of the radiology technician or the automatic voice of the equipment, induces apnea by momentarily interrupting the pa-
tient’s ventilation). 

There are undoubtedly many advantages offered by MRI, which can provide very detailed information on wall kinetics and ven-
tricular volumes as well as on vascular flows through the use of the Steady State Free Precession (b-ssfp) and Phase Contrast (PC) 
techniques respectively. 

MR angiography can be performed using the “white blood” and “black blood” techniques, without the intravenous administration 
of contrast medium; in the first case, a free-breathing 3D volumetric stack (3D Whole Heart Imaging) is acquired, triggered by the 
patient’s cardiac and respiratory activity; the second group includes the 3DT1 acquisitions, also synchronized with the ECG tracing and 
the respiratory activity of the young patient. 

Contrast-enhanced magnetic resonance angiography (CE-MRA) is performed using 3D Gradient (3D GRE) techniques that allows 
for heavily T1-weighted acquisitions of an entire volume in a single apnea following intravenous administration of a bolus of contrast 
medium followed by a bolus of saline; the dose of contrast medium administered is 0.1 mL/kg of body weight at a flow rate of 1.5 mL/s. 
MR fluoroscopy is used to synchronize the acquisition of images with the transit of the contrast medium: after the intravenous 
administration of the contrast medium, rapid images are acquired with the 2D GRE technique relating to a specific anatomical region 
of reference (generally a coronal including superior cava) and the start of the acquisition is activated manually by the operator upon 
visualization of the transit of the contrast medium [5,6]. 

The images obtained are subsequently reprocessed using different reconstruction algorithms: MIP (slice thickness 5 mm; images 

A. Celona et al.                                                                                                                                                                                                         



Heliyon 9 (2023) e18462

3

reformatted in para-axial, sagittal and coronal oblique plans), MPR (slice thickness 1 mm; images reformatted in para-axial, sagittal 
and coronal oblique plans) or Volume Rendering. 

4. Embriology 

The cardiovascular anatomy of the adult is strongly dependent on the development of the embryonic cardiovascular system. The 
primitive heart develops from cardiogenic mesoderm while the vascular supply originates from both mesoderm, yolk sac and placenta. 
The rapidly growing heart disc forms a bulge initially consisting of two paired tubes within the pericardial cavity until it reaches its 
final position within the thoracic cavity [7]. After union along the midline, a single heart tube originated from, and after “ballooning” 
and “looping” have occurred, the four-chambered division of the heart takes place. 

Fetal development of systemic venous returns (SVR) consists of a dorsal systemic network and a double nutritional network, the 
vitelline veins, which carry extraembryonic blood from the yolk sac, and the umbilical-allantoic system, which carries oxygenated 
blood from the placenta. Initially these are symmetrically paired but, after cross and transverse anastomoses, they transform into single 
major trunks on the right side, while the left side vessels regress to obliteration [8]. 

The pulmonary veins initially develop from the dorsal mesocardium as outpouching of the left atrium and subsequently channelling 
into the mediastinum reach the primitive pulmonary venous system from the developing lung. After its initial appearance as a single 
midline venous channel, it remodels to give separate right and left orifices in the posterior wall of the left atrium. Subsequently, 
reaching their final position in the roof of the atrial wall, both the left and right orifices separate into the orifices of the superior and 

Table 1 
Types of systemic venous connection anomalies.  

Systemic Veins Anomaly 

SVC Persistent left superior vena cava (LSVC) 
Drainage of SVC in left atrium with a sinus venosus defect 
Atresia of right SVC 
Absent right SVC with systemic vein drainage through left persistent SVC in RA via enlarged CS or directly 

IVC Interruption of IVC with azygos continuation (AC). This variant is usually associated with left isomerism. Rare with usual 
arrangement. AC drains most of the time in SVC, while direct hepatic vein drainage in RA may be associated 
Direct connection to the left atrium is a rare but possible variant. When described they are associated with a venous sinus 
defect 
Bilateral IVC 
Absent right IVC, left IVC to RA 
Retro-aortic innominate vein 

CS Fenestration 
Unroofing 
Atresia with a persistent left superior vena cava (LSVC) that remains patent to drain blood from the CS to the right SVC 

Totally anomalous systemic venous 
drainage 

Includes IVC, SVC and CS and should be differentiated from left isomerism 

Persistent superior right caval vein into 
left atrium 

Without a drainage into CS  

Fig. 1. Contrast-enhanced computed tomography para-axial (a) and para-coronal (b) MPR reconstruction of a duplicated SVC in a patient with 
dextrocardia in situs solitus. RSVC = Right superior vena cava; LSVC = Left superior vena cava; RA = Right atrium; CS = Coronary sinus. 
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inferior pulmonary veins [9]. 
In normal anatomy, systemic venous returns, from the lower body via the inferior vena cava (IVC), from the upper body via the 

superior vena cava (SVC), and from the coronary venous system via the coronary sinus (CS), are directed to the right atrium (RA). 
Conversely, the right and left pulmonary veins flow into the left atrium (LA). 

Abnormalities in embryonic development can lead to alterations of normal anatomical connections. Abnormal pulmonary atrial 
connections could represent an emergency for the pediatric population while anomalous systemic VA returns are instead in most cases 
simple CHD, but sometimes they can also lead to blood desaturations requiring interventional or surgical treatment. 

Abnormalities of the pulmonary and systemic atrial connection can be found in both the “situs solitus” or “mirror-image” phe-
notypes and in the heterotaxic syndrome [8,10]. It must be said that semantically it is possible to define regularly connected systemic 
veins only if the recipient cavity morphologically presents a left atrial appendage. Conversely, the pulmonary veins may be addressed 
as abnormally connected if a morphological right atrial appendage is present. In the event that the pulmonary veins drain elsewhere 

Fig. 2. Contrast-enhanced computed tomography para-coronal MPR (a) and VR reconstruction (b) of right SVC interruption and drainage of blood 
via a persistent left persistent SVC in a patient with left isomerism, destrocardia and situs viscerum inversus. RSVC = Right superior vena cava; 
LSCV = Left superior vena cava; BCT = Brachio-cefalic trunk, RA = Right atrium; RV= Right ventriculum. 

Table 2 
Types of pulmonary venous connection anomalies.  

Pulmonary veins Anomaly 

Totally Anomalous Pulmonary 
Venous Connections 

I 
Supracardiac 

The pulmonary veins drain into the innominate vein or azygos vein or right or left superior vena cava 
(SVC) 

II 
Cardiac 

PVs drain directly into the coronary sinus or right atrium directly 

III 
Infracardiac 

The PVs form the vertical vein that drains caudally into the portal vein or ductus venosus, hepatic vein, or 
inferior vena cava (IVC) 

IV 
Mixed 

A combination of connections at different levels 

Partially Anomalous Pulmonary 
Venous Connections  

One or more veins, but not all, do not drain into the left atrium. It could be unilateral if only one lung has 
bad connections 

Levo-atrial cardinal vein  Better defined as an anomalous to systemic venous collateral channel providing overflow from LA to 
systemic return in case of mitral atresia/stenosis with occluded oval fossa  

Table 3 
Prevalence of the most common types of systemic venous connection anomalies.  

Systemic 
Veins 

Anomaly (prevalence) 

SVC Persistent left superior vena cava (LSVC) (<0,5%) 
IVC Interruption of IVC with azygos continuation (AC). This variant is usually associated with left isomerism. Rare with usual arrangement. AC drains 

most of the time in SVC, while direct hepatic vein drainage in RA may be associated (0,6%) 
Bilateral IVC (0,2–0,5%) 
Retro-aortic innominate vein (0,55%)  
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than the atrial cavity it is better to define it as abnormal drainage. Completely abnormal systemic venous connections are possible only 
in the presence of a usual or mirror arrangement. Left isomerism with systemic veins draining into a left atrium is best addressed as 
abnormal systemic venous drainage in the context of left isomerism. 

5. Results – SVR anomalies 

SVR abnormalities (Table 1), usually asymptomatic, are often incidental diagnoses. Typically, venous blood from the upper half of 
the body is carried by the right superior vena cava (SVC) resulting from the confluence of the brachiocephalic veins. Venous blood from 

Fig. 3. Contrast-enhanced computed tomography para-sagittal MPR (a) and VR reconstruction (b) of azygos continuation helping drainage of 
inferior body venous circle in a patient with complex congenital heart disease and absence of IVC. SVC = Superior vena cava; HV = Hepatic vein; PV 
= Portal vein; AAz = Azygos arch, AC = Azygos continuation. 

Fig. 4. - Contrast-enhanced computed tomography para-sagittal MPR (a) and VR reconstruction (b) of anomalous left superior pulmonary veins 
drainage in left brachiocephalic trunk. LV = Left ventricle; RV = Right ventricle; PA = Pulmonary artery; LSPV = Left superior pulmonary vein; AO 
= Aorta; LBCT = Left brachio-cephalic trunk; RBCT = Right brachio-cephalic trunk. 
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the lower half commonly drains through the right inferior vena cava (IVC), formed by the confluence of the common iliac veins. The 
azygos-emiazygos (Azy-HAzy) venous system, which travels on either side of the spine, can connect these two systems and provide an 
alternate pathway to the right atrium when SVC or IVC is disrupted. The persistence or regression of segments of the primitive 
embryological venous network can lead to variations in the joint anatomy. 

The most common congenital anomaly encountered is persistent left SVC, in most cases connected to CS, with double drainage of 
the upper body in RA (Fig. 1a and b) [10]; less frequent duplication of IVC, abnormal drainage of brachiocephalic or SVC, absence or 
interruption of SVC (Fig. 2a and b), azygos continuation (AC) of IVC, and left IVC. Persistent left SVC is an incidental finding, rep-
resenting <0.5% of the general population (Table 3), and occurs more frequently in more complex CHDs, where the incidence can be as 
high as 4%. The prevalence of duplicated ICV is about 0.2–3%, while left-sided IVC reaches a prevalence of about 0.2–0.5%. The 

Fig. 5. - Contrast-enhanced computed tomography para-sagittal MPR (a e c) and VR reconstruction (b) of anomalous right pulmonary veins 
drainage in SVC in a case of Unilateral Anomalous Pulmonary Venous Connection. SVC = Superior vena cava; RA = Right atrium; RV = Right 
ventricle; PA = Pulmonary artery; RSPV = Right superior pulmonary vein; RIPV = Right inferior pulmonary vein; LBCT = Left brachio-cephalic 
trunk; RBCT = Right brachio-cephalic trunk. 
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prevalence of infrarenal ICV interruption is about 0.6%, but can reach 1.3% when there is concomitant complex CHD or heterotaxy 
syndrome (Fig. 3a and b) [8]. 

No statistically significant difference was found in the gender distribution of these anomalies. 
Direct connection of the IVC to the left atrium is also a possibility, but usually associated with a venous sinus defect. Absent right 

IVC with a left IVC directed to the RA is described but usually associated with heterotaxis. Retroaortic innominate vein associated with 
other congenital heart defects, most commonly tetralogy of Fallot and right aortic arch, has been found to have a prevalence of 
approximately 0.55% [11]. Some CS malformations, such as “unroofing” and “fenestration”, are not readily evaluable with CT and MRI 
and are primarily up to echocardiography to demonstrate them. Coronary sinus atresia with persistent left SVC to drain coronary blood 
into the right SVC is also described. This represents a benign anomaly without physiological consequences, but its recognition is of vital 
importance for the cardiac surgeon because it can potentially lead to myocardial ischemia and necrosis [12]. Totally anomalous SVR is 
described as a syndrome in its own right or associated with left isomerism. 

6. Results – PVR anomalies 

Anomalous pulmonary venous connections (APVC) are abnormalities due to failure of channeling of the pulmonary venous channel 
into the mediastinum. 

APVC are divided into total anomalous pulmonary venous connection (TAPVC) if all four veins drain into the systemic venous 
system and partial anomalous pulmonary venous connection (PAPVC) if only one or more veins, but not all, do not drain into the left 

Fig. 6. - Contrast-enhanced computed tomography para-coronal (a), para-sagittal (c) MPR and VR (b) reconstruction of type I TAPVC draining in 
SVC via a vertical vein in a complex CHD with dextrocardia in situs inversus. SVC = Superior vena cava; AO = Aorta; VV = Vertical vein; RSPV =
Right superior pulmonary vein; RIPV = Right inferior pulmonary vein; LSPV = Left superior pulmonary vein; LIPV = Left inferior pulmonary vein. 
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atrium (Fig. 4a and b). Unilateral anomalous pulmonary venous connection (UAPVC) is a condition of PAPVC in which only one lung 
has bad connections (Fig. 5a, b, c). 

TAPVC characterized by an asymmetric (“3 + 1”) connection in which 3 of the pulmonary veins drain to a common site through a 
confluence and the remaining pulmonary vein drains to a separate site are termed mixed TAPVC. 

Bilateral symmetrical connections with separate drainage of veins from the right and left lung (“2 + 2”) are also frequently 
described [13]. 

The Darling classification divides TAPVC into four categories [14] according to the sites where the anomalous connection occurs 
(Table 2). Type I, supracardiac (Fig. 6a, b, c), represents the most common phenotype, 45–55% of TAPVC. Type II, cardiac (Fig. 7a, b, 
c), accounts for about 20–30% of TAPVC. Type III, infracardiac (Fig. 8a and b) achieves about 13–25% of TAPVC. Type IV, described as 
mixed type, has an incidence of approximately 10% of TAPVC (Table 4) [15]. 

The incidence of TAPVC ranges from 0.6 to 1.2 per 10,000 live births. Among newborns with congenital heart disease, the incidence 
of TAPVC ranges between 0.7 and 1.5% [16,17]. 

The overall incidence of PAPVC is estimated to be 0.7% of the population [18]. However, as this rate is based upon autopsy data, 
the true prevalence of PAPVC may actually be higher [19–22]. Multiple case series report PAPVC as an incidental finding without 
associated symptoms. Although PAPVR can present as an isolated structural abnormality, it commonly occurs with other cardiac 
abnormalities, most often an atrial septal defect (ASD). In addition, patients with Turner syndrome are at increased risk for PAPVC [23, 
24]. 

They have a prevalence of approximately 2.5% of all CHDs at birth (seven tenths are PAPVR) - (5) and the lowest prenatal diagnosis 
rate, approximately 9% of all fetal CHD diagnoses [25]. 

No statistically significant difference was found in the gender distribution of these anomalies. 
From a diagnostic point of view, in the case of APVC, the consideration of the presence of pulmonary venous obstruction (PVO) is 

mandatory due to the conditioning of the surgical timing. 
A particular case of left to right shunt is the persistence of the so-called “Levo-atrial cardinal vein” which should be better defined as 

Fig. 7. Contrast-enhanced computed tomography 3D VR (a), para-axial (b) and para-sagittal (c) MPR reconstruction of type II TAPVC draining in 
RA via an enlarged CS in a complex CHD. CS = Coronary sinus; LV = Left ventricle; RV = Right ventricle; RSPV = Right superior pulmonary vein; 
RIPV = Right inferior pulmonary vein; LSPV = Left superior pulmonary vein; LIPV = Left inferior pulmonary vein; RPVV = Right pulmonary veins; 
LPVV = Left pulmonary veins. 
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pulmonary-to-systemic venous collateral channel that provides overflow from the LA to the systemic return in case of mitral atresia/ 
stenosis with oval fossa occluded (Fig. 9a, b). 

7. Treatment 

Surgical correction of the anomalous VA connection is often demanding and is not free from post-surgical complications such as 
stenosis (Fig. 10) or dilatation of the anastomoses (Fig. 11) which require reoperation. Interventional radiological procedures are 
sometimes problem-solving and metallic stents may be implanted to salvage the anastomosis (Fig. 12). 

Furthermore, the correction of very complex CHDs such as in isomeric patients could be a nightmare for surgeons who are faced 
with devastated anatomy and have to plan the surgery step by step. As an example, we report a case of type I TAPVC draining into a left 
SVC, associated with a single atrium, a double outlet right ventricle, transposition of the great arteries (anterior aorta and posterior 
allocation of the pulmonary artery and patent ductus arteriosus in a right isomeric patient with dextrocardia and situs viscerum 
inversus) (Figs. 6–12). In reality, the definitive treatment of TAPVC from a surgical point of view must be undertaken urgently only in 
the event that they are obstructed. In unobstructed TAPVC there is no immediate urgency and elective surgery can be planned before 
six months of age. Patients with minor degrees of obstruction usually have a degree of right heart failure and should be repaired as a 

Fig. 8. Contrast-enhanced computed tomography para-sagittal MPR (a) and VR reconstruction (b) of type III TAPVC draining in portal vein via an 
duct crossing diaphragm in a complex CHD. CS = Coronary sinus; HV= Hepatic vein; RA = Right atrium; RMHV = Right medium hepatic vein; 
TAPVC = Total anomalous pulmonary venous connection duct; LSPV = Left superior pulmonary vein; LIPV = Left inferior pulmonary vein; RPPVV 
= Right pulmonary veins; PV = Portal vein. 

Table 4 
Frequency of the four types of TAPVC.  

Pulmonary veins Anomaly (frequency) 

Totally Anomalous Pulmonary Venous 
Connections 

I 
Supracardiac 

The pulmonary veins drain into the innominate vein or azygos vein or right or left superior vena cava 
(SVC) (45–55%) 

II 
Cardiac 

PVs drain directly into the coronary sinus or right atrium directly (20–30%) 

III 
Infracardiac 

The PVs form the vertical vein that drains caudally into the portal vein or ductus venosus, hepatic vein, 
or inferior vena cava (IVC) (13–25%) 

IV 
Mixed 

A combination of connections at different levels (10%)  
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priority. 
Surgical repair involves anastomosing the pulmonary venous confluence into the left atrium to achieve proper drainage. In infra- 

and supracardiac TAPVC redirection can be achieved by opening the confluence sitting behind the pericardium and making a cor-
responding incision in the posterior wall of the left atrial appendage, anastomosing the two together. The draining vein may be ligated 
or left open and the atrial septal defect or patent foramen ovale closed. In cardiac TAPVC the atrial septum may be partially resected, 
the coronary sinus exposed in the left atrium, and a patch used to close the atrial septum, engaging the return of the coronary sinus into 
the left atrium. 

The associated complex cardiac abnormalities often need to be addressed in stages and require careful surgical planning and timing 
that is highly dependent on the native cardiovascular anatomy. 

Fig. 9. Cardiac Magnetic Resonance para-coronal MIP (a) and VR reconstruction (b) of a patient with a levo-cardinal vein connecting left atrium to 
right superior vena cava with a left to right shunt. RV = Right ventricle; RA = Right atrium; SVC = Superior vena cava; LCV = Levo-cardinal vein; 
RBCT = Right brachio-cephalic trunk LBCT = Left brachio-cephalic trunk; LIPV = Left inferior pulmonary vein; RIPV = Right inferior pulmonary 
vein; AO = Aorta; PA = Pulmonary artery. 

Fig. 10. - Contrast-enhanced computed tomography VR reconstruction after surgical repair of a Type I TAPVC. A stenosis at anastomotic site of 
right pulmonary veins is seen. RPPVV = Right pulmonary veins; LPPVV = Left pulmonary Veins; PA = Pulmonary artery; Black Arrow = Anas-
tomotic stenosis. 
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8. Conclusions 

Abnormal systemic venous or pulmonary venous returns are not uncommon congenital anomalies that must be fully clarified before 
treatment. 3D CT and MRI can add value to the echocardiogram particularly in complex cases. We hope that this document will help 
the radiologist to better understand these pathological findings by avoiding pitfalls and properly evaluating the findings and their 
implications for invasive diagnostic or therapeutic procedures during reporting [26]. 
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