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Abstract 

 Atrioventricular septal defects (AVSDs) are a spectrum of diseases affecting the 

atrioventricular septum, junction and valves. Disease severity varies from mild, in the form of 

partial AVSD, to severe in the form of unbalanced AVSD. Regardless of the severity, all 

patients require surgery in childhood to improve long-term survival. At each end of the 

spectrum, research has been relatively limited compared to the amount of attention focused on 

the commonest form, complete AVSD. Partial AVSD (pAVSD) has been considered a 

relatively minor defect, often grouped with secundum atrial septal defects, but this ignores the 

fact that pAVSD shares much of the anatomical complexity of other forms of AVSD. 

Unbalanced AVSD (uAVSD) is frequently not amenable to complete repair, requiring staged 

palliation resulting in a Fontan circulation. Early results of palliative strategies in these 

patients were very poor, and there has been relatively little attention paid to the single 

ventricle palliation strategy in recent years. 

 This project focuses on these two less studied forms of AVSD, in order to determine 

current results, and risk factors for poor outcomes. For each condition we have followed the 

largest series of patients ever reported in the literature, with over 30 years of follow-up.  

 In children with partial AVSD, we have demonstrated that survival is excellent, yet 

there is a very high rate of reoperation in the long-term. We found that closing the cleft of the 

left atrioventricular valve (LAVV) improved outcomes, even when that valve was not 

incompetent. Reoperation in this group was shown to be mostly due to LAVV regurgitation, 

and we demonstrated that improved rates of repair could be achieved with a novel patch 

augmentation technique. While some groups have advocated performing repair in infancy, we 

demonstrated, in a propensity score matched analysis, that better survival was achieved with 

repair after one year of age. 

  In children with unbalanced AVSD, we found that, although there was a high attrition 

rate, children who achieved Fontan completion had much better outcomes than previously 

thought possible. We demonstrated that atrioventricular valve (AVV) regurgitation was a 

major cause of reoperation and morbidity and that outcomes were very poor in children in 

whom repair failed. Importantly, we found that mechanical prosthetic replacement may be 

preferable if an adequate repair cannot be achieved. 

 Finally, we examined the impact of pulmonary artery banding in children with 

complex AVSD, and demonstrated that it did not worsen AVV regurgitation and allowed the 

majority of patients to progress to delayed complete repair or Fontan completion.   
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Introduction 1 

Chapter 1: Introduction and literature review 

 

1.1 Introduction 
 

Atrioventricular septal defects (AVSDs) are a spectrum of diseases, of differing 

severity, affecting the atrioventricular septum, junction and valves. The incidence of AVSD is 

approximately 3 - 5 per 10, 000 live births (1 - 4). Although the severity of the different forms 

of AVSD varies markedly, all share similar developmental origins, common anatomical 

malformations and require surgery in childhood to improve life expectancy. This family of 

defects has previously been referred to as atrioventricular canal defects and endocardial 

cushion defects, the latter name reflecting the putative embryological origin of the 

atrioventricular septum (5). The current preferred terminology is AVSD, which is used 

throughout this thesis.  

 

1.2 Anatomy and development of the normal atrioventricular septum 
 

The atrioventricular septum refers to the region of the heart interposed between the 

normal offset of the tricuspid and mitral valves; it is the septum that separates the right atrium 

from the left ventricle (6). The atrioventricular junction is characterized by the “figure of 

eight” structure of the fibrous skeleton of the heart, which surrounds the orifices of the 

atrioventricular valves providing them with distinct annuli (5). 

Development of the atrioventricular septum occurs between the 5th and 7th weeks of 

gestation. In the region of the atrioventricular junction, four mesenchyme filled protrusions 

form via epithelial to mesenchymal transformation, which are known as the atrioventricular 

endocardial cushions (7). In the normally developing embryo, the septum primum grows 

caudally from the roof of the common atrium towards the atrioventricular junction (7). The 

opening between the developing septum primum and the endocardial cushions is known as the 

foramen primum and is a site of right to left shunting during this period of development. The 

leading edge of the septum primum is known as the mesenchymal cap (8). An additional 

septal structure, known as the vestibular spine, protrudes ventrally from the base of the atrium 

and contributes to development of the interatrial septum. The foramen primum is closed when 

fusion of the endocardial cushions, mesenchymal cap and vestibular spine occurs (7-9).  It is 
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the muscularized vestibular spine, which contributes to the majority of the base of the atrial 

septum (10). 

Septation of the ventricles occurs from the beginning of the 4th week of gestation, with 

growth of the muscular ventricular septum from the caudal aspect of the developing ventricle, 

towards the atrioventricular endocardial cushions (10). The muscular septum ceases 

development prior to reaching the endocardial cushions, leaving an interventricular foramen. 

Septation of the outflow portions of the interventricular septum occurs due to fusion of the 

conotruncal swellings, which are protrusions in the outflow tract much like the endocardial 

cushions.  Finally the inlet ventricular septum is formed by fusion of the endocardial 

cushions, conotruncal swellings, and muscular ventricular septum closing the interventricular 

foramen (11). 

 

1.3 Anatomy and development of atrioventricular septal defects 
 
 The exact mechanism of abnormal development leading to AVSDs has proved elusive 

for many years. Although traditionally considered “endocardial cushion defects”, evidence 

from limited studies on human embryos demonstrate the mass of endocardial cushion tissue is 

normal in developing hearts with AVSD (8, 12, 13). It appears instead that failure of the 

endocardial cushions to properly fuse with the other septal structures is the likely cause of 

AVSD. It has been shown that the vestibular spine develops abnormally in hearts with AVSD, 

and as such the current proposed mechanism of AVSD formation is failed fusion of the 

endocardial cushions due to abnormal development of the vestibular spine (9, 12). 

The defining anatomical element of AVSDs is the common atrioventricular junction. 

(5). There is a deficient (“scooped”) inlet ventricular septum and failure of the atrial septum to 

reach the atrioventricular valves, creating a defect in the interatrial septum adjacent to the 

atrioventricular valves, known as the ostium primum (5, 6). Furthermore, the aorta assumes a 

more anterior position, as it cannot “wedge” as it normally would between the mitral and 

tricuspid annuli, and there is a disproportionately long outlet portion of the left ventricular 

mass. This abnormal ratio of inlet to outlet left ventricular mass has been described as the 

“goose-neck” deformity due to its appearance on cardiac catheterization.  

The atrioventricular valves are also abnormal, and it is the relationship of their leaflets 

to the ventricular septum, which determine the type of AVSD. In all types there are 5 leaflets, 

two of which are “bridging leaflets” which cross the septum (inferior and superior bridging 

leaflets, respectively) (5). In the complete form of AVSD (cAVSD), the leaflets have no 
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attachments to the atrial or ventricular septae, hence there is free interatrial and 

interventricular communication. In the partial form of AVSD (pAVSD) the bridging leaflets 

are attached to the ventricular septal crest, and although the septal crest remains deficient 

(“scooped”), there is no interventricular communication (5). It should be noted that this is 

sometimes referred to as an ostium primum atrial septal defect (ASD), however as this belies 

the abnormalities of the ventricular septum, atrioventricular junction, atrioventricular valves 

and left ventricular outflow tract (LVOT). As such we prefer the term pAVSD. A third 

subgroup has some attachments of the leaflets to the ventricular crest, but there remains a 

restrictive interventricular communication, this form is known as transitional or intermediate 

AVSD (tAVSD)(8). The most severe form of AVSD results when cAVSD occurs in 

combination with unbalanced atrioventricular valve orifices over the ventricular septum, a 

condition known as unbalanced AVSD (uAVSD).  

 

1.4 Partial atrioventricular septal defect 
 
 Although pAVSD is the least severe form of AVSD, it carries a poor prognosis if left 

untreated. A seminal paper by Somerville et al, which followed 122 patients with untreated 

pAVSD, demonstrated that in a six-year follow-up period, 27% of patients over the age of 30 

died, and a further 27% progressed to disability (14). Atrial arrhythmias were the most 

common cause of deterioration, becoming nearly universal by the age of 50 years. Surgical 

repair of pAVSD was first performed by Lillehei in 1954 (15), and has been enthusiastically 

embraced by the surgical community, limiting the number of unrepaired cases described.  

 

Surgical technique 

The current approach to repair of pAVSD is via a median sternotomy on 

cardiopulmonary bypass with aortic and bicaval cannulation. A right atriotomy is performed 

and the anatomy inspected. In most institutions the cleft in the left atrioventricular valve is 

closed in its entirety with fine interrupted polypropylene sutures. The LAVV is assessed for 

regurgitation, and additional valvuloplasty techniques may be employed if necessary. A patch 

of autologous pericardium is then used to close the ostium primum defect, which is anchored 

with a continuous polypropylene suture along the ventricular septal crest and the margins of 

the ostium primum. The patch may be carried to the left or right of the coronary sinus (16). 
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Survival 

In historical series, early mortality was reported to be in excess of 10% (17 – 21). 

However, with advances in operative technique and peri-operative management, numerous 

more recent studies have shown that early mortality following pAVSD repair is very low, 

ranging from 1 – 3% (22 – 27). Survival at 10-year has been reported in the range of 87% - 

98% and 30-year survival has been reported from 78% - 94% (25 – 27). 

Multiple studies have analysed risk factors for early and late mortality in these 

patients. Although there is a degree of heterogeneity between studies, the most consistently 

reported risk factors for death are age below one year at the time of repair, congestive heart 

failure at the time of repair, moderate to severe left atrioventricular valve regurgitation 

(LAVVR) at the time of repair and more complex LAVV pathology (24, 26, 28 – 30). 

Although it is not a consistent finding in all studies, improved long-term survival with closure 

of the LAVV cleft has been demonstrated (26).  

 

Reoperation 

While major advances have been made in early mortality and long-term survival in 

more recent years, the high rate of reoperation has remained a problem, albeit somewhat 

underappreciated in the surgical community. The requirement for reoperation following repair 

of pAVSD is relatively high, and has been reported to be 8 - 19% at 10-years, and 17 – 25% 

at 30-years (25 – 27). The most frequent reasons for reoperation are regurgitation through the 

LAVV and LVOT obstruction (LVOTO), with a smaller number of reoperations required for 

residual septal defects (31). 

The most frequently reported risk factors for reoperation following pAVSD repair are 

age less than 1 year, moderate or greater preoperative LAVVR, moderate or greater early 

postoperative LAVVR and failure to close the cleft (24 – 26, 30, 32). Most of these factors 

relate to reoperation for LAVVR, as this is the most common cause for reoperation. 

 

Quality of life 

As health outcomes, such as survival, have improved dramatically since the early days 

of pAVSD repair, attention should be given to quality of life in these patients as they progress 

into adulthood (33). This is a topic, which has not been subject to extensive study, and the 

limited literature available includes small patient numbers and conflicting findings. Welke et 

al reported quality of life outcomes for 35 patients, who had undergone pAVSD repair as 

children and were at least 15 years old at the time of the study, finding there was no difference 



Introduction 5 

between these patients and age adjusted norms for physical and mental components of their 

quality of life (27). 

 Conversely, Bowman et al (24), in 20 children who had prior pAVSD repair, found 

that 20% were at risk of impaired quality of life in the emotional domain, while 5% were at 

risk in the physical domain. They also assessed quality of life in 28 adults, identifying 23.4% 

as having troubles in the physical domain, while 4.8% described difficulties in social domain 

(24). This study did not provide a comparison with age matched population norms so it is 

difficult to interpret the degree of impairment associated with the pAVSD repair itself.  

 The small number of patients, inconsistent findings, and use of different measures of 

quality of life make it difficult to ascertain the level of physical and social functioning these 

patients have as they progress into adult life. Furthermore, up to 20% of patients have Down 

syndrome, and these patients are typically excluded from such quality of life assessments. 

These difficulties are not limited to pAVSD but have been found in the entire literature on 

quality of life outcomes following correction of congenital heart disease (33). 

 

Timing of surgery 

There remains some controversy regarding the optimal timing of surgery for patients 

with pAVSD. Most groups proceed to surgery in the preschool years, between the ages of 2 

and 4 years, in stable patients. Surgery is performed earlier in cases of cardiac failure or 

significant LAVVR (34). 

Some groups have advocated performing routine repair in asymptomatic patients prior 

to the preschool years. Agny et al (35) operated on 38 patients at a median age of 1.8 years 

between 1981 and 1997 and found a very low rate of long-term LAVVR in their cohort 

(0.9%), attributing this to earlier repair.  However, they reported an early mortality of 7.9%, 

substantially higher than other contemporary studies. Similarly, the group of Minich et al (36) 

reporting 87 repairs performed between 2004 and 2006 at a median age of 1.8 years, found 

lower rates of LAVVR and an earlier return to normal age-matched weight in patients who 

underwent pAVSD repair, and on this basis advocated earlier surgery. 

Conversely, the group of Bowman et al (24), reporting 105 cases performed between 

1995 and 2011 at a median age of 7.9 years, demonstrated a significantly lower level of 

LAVVR in patients who had surgery at an older age, and as such, advocated delaying surgery 

until after 5 years of age. 

The retrospective nature of these studies subjects them to significant risk of bias, and 

as such they must be interpreted carefully. Age at time of repair is often influenced by other 
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factors such as degree of pre-operative LAVVR and heart failure, and although Agny et al 

(35) confined their study to elective cases and Minich et al (36) used multivariable regression 

in an attempt to address confounding variables, they may not have fully accounted for 

selection bias.  

 

Approach to the LAVV cleft 

The approach to the LAVV has changed over the several decades since pAVSD repair 

was first performed. In the early years, several groups, most notably the groups of Carpentier 

et al (37) and Rastelli et al (38), advocated a trifoliate approach to the repair, leaving the 

LAVV cleft unsutured. More recently most groups advocate routine closure of the LAVV 

cleft, assuming it can be done without creating stenosis, regardless of the degree of LAVV 

regurgitation (25, 26). Several studies have shown that closure of the LAVV cleft is 

associated with lower rates of LAVVR, reoperation on the LAVV and even mortality (26, 27, 

39). At reoperation for LAVVR, tearing through of a cleft repair or incomplete initial cleft 

closure are frequently reported as the reason for LAVVR. In the absence of prospective data, 

most groups practice routine cleft closure. 

Controversy has remained mainly in the approach to the cleft in patients with minimal 

LAVV regurgitation at operation. The group of Al Hay et al (40) most recently suggested that 

the cleft between the superior and inferior leaflets should be left unsutured in cases of 

minimal regurgitation. However, this recommendation was based on a series of only 24 

children with pAVSD who did not have cleft closure, so it is unclear how generalisable these 

results would be. 

 

1.5 Complete atrioventricular septal defect 
 
 The natural history for children with unrepaired cAVSD is not entirely clear, as there 

has never been a longitudinal study following children who have not had surgery.  Berger et al 

(41) combined data from several sources and estimated that in unrepaired patients with 

cAVSD, 1-year survival was only 35% and 2-year survival was 15%. One of the major 

contributors to mortality in these children is the early development of pulmonary vascular 

disease, with irreversible disease occurring in 35% of children in the first year of life (42).  

Surgical repair in infancy is now routine and associated with excellent results. 
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Surgical technique 

 There are three predominant techniques used to repair cAVSD, no single technique 

has been definitively demonstrated to provide superior results.  

 The two-patch technique typically utilizes a patch of synthetic material (eg expanded 

polytetrafluoroethylene) to close the ventricular component of the defect. The bridging 

leaflets are then anchored to the patch. A separate patch, either synthetic or of autologous 

pericardium, is then used to close the ostium primum defect (43, 44). 

 The traditional single patch technique requires the surgeon to divide the bridging 

leaflets at the point where they meet. A single large patch is sutured around the rim of the 

ventricular defect either with interrupted mattress sutures or as a continuous suture. The 

bridging leaflets are sutured to the patch, and the patch is then sutured around the ostium 

primum defect with a continuous suture (45). 

 A simplified single patch technique involves directly closing the ventricular 

component of the defect by displacing the bridging leaflets apically and suturing them to the 

ventricular septal crest. Mattress sutures are placed in the ventricular septal crest, through the 

bridging leaflets and then through the pericardial patch. Tying these sutures closes the 

ventricular portion. The ostium primum defect is then closed with an autologous pericardial 

patch (46).  

 

Survival 

 Historical results of repair of cAVSD demonstrated substantial early mortality of 

greater than 10% (47 – 49). More recently, survival has been much improved, with early 

mortality reported in the range of 1.5 - 4 % in large series (43, 47, 48, 50 – 55). 

 There are multiple reports of long-term survival following cAVSD repair. Generally, 

survival at 10-years has been 85 - 90% (43, 47, 48, 56), while survival at 20-years has been in 

the range of 80 – 90% (48, 52), with no differences observed with different techniques of 

repair. 

 Several studies have analysed risk factors for long-term survival. The most commonly 

observed risk factors are older age at time of surgery, earlier era of surgery, significant 

preoperative LAVV regurgitation, additional major cardiovascular malformation, preoperative 

congestive heart failure, presence of an accessory LAVV orifice and severe post-operative 

LAVV regurgitation (47, 48, 57, 58). 
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Reoperation 

 Similarly to pAVSD, despite considerable gains in early and late survival following 

cAVSD repair, there remains a considerable risk of reoperation, particularly on the LAVV. 

Large series estimate freedom from reoperation on the LAVV at 10-years to be 80 – 90 % 

(43, 47 – 49, 52). 

 Risk factors for reoperation include incomplete cleft closure, dysplastic LAVV, 

deficient lateral leaflet, post-operative moderate or greater LAVV regurgitation and additional 

cardiovascular malformations (47, 52, 53, 55). 

 

Timing of surgery and the use of pulmonary artery banding 

 Historically the results of complete repair of cAVSD in infancy were poor, with 

hospital mortality as high as 20% (57). However, in recent years, outcomes have improved 

markedly, and surgery in infancy has become routine in most centres (43, 49, 51, 54, 56, 59). 

It has been shown that surgery less than 6 months of age is associated with both improved 

survival and reduced risk of reoperation (43, 60). It appears that surgery below 3 months of 

age increases the risk of late reoperation, and as such elective repair between 3 and 6 months 

of age may provide optimal results (43). 

 However, there is a challenging group of patients who present with heart failure at less 

than 3 months of age or with cAVSD associated with additional complex cardiovascular 

malformations who may not be suitable for immediate complete repair. In these children a 

pulmonary artery band (PAB) may be used to protect the pulmonary circulation against the 

development of irreversible pulmonary vascular disease, while allowing complete repair to be 

deferred, thus permitting the child to grow (61 – 64). However, there is concern that PAB in 

these children may increase the risk of LAVV regurgitation (64), and it has been unclear what 

proportion of children would eventually progress to complete repair.  

 

1.6 Unbalanced atrioventricular septal defect 
 
 Unbalanced AVSD is the most severe end of the spectrum of AVSD, constituting 

approximately 10% of all children with AVSD (65). In these patients the inflow of the 

common AVV is directed preferentially into one of the ventricles, resulting in ventricular 

imbalance, with a variable degree of hypoplasia of the other ventricle. It is frequently 

associated with hypoplasia of the outflow structures of the non-dominant ventricle, and 

multiple other cardiac and extracardiac abnormalities, including a particularly high frequency 
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of heterotaxy syndromes (66). The optimal approach to this group of patients has proven 

controversial, with some groups favouring single ventricle palliation (SVP), and others 

attempting biventricular repair (BVR), depending on the degree of ventricular hypoplasia 

(65). Generally, results for patients with uAVSD have been much poorer than those with 

balanced ventricles. 

 

Single ventricle palliation 

 The traditional surgical approach to uAVSD has been three-stage SVP culminating in 

the Fontan circulation. In this strategy, staged palliation is performed to allow patients to 

tolerate total cavopulmonary connection, a functional univentricular circulation in which 

blood flow passively returns to the pulmonary arteries, while the dominant ventricle supplies 

the systemic blood flow (67). In large series reporting results for the overall population 

undergoing Fontan completion, survival at 10-years is 77 - 91% (68 – 73). However, there 

have been relatively few series examining the outcomes of SVP in patients with uAVSD. 

 The earliest series describing SVP in patients with uAVSD reported dismal results, 

with essentially universal mortality (57, 74). More recent reports have demonstrated improved 

outcomes, but still substantial rates of mortality and morbidity. Drinkwater et al (75) reported 

45 patients with uAVSD who underwent SVP between 1986 and 1996. Most patients had RV 

dominance (25/45, 55.6%). They followed a strategy of pulmonary artery banding (PAB), 

followed by bidirectional cavopulmonary shunt (BCPS) and Fontan completion. However, 

only 16 of 45 patients (35.6%) progressed to Fontan completion. Of patients who underwent 

Fontan operation, 37.5% (6/16) had died at a mean follow-up of 2.5 years.  

Owens et al (66) reported 44 patients with uAVSD who presented between 1998 and 

2003, of whom 79.5% (35/44) underwent SVP. The majority of patients had right ventricular 

dominance (39/44, 88.6%). Survival was 51% at a mean follow-up of 25 months. Only 16 of 

44 patients (36.4%) progressed to Fontan completion. They reported significantly poorer mid-

term survival for SVP in patients with uAVSD when compared with patients with hypoplastic 

left heart syndrome.  

 Nathan et al (76) described 83 patients with uAVSD who underwent SVP between 

2000 and 2016. They demonstrated a 10-year survival of approximately 60% in children 

undergoing SVP, while freedom from reoperation was less than 40% at 10-years. The 

majority of re-operations were on the AVV.  
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Biventricular strategies 

 In recent times, several groups have attempted BVR in patients with uAVSD and 

varying degrees of ventricular imbalance. This requires complex decision making regarding 

the potential for the non-dominant ventricle to support either the pulmonary or systemic 

circulation, respectively (77). To date, it remains unclear which patients would benefit from 

BVR. However, several different thresholds have been described to aid decision making, one 

of the more commonly used methods is the atrioventricular valve index (AVVI) which is the 

ratio of the cross-sectional area of the non-dominant ventricle to the dominant ventricle (78). 

An AVVI<0.67 has been associated with poor outcomes in BVR. One of the challenges in 

attempting BVR, is that changing strategy to SVP after failed BVR is associated with 

particularly poor outcomes (77). Nonetheless, several groups have reported mid-term results 

of modest sized series of patients undergoing BVR with uAVSD. 

 De Oliviera and colleagues (79) performed biventricular repair on 32 patients with 

unbalanced AVSD and small RV between 1989 and 2003. Early mortality was 9%, while 10-

year survival was 87%. They found that patients with an AVVI <0.5 were at increased risk of 

early death, and suggested that a 4mm interatrial fenestration may be beneficial in these 

patients. 

 Delmo Walter et al (80) described 19 children with uAVSD and a small left ventricle 

who underwent biventricular repair between 1988 and 2005. They defined uAVSD as an 

LV/RV long axis ratio (LAR) < 1.1.  Early mortality was 10.5%, while 10-year survival was 

89.5%. They found LAR <0.65 to be a risk factor for death. 

 Foker et al (81) reported 23 children with uAVSD who underwent biventricular repair 

between 1990 and 2005. They defined ventricular hypoplasia as a ventricular volume z score 

of -2.0. They demonstrated that all patients exhibited catch up growth to normal ventricular 

size at a mean follow-up of 12 years, while midterm survival was 87%. 

 Nathan et al (76) studied 212 patients with uAVSD from 2000 to 2016. Three different 

surgical strategies were used: SVP (82/212), BVR (67/212) and biventricular conversion or 

recruitment (BiVC/BiVR)(63/212).  They reported significantly better survival with both 

BVR and BiVC/BiVR strategies, compared with SVP. However, this study was biased against 

SVP, as all patients who were not suitable for BVR, BiVC/BiVR or who died before either 

strategy could be implemented, were included in the SVP group. 
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Atrioventricular valve function 

 Dysfunction of the common atrioventricular valve (AVV) is a major contributor to 

morbidity and mortality in patients with uAVSD. In published series of patients undergoing 

SVP, the rate of AVV surgery is approximately 30% (66, 75). The need for AVV surgery in 

these patients has been shown to be associated with a significantly increased risk of mortality 

(66). Although biventricular repair may be expected to stabilize the annulus and reduce the 

risk of AVV regurgitation, in patients receiving BVR or BiVC/BiVR strategies, the rate of 

AVV reoperation appears similarly high (76). 

 When AVV regurgitation is present in these patients it is difficult to obtain a 

competent repair. Early strategies to repair the common AVV were limited to de Vega type 

annuloplasty, yet the results of this technique were not durable (82). In more recent times, 

annuloplasty was supplemented by an “edge-to-edge” repair, where the midpoints of the 

inferior and superior bridging leaflet were approximated with a suture to create a double 

orifice valve (83). However, this strategy was associated with a substantial rate of late failure 

(84, 85) The latest technique to be employed in repair of the common AVV is an edge-to-edge 

repair re-enforced with a strip of expanded polytetrafluoroethylene (ePTFE), a so-called 

“Goretex bridge.” It is hoped that this strategy will stabilize the annulus, reinforce the edge-

to-edge repair and allow for growth of the annulus (84, 85). The long-term results of this 

strategy have yet to be determined. 

 

1.7 Thesis outline 
 
Aims and scope of thesis 

 This thesis aims to investigate the outcomes of the two less studied forms of AVSD, 

partial and unbalanced AVSDs. Each of these conditions is the subject of a large retrospective 

review to determine long-term outcomes and the factors associated with improved survival 

and freedom from reoperation.  

 For partial AVSD, particular areas of interest are the rate of reoperation, as well as the 

controversies surrounding the timing of surgery and approach to the LAVV cleft. 

 For unbalanced AVSD, we focus on the outcomes of single ventricle palliation as well 

as the management of complications of the AVV. 

 Finally, we examine the impact of pulmonary artery banding on patients with AVSD, 

as it is a potentially important adjunct in the management of complicated forms of complete 

and unbalanced AVSD. 
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Chapter objectives 

 

Chapter 2: Determine the short- and long-term outcomes of repair of pAVSD. Particular 

emphasis is placed on the long-term rate of reoperation and the impact of 

closure of the LAVV cleft on outcomes.  

 

Chapter 3:  Determine the causes of reoperation following repair of pAVSD, with 

particular focus on the mechanism of failure of the LAVV. 

 

Chapter 4:  Evaluate the impact of pAVSD repair in infancy on long-term outcomes using 

propensity score matching. 

 

Chapter 5:  Determine the long-term outcomes of a strategy of single ventricle palliation to 

treat children with uAVSD. 

 

Chapter 6:  Evaluate the outcomes of AVV surgery in patients with uAVSD undergoing 

single ventricle palliation. 

 

Chapter 7: Evaluate the impact of PAB on the outcomes of children with uAVSD, with 

particular attention to AVV function and progression to complete repair or 

Fontan completion. 
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Chapter 2: Repair of partial atrioventricular septal defect: a 37-year 

experience 

 

2.1  Introduction 
 

Partial AVSD is the least severe form of AVSD, and repair in childhood has been 

demonstrated to have excellent short-term and long-term survival in the modern era (25 – 

27). The success of operative treatment for pAVSD has led to it being relatively less well 

studied than other forms of AVSD, and it is often considered a simple form of congenital 

heart disease, much like ostium secundum ASD.  

However, the anatomical abnormalities present in pAVSD are more extensive 

than simply an ASD, and as such a more complicated long-term course is predicted (5). 

Nevertheless, previous reports have included relatively small numbers of patients and 

have not included detailed analysis of the risk factors for death and reoperation. 

Furthermore, there remains controversy about how best to manage the LAVV cleft, with 

some advocating routine closure (26), while others argue it should not be closed if there 

is minimal LAVV regurgitation (40). 

In order to establish the local outcomes of pAVSD repair and predictors of 

survival and reoperation, a review was conducted of all patients to have ever had pAVSD 

repair at the Royal Children’s Hospital (RCH). In the period from 1975 to 2012, a total of 

249 patients underwent repair of pAVSD. In order to ensure survival data were accurate, 

matching was performed with the Victorian Registry of Births, Deaths and Marriages.  

This study demonstrated very low early mortality and excellent long-term survival 

following repair of pAVSD. Furthermore, closure of the LAVV cleft was found to be 

associated with improved survival, even in children without significant LAVV 

regurgitation.  

However, it also identified a high rate of reoperation approaching 25% at 30-

years. Most of these reoperations were related to failure of the LAVV. This high rate of 

reoperation has previously been under appreciated in this population. 

Another important finding of this study was the relatively low rate of cardiology 

specialist follow-up of adult survivors of pAVSD repair. Less than half of adult patients 
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had recent cardiology follow-up, which is of particular concern given the high rate of 

reoperation. 

Taken together, this study suggested that closer follow-up, particularly for 

monitoring of the LAVV is warranted in patients with repaired pAVSD. 
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Chapter 3:  Long-term outcomes of reoperations following repair of partial 

atrioventricular septal defect 

 

3.1  Introduction 
 

 In chapter 2, we demonstrated that although the early and long-term survival following 

repair of pAVSD are excellent, there is a high rate of reoperation, up to 25% at 30 years. The 

majority of these reoperations are related to LAVV regurgitation and LVOTO. However, the 

high rate of reoperation is a relatively under recognized late complication of pAVSD repair. 

Furthermore, the anatomical mechanisms of LAVV regurgitation and LVOTO have not been 

investigated in detail. As such, we reviewed all reoperation following pAVSD repair in order 

to understand how to reduce the rate of late reoperation. 

 During the study period of 1975 to 2012, 40 patients had undergone reoperation 

following primary repair of pAVSD at the RCH. The most common cause for reoperation in 

this study was regurgitation of the LAVV, followed by LVOTO. Analysis of the mechanism 

of LAVV demonstrated that most cases were related to the LAVV cleft, either rupture of a 

previous cleft closure, or failure to adequately close the cleft at the first operation. 

 Importantly, in most cases of LAVVR, it was possible to repair the valve. It was also 

demonstrated that the rate of successful repair increased following the introduction of a 

strategy of cleft augmentation with pericardial patch, a technique developed in our institution. 

 This study highlighted the importance of a secure and complete closure of the LAVV 

cleft at primary operation as well as the potential benefit of the patch augmentation strategy of 

LAVV repair. 
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Chapter 4: Propensity score matched analysis of partial atrioventricular 

septal defect repair in infancy  

 

4.1 Introduction 
 

 Repair of pAVSD has traditionally been undertaken electively in the preschool years, 

between 2 and 4 years of age (25, 26). This is in contrast to cAVSD, which is typically 

repaired between 3 and 6 months of age, as these children are at higher risk of developing 

heart failure (43). There has been a recent trend in some units to repair pAVSD under 1 year 

of age electively, with the hope that early repair would result in early stabilization of the 

LAVV annulus and leaflets, and prevent progressive degeneration of the LAVV (36, 86). 

However, there is very published little data on outcomes of children under 1 year of age 

undergoing pAVSD repair to support this hypothesis. 

 Early reports of pAVSD repair under 1 year of age included mostly children with early 

heart failure, and demonstrated very poor outcomes (87, 88). However, these are not likely to 

reflect the outcomes of pAVSD performed electively under 1 year of age. Some recent papers 

have demonstrated promising results for pAVSD repair in younger age groups, but they have 

very small cohorts. 

 We performed a multicenter analysis, including children from 3 paediatric cardiac 

surgery centres in Australia, in order to analyse the long-term outcomes of pAVSD repair in 

infants compared to older children. As there are inherent biases in the selection of children 

who underwent repair under 1 year of age, such as heart failure, failure to thrive and LAVV 

regurgitation, we performed propensity score matching to generate two well-matched cohorts. 

 This study demonstrated that despite matching for risk factors, pAVSD repair in 

infancy was associated with worse long-term survival and no benefit in terms of reoperation 

rate. As such, it suggests that elective repair should continue to be performed after 1 year of 

age. 
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Chapter 5: Long-term outcomes of single-ventricle palliation for 

unbalanced atrioventricular septal defects: Fontan survivors do better than 

previously thought. 

 

5.1 Introduction 
 
 Unbalanced AVSD represents the most severe end of the spectrum of AVSDs. These 

patients usually have complex anatomy, with one hypoplastic ventricle, and frequently 

additional malformations such as heterotaxy. 

 Early attempts at SVP produced very poor results (66, 75). In response to these poor 

outcomes, some units have favoured strategies of direct BVR or biventricular conversion 

whereby the hypoplastic ventricle is “trained” to facilitate eventual BVR (76, 80, 81). These 

strategies are still considered to be experimental, and it remains unclear which patients would 

benefit from this technique. 

 At RCH, children with uAVSD usually undergo SVP. We performed a review of all 

139 patients who underwent SVP for uAVSD from 1976 to 2015. This study demonstrated 

that there was a substantial rate of mortality, with less than 60% of patients surviving at 25-

years follow-up. There was also a very high rate of reoperation on the common AVV, with 

approximately one third of patients requiring at least one operation for AVV regurgitation.  

 An important finding of this study was the relatively positive outlook for patients who 

achieved Fontan completion. These patients had greater than 80% survival at 25-years, which 

is much better than had previously been reported, and similar to the overall population of 

children undergoing Fontan completion.  

  The message of this study is that Fontan completion produces satisfactory results in 

patients with uAVSD, but deterioration of the common AVV continues to be a major cause of 

reoperation and morbidity. 
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Chapter 6: Successful atrioventricular valve repair improves long-term 

outcomes in children with unbalanced atrioventricular septal defect 

 

6.1 Introduction 
 

 In chapter 5, it was demonstrated that SVP for uAVSD can achieve satisfactory 

results, especially for those who progress to Fontan completion. However, one of the major 

causes of morbidity and mortality is the high rate of AVV regurgitation and the need for 

repeated operations. 

 Several strategies for surgery on the common AVV have been used over time, none of 

which have proven particularly successful. There have only been relatively small studies of 

AVV surgery in patients with uAVSD in the past, which have demonstrated disappointing 

results with AVV repair (89, 90). In this study we reviewed all patients who underwent AVV 

surgery at the RCH who had a diagnosis of uAVSD. 

 During the study period, 44 patients with uAVSD underwent AVV surgery. Just over 

half of patients survived to 20-years of follow-up. Repair of the AVV was achieved in the 

majority of cases, however at 20-years just over half of patients were free from AVV 

reoperation. The presence of moderate or greater AVV regurgitation at discharge was a 

predictor of much higher risk of mortality and reoperation, especially in infants. There was no 

single technique of AVV repair, which was found to be associated with superior outcomes. 

 The important message from this study is that patients with residual AVV 

regurgitation have very poor outcomes. These patients should be considered for early re-repair 

or replacement of the valve, preferably during the same procedure or admission, even if they 

are infants. 
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Chapter 7: Long-term outcome after pulmonary artery banding in children 

with atrioventricular septal defects. 

 

7.1 Introduction 
 

Most children with cAVSD undergo complete repair in infancy with excellent results. 

However, there is a subset of patients who present with heart failure prior to 3 months of age, 

or who have complex anatomy, which makes them unsuitable for early biventricular repair. In 

this groups of patients, the use of a PAB may allow growth while protecting the pulmonary 

circulation, thus allowing delayed complete repair (61 – 63). However, it is unknown whether 

these children progress to biventricular repair, and what impact PAB might have on the 

LAVV. In patients with uAVSD, PAB may be used as part of their three-stage palliation. 

However, these children may also have subsequent AVV dysfunction. 

This study reviewed all patients with a diagnosis of AVSD who underwent PAB at the 

RCH between 1975 and 2016. During the study period, 68 patients had PAB, of whom 40 had 

cAVSD and 28 had uAVSD. Early results after PAB demonstrated a low early mortality and 

no significant increase in AVV regurgitation. 

In patients with cAVSD we demonstrated that the majority of patients progressed to 

complete repair, but there was a somewhat higher rate of mortality and reoperation than 

observed in the overall cAVSD population. 

In patients with uAVSD, survival and freedom from reoperation was similar to that 

observed in patients without PAB. 

Overall, this study suggests that PAB can be used safely in the management of patients 

with AVSD without an acute increase in AVV regurgitation. 
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Chapter 8: Conclusions 

 

8.1  Overview 
 
 In order to improve the lives of children with the spectrum of AVSDs, it is vital to 

understand the outcomes of our current management strategies. This thesis has focused on the 

two less well-studied ends of the spectrum of AVSD, namely, pAVSD and uAVSD. In the 

case of pAVSD, the severity of the lesion is often overlooked due to the excellent survival 

reported in modern series (25 – 27). However, this view oversimplifies the condition and the 

associated risk of reoperation observed in these patients. In the case of uAVSD, the severe 

and complex nature of the lesion, the very poor historical results, and enthusiasm for 

experimental BVR in these patients, have likely contributed to a lack of reporting on the 

outcomes of SVP in this group.   

 

8.2 Findings 
 
 It has been well established that survival following pAVSD repair is excellent (25 – 

27).  However, the risk of LAVV dysfunction has been under-appreciated, and there has 

remained doubt about the necessity to routinely close the LAVV cleft and the optimal timing 

of elective repair (40, 86). Chapters 2 to 4 focused on patients with pAVSD. 

 In Chapter 2 we confirmed very low early mortality and excellent long-term survival 

in children with pAVSD. Importantly, we demonstrated that closure of the cleft in the LAVV 

was associated with improved survival, even in patients with mild or less regurgitation 

through the LAVV. This finding is important, as the notion that routine cleft closure should be 

performed in children with pAVSD and minimal LAVV regurgitation has been challenged 

recently (40). We also observed a high rate of reoperation, up to 25% at 30-years follow-up, 

suggesting that pAVSD is not as benign as was previously thought. Furthermore, the rate of 

cardiology follow-up in adults was low, with less than 50% of patients reviewed by a 

cardiologist in the 2-years leading up to the study, a particularly important consideration, 

given the high rate of reoperation. These findings suggested that routine closure of the LAVV 

cleft should be the standard of care, and improvements in cardiology follow-up into adulthood 

need to be made. 



Conclusions 63 

 Given the high rate of reoperation following pAVSD repair we observed in Chapter 2, 

Chapter 3 focuses on the causes and outcomes of reoperation following pAVSD repair. The 

majority of reoperations were performed for LAVV regurgitation. The most common 

mechanism of regurgitation was through the cleft, either due to rupture of previous cleft 

closure or failure to adequately close the cleft at the original operation. We also demonstrated 

that the rate of successful repair significantly increased to above 90% with the introduction of 

a new repair technique involving patch augmentation of the LAVV cleft, a technique 

developed at the RCH. These results emphasized the importance of the cleft as a substrate for 

LAVV failure and the need to securely close the cleft at the time of primary repair. 

 An ongoing area of controversy in the management of pAVSD has been the optimal 

timing of elective repair. Traditionally, repair is performed in the preschool years, a strategy 

followed at RCH. Some units have begun to perform repair under 18 months of age, with the 

hope of reducing the rate of late reoperation for LAVV regurgitation (36, 86). In Chapter 4, 

we reviewed outcomes of pAVSD repair in infancy. In order to be able to compare infants and 

older children undergoing pAVSD repair, we performed propensity score matching to 

generate two groups which were well-matched for risk factors for pAVSD repair: heart 

failure, failure to thrive, LAVV regurgitation and the presence of additional congenital heart 

disease. Despite matching, we demonstrated that long-term survival was significantly worse 

when surgery was performed in infancy, with no improvement in the rate of reoperation. 

These findings suggest that repair of pAVSD should be deferred until children are older than 

1 year, when possible. 

 In Chapters 5 and 6, we shifted our focus to uAVSD. Chapter 5 reviews the long-term 

outcomes of a strategy of SVP in patients with uAVSD. This study demonstrated a significant 

attrition rate, with less than 60% of patients surviving to 25-years follow-up. However, 

patients who achieved Fontan completion had better outcomes than was previously thought 

possible, with survival similar to the general population of patients undergoing Fontan 

completion. However, a high rate of AVV regurgitation necessitating surgery was observed, 

with nearly one third of patients requiring at least one operation on the AVV.  

 The high rate of AVV surgery observed in patients with uAVSD in Chapter 5, led us 

to investigate the mechanism of AVV regurgitation and the outcomes of AVV surgery in 

patients with uAVSD in Chapter 6. We observed that although most patients received repair 

rather than replacement of their AVV, at 20-years survival and freedom from AVV 

reoperation were both disappointing, at just over 50%. Patients with residual moderate or 

greater AVV regurgitation had particularly poor outcomes, and this was especially true in 
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patients under 1 year of age. This study suggests that patients with residual moderate or 

greater AVV regurgitation should have re-repair or replacement either during the same 

procedure or prior to discharge. Previously, valve replacement in these children has been 

considered a complication in its own right, however, our results suggest a paradigm shift is 

required, as the survival of children with mechanical prosthesis appears to be much better than 

those who underwent repair but were left with significant residual AVV regurgitation. 

 Chapter 7 investigated the effect of pulmonary artery banding on children with AVSD. 

Although not commonly required in children with AVSD, PAB can be used in patients with 

cAVSD and early heart failure, or in patients with uAVSD as part of their three-stage SVP.  

There have been concerns that PAB may increase the rate of LAVV regurgitation, and it has 

been unclear how many children with cAVSD would eventually progress to complete repair 

(64). Our results demonstrated that PAB is not associated with an acute increase in AVV 

regurgitation in either group. Most patients with cAVSD and PAB progress to complete 

repair, albeit with slightly lower survival and higher rates of reoperation than children, 

typically older than 3 months, who progress directly to complete repair. Children with 

uAVSD who underwent PAB had similar results to the overall population of children with 

uAVSD. These results suggest that the use of PAB is a safe and useful adjunct in the 

management of complicated patients with AVSD. 

 

8.3  Future directions 
 
 Across the spectrum of AVSDs an important topic of future investigation is the long-

term function of the AVV. Reoperation for the AVV is the single biggest cause of morbidity 

following pAVSD repair, and one of the major contributors to death in patients with uAVSD. 

Two relatively new techniques of AVV repair have been described in the studies included in 

this thesis: the patch augmentation for repair of the LAVV in pAVSD, and the ePTFE bridge 

technique for repair of the AVV in uAVSD. Long-term follow-up is not yet available for 

either technique, and as such both of these techniques need to be followed into the future to 

determine if they provide long-term freedom from regurgitation and reduce the risk of 

reoperation. For patients with uAVSD, research will also focus on understanding the limits of 

biventricular repair, and which, if any, patients with uAVSD may benefit from a biventricular 

repair strategy. 
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8.4 Conclusions 
	
 Repair of pAVSD is associated with excellent long-term survival, but a high rate of 

reoperation, which is not improved by performing repair in infancy. Improved results may be 

achieved by delaying repair to after 1 year of age, routinely closing the cleft and ensuring 

patients are closely followed into adulthood. 

 Single ventricle palliation for uAVSD is associated with substantial mortality. 

However, those who achieve Fontan completion have promising results. Atrioventricular 

valve regurgitation is a major cause of morbidity and mortality, when there is significant early 

regurgitation following repair, early reoperation should be performed either to re-repair or 

replace the valve. 

 Across the spectrum of AVSDs, achieving long-term competence of the 

atrioventricular valve is the key to improving survival and quality of life. 
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