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The interatrial septum and pulmonary venous system are among the most anatomically intricate struc-

tures of the developing heart, and a clear understanding of their embryology is fundamental to the 

diagnosis and management of the most common congenital cardiac anomalies. This presentation 

provides an integrated review of atrial and pulmonary venous anatomy, tracing normal development 

from the primitive heart tube through to the clinically relevant anatomy encountered in modern 

imaging and intervention.

Atrial septation begins with looping of the primitive cardiac tube and expansion of its venous inlet 

pole to form the atria, into which the horns of the sinus venosus drain asymmetrically before being 

incorporated into the developing right atrium. Around the fourth week of gestation, the septum pri-

mum arises as a crescentic fold that grows toward the fusing endocardial cushions, transiently leav-

ing the ostium primum before this closes and the septum primum fenestrates to form the ostium 

secundum. The septum secundum subsequently develops as an infolding of the atrial roof, over-

lapping the septum primum to create the floor of the oval fossa ― the substrate for the foramen 

ovale, which functionally closes after birth as left atrial pressure rises. Failure of adequate valve-rim 

overlap results in a patent foramen ovale, found in up to a third of the population, while true defi-

ciency of septal tissue produces the secundum atrial septal defect (ASD), the most common form 

of interatrial communication. We review the clinical anatomy of the true atrial septum ― emphasizing 

that much of the so-called “septal” rim seen on imaging is in fact infolded atrial wall (Waterston's/ 

Sondergaard's groove) rather than true septal tissue ― along with its proximity to critical struc-

tures including the aortic root, atrioventricular node, coronary sinus, and mitral and tricuspid valves, 

which has direct implications for the safety of transseptal puncture and device or surgical closure. 

Beyond the true septum, we discuss superior and inferior sinus venosus defects, coronary sinus 
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(unroofed coronary sinus) defects, and ostium primum defects as interatrial communications lying 

outside the confines of the oval fossa, each with distinct morphology, embryologic origin, and surgi-

cal considerations.

The second half of the talk turns to the pulmonary veins, whose embryologic origin has historically 

been debated. Contrary to older teaching that the pulmonary veins arise from the systemic venous 

sinus, current molecular and morphologic evidence indicates that the pulmonary vein is an entirely 

new structure, canalizing independently from mediastinal (second heart field) myocardium and open-

ing initially as a solitary orifice adjacent to the atrioventricular junction before remodeling ― 

uniquely in the human heart ― to form four separate venous connections at the corners of the left 

atrial roof. This distinct origin explains why the myocardial sleeves extending onto the pulmonary 

veins are electrically distinct from adjacent atrial tissue and why they serve as the dominant source 

of ectopic triggers for atrial fibrillation, underpinning the rationale for pulmonary vein isolation as 

first-line ablation therapy for Atrial fibrillation ablation. We review the normal pulmonary venous 

anatomy (right and left superior and inferior veins found in 60–70% of individuals) and its common 

variants, before addressing anomalous pulmonary venous drainage (APVD). Partial anomalous pul-

monary venous return (PAPVR) ― most commonly the right superior pulmonary vein draining into 

the superior vena cava ― is frequently associated with a sinus venosus ASD and produces a 

left-to-right shunt with right heart volume loading. Total anomalous pulmonary venous return 

(TAPVR) is classified into supracardiac, cardiac, infracardiac, and mixed types based on the level of 

anomalous connection, and typically presents in the neonatal period with cyanosis and heart failure 

requiring urgent surgical correction. Related entities, including scimitar syndrome and cor tria-

triatum, are briefly discussed. Throughout, we highlight the essential role of cross-sectional imaging 

(echocardiography, cardiac CT, and cardiac MRI) in delineating this anatomy ― for pre-procedural 

planning of ASD closure and transseptal access, for surgical planning in PAPVR/TAPVR, and for 

mapping pulmonary venous anatomy prior to catheter ablation of atrial fibrillation.

By synthesizing developmental anatomy with its clinical and imaging correlates, this presentation 

aims to provide cardiologists, imaging specialists, electrophysiologists, and surgeons with a practical 

and unified framework for understanding and managing this spectrum of congenital atrial and pul-

monary venous anomalies.
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Background: Successful repair of congenital heart defects requires an understanding of ventricular 

anatomy that remains valid despite abnormal cardiac position, connections, and chamber morphology. 

A systematic morphologic approach can clarify the relationships among the ventricular components, 

ventricular septal defects (VSDs), the cardiac conduction axis, and the right ventricular outflow tract.

Methods: This educational review integrates established surgical-anatomic concepts and morpho-

logic specimens to describe the ventricles, classify VSDs, and interpret the anatomy of tetralogy of 

Fallot (TOF). Particular emphasis is placed on structures that determine operative exposure, patch 

placement, conduction-system risk, and the safe extent of muscular resection.

Results: Both ventricles can be analyzed in terms of inlet, apical trabecular, and outlet components. 

When conventional positional features are unreliable, the coarse apical trabeculations of the mor-

phologically right ventricle and the fine trabeculations of the morphologically left ventricle provide 

the most dependable distinction. Within the right ventricle, the septomarginal trabeculation and its 

limbs form the principal framework for identifying the outlet septum, medial papillary muscle, mod-

erator band, and conduction axis.

VSDs should be described using three complementary features: the phenotype of their borders, the 

ventricular component into which they open, and the presence or absence of septal malalignment. 

The border phenotype - muscular, perimembranous, or doubly committed and juxta-arterial - is the most 

important predictor of the conduction axis. In perimembranous defects, the conduction axis typically 

courses along the posteroinferior margin, whereas in muscular inlet defects it lies anterosuperiorly. 

Straddling of the tricuspid valve remains an important exception in which the conduction pathway 

cannot be predicted by standard landmarks.

In TOF, anterocephalad deviation of the outlet septum provides a unifying explanation for the VSD, 

Session 1 Heart Anatomy; Normal and Their Congenital Defects

Anatomy of the ventricles and congenital heart 
disease (VSD, TOF)
박 일 근 

성균관의대 심장혈관외과



 박일근 ❘ Anatomy of the ventricles and congenital heart disease (VSD, TOF)

  대한부정맥학회  I  5

overriding aorta, and subpulmonary obstruction. Operative repair requires superficial suturing on the 

right ventricular aspect of the septal crest because an unseen atrioventricular bundle may branch 

astride the septum. Relief of obstruction may include resection of the septal insertion of the outlet 

septum and septoparietal trabeculations, while protecting the right coronary artery, aortic valve 

leaflets, and tricuspid papillary muscle.

Conclusion: A morphology-based framework links normal ventricular anatomy directly to VSD and 

TOF repair. Reading the defect border first, identifying reliable landmarks, and distinguishing septal from 

parietal structures can improve operative planning and reduce injury to the conduction system, cor-

onary arteries, and arterial valves.

Keywords: ventricular anatomy; ventricular septal defect; tetralogy of Fallot; conduction axis; right 

ventricular outflow tract; surgical anatomy
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Double outlet right ventricle (DORV) and transposition of the great arteries (TGA) represent two 

of the most anatomically and physiologically complex conotruncal malformations encountered in 

congenital cardiac surgery, and together they illustrate the spectrum of ventriculo-arterial con-

nection abnormalities that determine surgical strategy in the modern era. 

DORV is characterized by both great arteries arising entirely or predominantly (>50%) from the 

right ventricle, with the VSD serving as the effectively obligatory outlet for the left ventricle. The 

position of the VSD, VSD-great vessel relationship (subaortic, subpulmonary/Taussig-Bing, doubly 

committed, or non-committed), together with the presence or absence of pulmonary stenosis, dic-

tate whether the lesion behaves physiologically like a VSD, tetralogy of Fallot, or TGA, and corre-

spondingly determines the surgical approach: intraventricular baffling of the left ventricle to the 

aorta, baffling with right ventricular outflow tract reconstruction or RV-to-PA conduit, arterial 

switch operation with VSD closure (Taussig-Bing type), Rastelli-type repair, or aortic translocation 

(Nikaidoh procedure). 

d-TGA is defined by the combination of atrio-ventricular (AV) concordance and ventriculo-arterial 

(VA) discordance—the aorta arising from the morphologic right ventricle and the pulmonary artery 

from the morphologic left ventricle—resulting in a parallel rather than the normal spiral arrange-

ment of the great vessels. Whereas, l-TGA (congenitally corrected TGA, ccTGA) represents a double 

discordance—both AV and VA discordance—resulting in a distinct anatomic arrangement in which 

the morphologic right ventricle supports the systemic circulation and the morphologic left ventricle 

supports the pulmonary circulation. 

In this presentation, we will review the key anatomic features of these two conditions using sche-

matic drawings.
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Congenital long QT syndrome (LQTS) is potentially lethal but highly treatable. In contemporary co-

horts, the majority of patients are asymptomatic at first evaluation, and the risk of a sentinel car-

diac event is very low once genotype- and phenotype-tailored therapy is in place. Breakthrough 

events today are driven less by the disease itself than by non-adherence and by treatment that is 

mismatched to the patient's arrhythmia phenotype. The clinical goal has therefore shifted from pre-

venting death to preventing both under-treatment and over-treatment, so that patients can live full 

and unrestricted lives.

Non-selective beta-blockade with nadolol or propranolol remains the foundation for every genotype 

and carries a Class I recommendation, together with avoidance of QT-prolonging drugs, electrolyte 

and fever management, availability of an automated external defibrillator, and cascade family 

screening. Genotype then determines the second therapeutic layer. In LQT1, beta-blockers are most 

effective and adherence is the principal determinant of outcome, with supervised rather than pro-

hibited swimming. In LQT2, environmental control of auditory and emotional triggers, maintenance 

of serum potassium in the upper normal range, and heightened vigilance during the postpartum 

window are essential; mexiletine also shortens the QT interval in this subtype. In LQT3, late sodium 

current blockade with mexiletine is a Class I recommendation for patients with a prolonged QT in-

terval, ideally preceded by an acute mexiletine challenge because the response is variant-specific, 

and the threshold for pacing or an implantable cardioverter-defibrillator is lowest in this group. 

Rare and malignant forms, including Jervell and Lange-Nielsen syndrome, calmodulinopathy, Timothy 

syndrome, and Andersen-Tawil syndrome, require distinct strategies.

Whether left cardiac sympathetic denervation (LCSD) works differently across genotypes has been 

debated. Long-term single-center experience suggests that protection is governed by pre-operative 
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clinical severity and by the degree of postoperative QTc shortening rather than by genotype, 

whereas other cohorts report markedly higher breakthrough rates in LQT3. Recent data reconcile 

these observations by showing that, independent of the underlying genotype, patients whose 

pre-LCSD events were adrenergically triggered derive substantially greater benefit. The practical 

question is therefore not which LQTS subtype the patient has, but whether the events are sympatheti-

cally mediated. A post-LCSD QTc below 500 ms serves as a single, genotype-independent marker 

of therapeutic response.

This lecture reviews subtype-specific management, and discusses shared decision-making for ex-

ercise and competitive sports participation.
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Early repolarization (ER) was traditionally considered a benign electrocardiographic variant. 

However, its association with idiopathic ventricular fibrillation (VF) established the concept of early 

repolarization syndrome (ERS). ERS and Brugada syndrome (BrS) are now recognized as two distinct 

but related entities within the spectrum of J-wave syndromes (JWS), sharing several electrophysiological, 

genetic, autonomic, and pharmacological characteristics.

A fundamental distinction should be made between the early repolarization pattern (ERP) and ERS. 

According to the 2026 JWS expert consensus, ERP is characterized by an end-of-QRS notch or 

J-wave augmentation >0.1 mV on the downslope of a prominent R wave, with or without ST-seg-

ment elevation, in at least two inferolateral leads. In contrast, ERS represents a clinical syndrome 

in which a characteristic ER pattern occurs in an appropriate clinical context, particularly otherwise 

unexplained VF or polymorphic ventricular tachycardia (VT). Thus, ERP is an ECG phenotype, whereas 

ERS is a clinical diagnosis.

The 2026 modified Shanghai score integrates clinical history, 12-lead and ambulatory ECG findings, 

and family history. Unexplained cardiac arrest or documented VF/polymorphic VT carries the great-

est diagnostic weight, while the magnitude and morphology of ER and other high-risk ECG features 

provide additional information. Importantly, at least one ECG criterion is required, and genetic test 

results are not included in the ERS diagnostic score.

ERS and BrS may share an electrophysiological framework involving an outward shift of currents 

during the early phases of the ventricular action potential. Reduced inward sodium or calcium cur-

rents or increased outward currents can accentuate regional repolarization differences, enhance the 

J-wave phenotype, and promote ventricular arrhythmogenesis. However, particularly in BrS, depola-

rization abnormalities and an abnormal right ventricular outflow tract substrate may also contribute 
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to the phenotype.

Familial aggregation of ERP supports a genetic contribution, but heritability does not necessarily im-

ply monogenic inheritance. Earlier candidate-gene studies implicated several cardiac ion-channel genes, 

including KCNJ8, SCN5A, CACNA1C, CACNB2, CACNA2D1, and KCND3. Subsequent reassessment 

has weakened the evidence for many of these genes as highly penetrant causes of ERS. For exam-

ple, the relatively high population frequency of the historically reported KCNJ8 p.S422L variant ar-

gues against a highly penetrant monogenic role. Rare SCN5A loss-of-function and KCND3 gain-of- 

function variants have also been reported in selected ERS cases or cohorts, but neither gene can 

currently be regarded as a definitive monogenic cause of ERS.

Genome-wide association studies of ERP have identified common susceptibility loci, including KCND3, 

supporting a complex genetic contribution to the ER phenotype. Importantly, genetic associations 

identified for the relatively common ERP phenotype should not be assumed to represent causal 

genes for the much rarer ERS phenotype. Overall, current evidence suggests that the genetic archi-

tecture of ERS is heterogeneous and likely more complex than initially proposed by candidate-gene 

studies.

Consequently, the clinical utility of genetic testing in ERS remains limited. Routine genetic testing 

is not recommended in asymptomatic individuals with isolated ERP. In survivors of unexplained car-

diac arrest with a convincing ERS phenotype, particularly in familial cases, selective genetic testing 

may be considered after comprehensive phenotyping and genetic counseling. A positive genetic 

finding does not by itself establish ERS, while a negative result does not exclude the diagnosis. 

Current expert guidance therefore supports a phenotype-first rather than genotype-first approach 

to ERS.

In summary, ERS remains a phenotype-driven rather than genotype-driven diagnosis. Although fami-

lial and genomic studies support a genetic contribution, no single gene currently explains a sub-

stantial proportion of ERS. The available evidence favors genetic heterogeneity and a potentially 

complex or polygenic architecture, emphasizing the importance of careful phenotyping and cautious 

interpretation of genetic findings.
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Early repolarization (ER) was traditionally considered a benign electrocardiographic finding, partic-

ularly in young individuals and athletes. However, accumulating evidence has demonstrated an asso-

ciation between specific ER phenotypes and idiopathic ventricular fibrillation (VF) or sudden cardiac 

death (SCD), establishing early repolarization syndrome (ERS) as a distinct arrhythmogenic entity. 

Nevertheless, because the ER pattern is relatively common in the general population, identification 

of the small subset of individuals at clinically significant risk remains challenging.

Several clinical and electrocardiographic features have been associated with an increased ar-

rhythmic risk. High-amplitude J waves, particularly >2 mm, horizontal or descending ST segments, 

inferior or widespread J-wave distribution, and dynamic augmentation of J-point elevation are con-

sidered potentially malignant features. Clinical markers, including arrhythmic syncope, aborted car-

diac arrest, a family history of unexplained SCD at a young age, and a family history of ERS, further 

increase concern. Importantly, J-wave and ST-segment abnormalities may be highly dynamic and can 

become most prominent immediately before or after ventricular arrhythmias, limiting the predictive 

value of a single resting electrocardiogram. Increased dispersion of repolarization may also contrib-

ute to the underlying arrhythmogenic substrate.

Current guidelines define ERS primarily in patients with an ER pattern who have survived cardiac 

arrest and emphasize careful evaluation of high-risk clinical and electrocardiographic features. An 

implantable cardioverter-defibrillator remains the cornerstone of secondary prevention. In patients 

with recurrent VF or ICD shocks, catheter ablation targeting triggering premature ventricular com-

plexes, frequently originating from the Purkinje system, or localized arrhythmogenic substrates may 

reduce recurrent events. Experimental and clinical studies further suggest that abnormalities of re-

polarization and subtle structural substrates may contribute to J-wave syndromes, providing poten-
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tial targets for substrate ablation and novel pharmacological therapies.

Thus, most individuals with an ER pattern have a benign prognosis, whereas a small subgroup car-

ries substantial arrhythmic risk. Risk assessment should therefore integrate the clinical presentation, 

family history, J-wave amplitude and distribution, ST-segment morphology, and dynamic electro-

cardiographic changes rather than relying solely on the presence of ER.
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Ebstein anomaly is a rare congenital malformation characterized by a broad spectrum of abnormal-

ities involving the tricuspid valve, right ventricle, and right atrioventricular junction. Although tradi-

tionally described as an apical displacement of the tricuspid valve, it is more accurately understood 

as a complex developmental disorder of both the valve and ventricular myocardium. The marked 

anatomical variability explains its heterogeneous clinical presentation, ranging from severe heart 

failure and cyanosis in the neonatal period to an incidental diagnosis in asymptomatic adults.

During normal cardiac development, the tricuspid valve leaflets are formed through remodeling of 

the endocardial cushions and delamination of valvar tissue from the underlying right ventricular 

myocardium. The mural and septal components of the valve progressively separate from the ven-

tricular wall, while the subvalvar apparatus, including the chordae tendineae and papillary muscles, 

develops. In Ebstein anomaly, this delamination process is incomplete, predominantly affecting the 

septal and inferior leaflets. Consequently, these leaflets remain variably adherent to the ventricular 

septum or inferior wall, and their hinge points are displaced apically from the true atrioventricular 

junction. However, the precise molecular and developmental mechanisms responsible for this abnor-

mality remain incompletely understood.

The functional tricuspid valve orifice is displaced not only apically but also rotationally toward the 

right ventricular outflow tract. The septal and inferior leaflets are frequently hypoplastic, dysplastic, 

or muscularized. In contrast, the anterior leaflet is often large and sail-like but may exhibit fenes-

trations, restricted mobility, and abnormal muscular or chordal attachments. The true tricuspid an-

nulus is usually dilated, and the malformed leaflets fail to achieve adequate coaptation, producing 

tricuspid regurgitation of variable severity.

Apical displacement of the functional valve divides the morphologic right ventricle into two 
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components. The proximal portion, located between the true atrioventricular junction and the dis-

placed functional valve, becomes the atrialized right ventricle. This segment is typically thin-walled, 

dilated, and mechanically inefficient. The remaining distal portion constitutes the functional right 

ventricle and includes variable proportions of the apical trabecular and outlet components. In se-

vere forms, the functional right ventricle may be markedly reduced in size and unable to provide 

adequate pulmonary blood flow.

Associated abnormalities include right atrial enlargement, atrial septal defect or patent foramen 

ovale, pulmonary stenosis or atresia, and abnormalities of the left ventricular myocardium. The mal-

formed right atrioventricular junction also provides an anatomical substrate for accessory atrioven-

tricular pathways, which are commonly located along the posterior or posteroseptal tricuspid annu-

lus and may be multiple. These pathways, together with right atrial enlargement and surgical scars, 

contribute to the high burden of supraventricular and ventricular arrhythmias.

A comprehensive understanding of the embryology and three-dimensional anatomy of Ebstein 

anomaly is essential for accurate imaging, electrophysiological assessment, and surgical planning. 

Contemporary cone reconstruction reflects this anatomical concept by mobilizing available leaflet 

tissue, recreating a circumferential valve at the true atrioventricular junction, and restoring a more 

physiological relationship between the tricuspid valve and right ventricle.
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Ebstein anomaly (EA)는 tricuspid valve (TV)의 septal leaflet과 posterior leaflet이 하방으로 전위되어 

부착하면서 RV가 atrioventricular annulus를 기준으로 “atrialized RV”와 functional RV로 분리되는 선천

성 심질환으로, 선천성 심질환 중 1% 미만을 차지하는 드문 질환이지만 부정맥 발생 빈도가 유난히 높아 

전기생리학적으로 특히 중요한 질환이다. 

Ebstein anomaly에서는 fetus 시기에 TV tissue와 그 아래 RV muscle의 delamination 실패로 서로 유착

되어 있으며, 이로 인해 triangle of Koch가 정상 심장보다 작고 AV node의 위치와 형태가 왜곡된다. 또한 

CS ostium이 확장되어 있고, 이 부위를 따라 fibromuscular ridge가 형성되는데, 이 능선은 true AV annu-

lus의 위치를 나타내는 중요한 해부학적 지표이자 동시에 다수의 accessory pathway (AP)가 위치하는 부위

이다. Septal TA와 중심섬유체(central fibrous body) 사이의 불연속이 AP 형성의 해부학적 기질로 알려져 

있으며, 최근 연구에서는 BMP/Alk3 및 Notch 신호전달 경로 이상에 의한 valve-annulus fibrosus 형성 장

애가 EA와 WPW syndrome이 공존하는 발생학적 기전으로 제시되고 있다.

EA는 선천성 심질환 중 AP 동반 빈도가 가장 높은 질환으로, 연구에 따라 10~38%에서 AP가 확인되며, 

이 중 98~100%가 right side에 있고 특히 posteroseptal 및 posterior 부위에 호발한다. 정상 심장에 비해 

multiple APs의 빈도가 현저히 높아 15~34%에서 2개 이상의 AP가 발견된다. ECG는 일반적으로 RBBB를 

동반하는데, 만약 RBBB 패턴이 없는 경우 right-side AP 동반을 91~98%의 sensitivity, 92%의 specificity

로 예측할 수 있어 진단적 가치가 크다. 그러나 typical RBBB가 관찰된다고 해서 AP가 없는 것이라 할 수 

없다. 또한 atrium 내 conduction delay로 인해 delta wave가 있음에도 PR interval이 normal ~ pro-

longation 될 수 있다. 

EA는 부정맥 스펙트럼이 넓어(AVRT, AVNRT, atriofascicular fiber tachycardia, AT, AF, 드물게 atria-

lized RV에서 기원하는 VT까지) symptomatic tachycardia 환자뿐 아니라, 무증상이더라도 surgical repair

(특히 Cone operation)을 계획하는 모든 환자에서 preoperative EPS가 권고된다(class IIa). 이는 repair된 

annulus 또는 tissue에 catheter 접근이 어려워지고 특히 annular ring이 mechanical barrier로 작용할 수 
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있어, 가능하면 수술 전에 AP를 확인하고 제거하는 것이 유리하기 때문이다. 

EA에서의 catheter ablation은 구조적으로 정상인 심장보다 성공률이 낮고 재발률이 높다. 그 이유는 

(1) atrialized RV에서 기록되는 fractionated EGM이나 atrial muscular fiber가 annulus와는 다른 방향으

로 주행해 EGM pattern interpretation이 어렵고, (2) RA/RV dilatation, true tricuspid annulus 식별의 

어려움, unusual anatomy에 의한 poor catheter manipulation, thin atrialized RV tissue 등의 해부학적 

문제, (3) 일부 환자에서 hemodynamic unstability 등이 있다. Acute success rate은 80~97%로 비교적 양

호하나 1 year recurrence rate이 20~40%로 높게 보고되며, 최대 50%의 환자에서 multiple APs가 확인

되어 redo procedure가 필요할 수 있다.
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