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Abstract 

 

Congenital anomalies of the pulmonary veins and arteries are rare congenital cardiac defects. 

Without surgery, mortality during infancy is high with few children surviving to adulthood. 

Prognosis after surgery is improving with many children now surviving the initial operative period. 

Our understanding of the outcomes after surgery is evolving as emerging information from 

longitudinal studies have shed light on longer term survival of these patients. There is now a growing 

population of these patients surviving into adulthood. 

This project aimed at expanding our understanding of the prognosis and long-term outcomes 

of children who underwent surgery for partial and total anomalous pulmonary venous drainage 

(PAPVD and TAPVD). It has explored the entire spectrum of these patients and shows that excellent 

long-term survival and freedom from reoperation can be achieved in these patients into early 

adulthood. To better understand the long-term disease perceptions and impact, we conducted quality 

of life assessments on adult PAPVD and TAPVD patients. These patients were found to have similar 

quality of life outcomes compared to age-matched Australian population data. Furthermore, we 

examined the outcomes of surgery amongst TAPVD patients with a univentricular circulation. This 

group of patients have been rarely reported in the literature due to the extremely poor prognosis and 

limited experience even amongst the largest paediatric centres. We showed that these patients have a 

poor prognosis with high mortality. Future research into improving outcomes amongst these patients 

are needed. With the aid of a bi-national registry, we have reported a large cohort of TAPVD patients 

with a univentricular circulation who have reached Fontan completion. This has enabled better 

understanding of the composition, outcomes and risk factors for mortality of the population.  

Finally, to complete our study we addressed the long-term outcomes of the rare pulmonary 

artery sling condition. These patients often present in respiratory failure due to concomitant airway 

compromise and the need for airway surgery is associated with a higher mortality and morbidity. As 
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part of a multi-centre study, we found that the overall results have improved in patients requiring 

concomitant airway surgery. Importantly, we found that at late follow-up, many of these patients had 

evidence of obstructive airway defects on lung function testing. Though currently asymptomatic, the 

long-term impact on functional status and respiratory function is unknown. 

As the early survival outcomes of these patients improve, our focus is now shifting towards 

understanding the long-term prognosis, functional impacts and quality of life. Enhanced knowledge 

in these areas will allow us to better inform families and develop strategies to, ultimately, improve 

the lives of the children and young adults with these diseases.  
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Chapter 1: Introduction and literature review 

1.1 Isolated total anomalous pulmonary venous drainage 

Total anomalous pulmonary venous drainage (TAPVD) is a rare congenital heart anomaly 

that comprises approximately 1.5% of all congenital heart defects (CHD) (1). One of the first cases 

of TAPVD was reported in 1798 by Wilson (2). In 1942, TAPVD became a recognised clinical 

entity after Brody (3) studied the literature and reported 106 cases of anomalous pulmonary venous 

drainage, including the first large collection of TAPVD patients. It is characterised by a total absence 

of pulmonary vein connection to the left atrium. Instead, blood from the lungs drain abnormally into 

a systemic vein or directly into the right atrium. Life is incompatible without a co-existing 

connection to the left atrium. Furthermore, the presence of obstruction in pulmonary venous return 

necessitates emergency surgery in the newborn.  

There is significant morphological heterogeneity associated with TAPVD. The anatomy is an 

important factor in determining surgical technique and timing of presentation (4). Typically, the 

pulmonary veins converge posterior to the heart to form a confluence. The confluence subsequently 

connects to a systemic vein via a draining channel. In certain anatomical types, this draining channel 

may exist as a vertical vein that traverses superiorly or inferiorly from the confluence (3). Numerous 

classifications have been proposed to describe this anomaly (5-8). The nomenclature established by 

Darling et al. (6) is now used most commonly by clinicians worldwide. Darling et al. (6) proposed 

four categories to describe the anatomy of TAPVD. These classifications are based on the varying 

positions of the draining channel relative to the heart (6). TAPVD is classified as supracardiac, 

cardiac, infracardiac and mixed, with the later defined as a combination of the first three types. 

Incidence (4, 9) of the TAPVD types are approximately: supracardiac: 45-55%, cardiac: 15-25%, 

infracardiac: 15-25% and mixed: 5-10% 

TAPVD is correctable with surgery and some authors have considering patients to be 

completely “cured” after surgery (10). Since the first surgical attempt to correct TAPVD reported in 



Introduction 

 

 

2 

 

1951 (11), refined surgical techniques and hospital care has led to significant improvements in the 

outcomes of TAPVD surgery in children (12, 13).  

 

1.1.1 Survival after total anomalous pulmonary venous drainage surgery 

Early mortality of TAPVD surgery in children from studies published over the last two 

decades ranges from 2.3%-14% (4, 10, 12-17). Since the early 1990s, early mortality has reduced 

and now approaches 5% (18, 19). Pulmonary hypertensive crisis and low cardiac output are common 

causes of early mortality (8, 20). 

Improvement of outcomes associated with isolated TAPVD repair is recognised by several 

authors (10, 13, 17, 20, 21) to be attributed to era-related factors such as enhancements in early 

accurate diagnosis, preoperative stabilisation, postoperative management, myocardial protection and 

surgical techniques. Despite an era-related improvement in preoperative and postoperative care of 

paediatric cardiac surgery patients, we continue to observe a lack of improvement in results for 

neonatal TAPVD (22). This may be attributed to sicker group of patients surviving to surgery in the 

most recent era with more emergent surgery and preoperative acidosis (22). Korbmacher et al. (23) 

in 2001, reported a high rate of early neonatal death (n=7; 53%, 7/15) and suggested that severe 

preoperative clinical status may still play a role in determining early mortality. Likewise, Shi et al. 

(24), in a cohort of 768 patients operated from 2005 to 2014 reported that younger age at time of 

repair was a risk factor for mortality. Similarly, Karamlou et al. (18), in a cohort of 377 patients 

operated from 1946 to 2005, suggested that younger age was a surrogate for more emergent repair in 

patients with severely obstructed TAPVD. St Louis et al. identified low weight at operation, surgery 

during the neonatal period and pulmonary venous obstruction (PVO) to be risk factors for mortality 

(19). Notwithstanding an era improvement throughout their study, the neonatal subgroup remained at 

a higher risk of mortality in the current era (19). St Louis et al. (19) reported mortality during the 

period from 2000 to 2007 to be 11.7% in the neonates (22). 
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Overall (early and late) mortality of studies published in the last two decades ranges from 

7.3%-16% (10, 13-17, 25). Five-year survival rates since 2000 were reported by Karamlou et al. (18) 

to be 97%. Survival rates at 10 and 15 years were quoted to be 84-88% (10, 13, 26) and 84% (15) 

respectively. The longest actuarial survival for isolated TAPVD was reported by Michielon et al. 

(16) in 2002 to be 92.1% at 18 years. 

 

1.1.2 Reoperation for pulmonary venous obstruction 

The most common cause for reoperation is the post-repair development of PVO to the left 

atrium. Postoperative PVO is diagnosed by echocardiography and pulmonary angiography (27). The 

development of postoperative PVO in TAPVD ranges between 10-20% (18, 24, 28, 29). Freedom 

from reoperation for PVO at 10 and 18 years has been reported to be 91% (13) and 86.7% (16) 

respectively.  

There are two types of postoperative PVO that may develop after TAPVD repair (30). 

Anatomically, recurrent PVO may be limited to the site of the anastomosis (anastomotic stricture) or 

may involve individual pulmonary veins (distant from the site of anastomosis) (27, 31). More severe 

cases may have recurrent PVO extending into the lung hilum (31). It has been reported that recurrent 

PVO typically develops within 6 months of repair (27, 32, 33). Furthermore, recurrent PVO that 

develops distant from the site of anastomosis occurred earlier after initial surgery compared to 

anastomotic stricture (14). However, these findings did not seem to hold true in all institutions (34). 

Lacour-Gayet et al. (35) noted that the occurrence of postoperative PVO seemed to be 

unpredictable. Bando et al. (13) reported a “small” pulmonary vein confluence as a risk factor for 

recurrent PVO and it was suggested that in such patients, recurrent PVO is more likely to occur 

where the incision runs close to the pulmonary vein ostia (35). Some authors observed that complex 

TAPVD, certain anatomical features (mixed, hypoplastic pulmonary veins, absence of a pulmonary 

confluence) and weight less than 2.5 kg are associated with a higher risk of postoperative PVO (18, 
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22, 24, 27, 36-38). In addition, it is believed that neonatal pulmonary venous tissue is prone to 

development of subsequent stenotic lesions for unknown reasons (27). In a subgroup analysis of 

neonates by Shi et al.(24), they found that lower operative weight, preoperative PVO and longer 

cardiopulmonary bypass time were risk factors for postoperative PVO.  

Early intervention is indicated before secondary irreversible changes occur (28). Despite 

operative intervention, the disease process is often recurrent. When the disease process reoccurs 

distally, it may not be amenable to surgical intervention. Survival associated with recurrent PVO is 

poor and mortality ranges from 25-100% (13, 32, 34, 39-41). Caldarone et al. (41) reported a 

statistically significant (p<0.001) difference in survival between patients with recurrent PVO (n=13) 

and their entire series (n=170). Predictors of poor outcomes after recurrent PVO have been discussed 

by some studies. Some authors have reported that more rapid development of recurrent PVO 

requiring reoperation (34, 41) and obstruction of bilateral pulmonary veins is associated with higher 

mortality (35, 41). The presence of PVO distant from the site of anastomosis is reported to be a risk 

factor for mortality (14). However, this is not consistent for all institutions as Ricci et al. (34) 

observed that PVO distant from the site of anastomosis did not increase risk of mortality.  

Techniques have been developed to reduce the handling of pulmonary vein tissue with the 

expectation that it will reduce the incidence of postoperative PVO. The sutureless technique was 

initially described for the management of postoperative PVO (35). It has since been applied for 

primary repair of TAPVD (42, 43) and it may have a role in reducing the incidence of postoperative 

PVO (42). Lo Rito et al. reported that a primary sutureless approach reduces the incidence and 

severity of postoperative PVO especially in the infracardiac and mixed cohort (44). Shi et al. (24) 

reported a lower restenosis rate of the sutureless technique when compared to conventional repair. 

However, benefit was not found when applied to the neonatal subgroup (24). 
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1.2 Univentricular physiology and total anomalous pulmonary venous drainage 

Surgical results for TAPVD and univentricular heart defects have been associated with high 

mortality (45-49). Many of these patients have associated heterotaxy syndrome (45). Contemporary 

single centres have reported early mortality rates of 11-47% (21, 29, 38, 46-48). The Children’s 

Hospital of Philadelphia described improved early mortality for surgery in patients with TAPVD and 

univentricular physiology from 44% to 11% (46, 50). They attributed the improvements to better 

understanding of the physiology and management of single ventricle patients, including 

improvements in critical care and surgical techniques (46). In contrast, the multi-institutional report 

by Khan et al. (45) remonstrated a high early mortality of 43% (out of 167 patients) in the current era 

(2002-2012).  

 The disparity in mortality outcomes between patients with univentricular compared to 

biventricular physiology may be related to the more complex physiology and procedures required in 

the univentricular group (21, 45). Furthermore, the optimal timing of TAPVD repair is unclear. 

Nakayama et al. (48) found on univariate analysis that previous operation and concomitant Fontan 

procedures were protective factors for hospital death, suggesting, that patients who have delayed 

TAPVD repair may have satisfactory results. As such, no study has reported exclusively on patients 

undergoing Fontan and TAPVD surgery. There is possibly selection bias as those who have delayed 

surgery were likely to be less unwell than those needing surgery early in life. This is further 

supported by Khan et al. (45) who identified urgent surgery within 48 hours, pulmonary atresia and 

post cardiototomy extracorporeal membrane oxygenation to be associated with higher risk of 

mortality amongst univentricular patients. Nakayama et al. (48) found low operative weight, 

pulmonary atresia and age at surgery to be a risk factor for early mortality. Younger age and weight 

at surgery are likely surrogate markers for a sicker neonate requiring more urgent surgery. 

Furthermore, the authors found infracardiac and mixed TAPVD were associated with poorer survival 

rates (48). Likewise Nakata et al. found mixed TAPVD to be a risk factor for death (49). 
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 Univentricular or heterotaxy syndrome has been identified as a risk factor for reoperation for 

postoperative PVO (29). Nakayama et al. (48) reported 27% (15 of 56) developed postoperative 

PVO after TAPVD repair. This mechanism of increased risk is unclear. This complication is 

associated with a high rate of mortality (73%; 11/15) (48). In contrast, Khan et al. (45) reported a 

low rate of reoperation for PVO of 4% amongst TAPVD patients with heterotaxy. The authors found 

no difference between rates of reoperation for patients with univentricular compared to biventricular 

circulation (45). 

 

1.3 Partial Anomalous Pulmonary Venous Drainage 

Partial pulmonary venous drainage (PAPVD) is characterized by one or more pulmonary 

veins failing to connect with the left atrium during development. Instead the pulmonary venous 

return connects to the right atrium or to one or more systemic venous tributaries (51). Therapeutic 

options for repair depend on anatomical type and include creation of an intracardiac baffle to redirect 

anomalous pulmonary venous return to the left atrium or direct connection of the pulmonary vein to 

the left atrium (51). Surgical repair of PAPVD has been reported to be performed with excellent 

outcomes (52), however, there are concerns about postoperative pulmonary venous or superior vena 

cava (SVC) obstruction and late dysrhythmias (52, 53). Furthermore, scimitar syndrome is associated 

with poorer outcomes (mortality, reoperation) after surgical repair due to complex intracardiac 

anatomy and associated lung hypoplasia (52, 54, 55). 

 

1.3.1 Right partial anomalous venous drainage to superior vena cava 

 PAPVD to the SVC represents the largest group of patients with PAPVD requiring surgery 

during childhood. Two main techniques have been described to repair this defect including the patch 

(one or two) technique and the Warden procedure.  
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 The one-patch technique is associated with postoperative SVC stenosis. To reduce the risk of 

SVC obstruction, the two-patch technique has been utilized (52). Alsoufi et al. (52) have reported 

excellent outcomes with the two-patch technique with no incidence of SVC obstruction. The authors 

rarely use the Warden procedure in their practice due to the good results with the two-patch 

technique (52). However, in cases where the pulmonary venous entry is high into the SVC, placing a 

patch in the SVC can cause obstruction. Therefore, the Warden procedure can be used in this 

situation. However, despite the theoretical benefits of the Warden procedure, 7-20% of patients will 

still develop SVC obstruction (52, 56-59). Technical issues such as absence of a tension-free cavo-

atrial anastomosis, purse-stringing of the anastomosis or failure to resect right atrial trabeculae may 

be major determinants of SVC obstruction with the risk being higher in younger (<2yrs) and smaller 

patients (<7kg) (57).  

The reported incidence of long-term sinus node dysfunction with the use of the one-patch or 

two-patch technique has been inconsistent. Some authors have reported no sinus node dysfunction 

(52, 60), whereas, other authors have reported significant sinus node dysfunction after patch 

techniques (56, 61, 62). Stewart et al. reported a 55% incidence of low atrial or junctional rhythm 

after the two-patch technique that was significantly higher when compared to the one-patch 

technique or Warden procedure (56). In comparison, the Warden procedure has demonstrated 

reproducible results with no postoperative sinus node dysfunction requiring permanent pacemaker 

(57, 59, 63). The Warden procedure avoids incisions in the vicinity of the sinus node and the sinus 

nodal artery. Hence, the majority of patients have remained free of sinus-node dysfunction in the 

long-term (58, 63, 64).  

 

1.3.2 Right partial anomalous pulmonary venous drainage to right atrium 

 Surgical treatment consists of a single-patch closure of the defect that separates the left and 

right atrium posteriorly and baffling of the right pulmonary veins into the left atrium. This repair has 
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been associated with low surgical mortality and morbidity (52).  

 

1.3.3 Scimitar Syndrome 

 Children with scimitar syndrome have anomalous right sided pulmonary veins that drain to 

the inferior vena cava (IVC) and associated anomalies of hypoplasia of the right lung, dextroposition 

of the heart and anomalous systemic arterial supply from the aorta to a portion of the right lung. Coil 

occlusion of the systemic arterial supply is a simple form of treatment with minimal risk of 

pulmonary infarction and is often successful to improve cardiac failure and clinical symptoms. Coil 

occlusion of significant additional arterial supply may postpone surgical repair of the scimitar vein 

(65). 

Surgical repair consists of re-routing of the pulmonary venous return to the left atrium. The 

optimal surgical technique is still to be determined. The two main techniques described are the intra-

atrial baffle repair from within the inferior vena cava to the left atrium via an atrial septal defect or 

disconnection and direct implantation of the scimitar vein into the left atrium. Both techniques pose a 

surgical challenge in the smaller infant and may necessitate periods of circulatory arrest (65). Some 

surgeons have recommended performing a pneumonectomy to prevent pulmonary hypertension in 

failed repairs or nontransferable veins (66).  

An operative mortality of 8.3% in patients with isolated Scimitar syndrome was previously 

reported by the Royal Children’s Hospital (65). The multi-centre study published by Vida et al. (68 

Scimitar patients; 1997 to 2007, median age 1.4 years) reported an early mortality rate of 5.9% (54). 

Infants represent the most challenging group of patients among the Scimitar syndrome spectrum. 

Despite successful surgical repair, some patients continue to develop refractory pulmonary 

hypertension with high mortality (65). Similarly, Vida et al. (67) reported a decreased long-term 

survival amongst Scimitar patients with associated complex congenital defects and pulmonary 

hypertension.  
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A major complication after Scimitar repair is the occurrence of postoperative PVO that may 

occur in up to 50% of patients (52, 54, 55, 68). In a large multi-center analysis by Vida et al. (67) 

(485 patients), postoperative PVO was significantly more frequent (p=0.01) in younger patients 

(neonates/infants – 33%) compared to children (20%) and adolescents/adults (14%). The reported 

outcomes of each technique are inconsistent and the benefit of one technique over another is 

inconclusive (54, 67, 68). Vida et al. (68) reported (26 patients with Scimitar syndrome; 1997 to 

2007, median age 11 years) a lower incidence of complications (22% vs 62%) and patency rate with 

the baffle technique compared to the reimplantation technique. In contrast, Alsoufi et al. (52) 

reported a high rate of postoperative PVO with the intracardiac baffling technique especially in 

younger children. The authors (52) report the freedom from PVO at 15 years was 22% for Scimitar 

patients compared to 98.3% for non-Scimitar patients (p<0.0001). Several anatomic factors may 

have contributed to their poor results, including pre-existing pulmonary vein orifice stenosis, the 

acute angle of almost 180
o that the pulmonary venous blood must take as it traverses the baffle into 

the left atrium through the ASD, and potential shrinkage of the pericardial patch used as a baffle. 

Furthermore, Brown et al. (69) reported excellent results (9 patients with Scimitar syndrome; 1990 to 

2000, mean age 12 years) after direct implantation of the anomalous pulmonary vein to the left 

atrium. However, direct implantation into the atrium may also be associated with obstruction of the 

pulmonary veins at the anastomosis site (68). In contrast, other authors have not found any difference 

between either technique (65, 67). 

 

1.3.4 Left partial anomalous pulmonary venous drainage to innominate vein 

Left PAPVD draining to the right atrium via the innominate vein was rare (52). Technique of 

direct implantation of the isolated left PAPVD into the left atrial appendage can be accomplished 

with a low complication rate (70). Alsoufi et al. (52) described 22 patients who underwent left 

PAPVD repair (1982 and 2006 with a median age of 5.3 years), with no deaths or anastomotic 



Introduction 

 

 

10 

 

stenosis, after a mean follow-up of 9.1 years. Similarly, ElBardissi et al. (71) described 27 patients 

who underwent left PAPVD repair (1954 and 2006 with a median age of 33 years), with no deaths or 

anastomotic stenosis, after a mean follow-up of 10.6 years. 

 

1.4 Quality of life outcomes after anomalous pulmonary venous drainage repair 

Patient reported outcomes using quality of life (QOL) tools can inform clinicians of the 

morbidity and ‘suffering’ associated with a chronic disease and provide information on the patient’s 

experience (72). Amongst patients with CHD, QOL research been performed for over 40 years (73). 

However, many of these studies have had deficits in methodologies and inconsistent results (73, 74). 

As more children with CHD are now surviving to adulthood due to the improvement in surgery, 

diagnostics and management, the population of adults with CHD is growing rapidly, forming more 

than 60% of all the CHD population (75). It is important for clinicians to inform patients and parents 

about expectations of QOL into adulthood compared to the population. Apers at el. enrolled 4028 

adults with CHD in a large international study and found that overall QOL in adults with CHD was 

generally good (76). The authors found that patients from Australia had the highest QOL, however, 

the study had no comparison group (76). 

Survivors after TAPVD repair have been observed to have excellent long-term functional 

cardiac outcome, with up to 100% to be in New York Heart Association (NYHA) class I-II (13, 15). 

However, it is unclear what the QOL status is after survival into adulthood. Though numerous 

studies have addressed QOL outcomes in other types of CHD, no study has reported a validated 

QOL index for patients with anomalous pulmonary veins and compared QOL measures to an 

Australian population standard (73, 76). 

  



Introduction 

 

 

11 

 

1.5 Pulmonary artery sling  

Pulmonary artery (PA) sling is a rare congenital vascular anomaly whereby the left PA 

originates from the posterior aspect of the right PA. The left PA passes between the trachea and 

oesophagus towards the left lung, compressing the lower trachea. The anomaly is often referred to as 

a “ring-sling complex” due to high prevalence of complete tracheal rings (50-65%) (77, 78). External 

compression and intrinsic stenosis of the trachea leads to respiratory symptoms. The natural history 

of PA sling is poor with death due to airway obstruction (79). The first successful surgical repair of 

PA sling was performed in 1953 by Potts (80). Current surgical management often involves 

concomitant repair of tracheal stenosis and coexisting cardiac lesions. Various techniques of tracheal 

repair have been described (81). Reported outcomes in this rare group of patients are limited to case 

reports and small studies. 

  Backer et al. (82) reported excellent results with no operative mortality in 34 patients, 26 of 

them underwent tracheoplasty. Thus, low mortality can be achieved in patients with PA sling, who 

require tracheal surgery. The Royal Children’s Hospital reported their experience of 21 patients of 

which 12 patients required concomitant tracheal surgery (83). The authors found that children with 

PA sling who do not require tracheal surgery had excellent outcomes, however, mortality was 

determined by the need for tracheal surgery (83).  

Severe tracheal stenosis in the paediatric population is a rare but life-threatening condition 

that typically presents during infancy with respiratory distress. Prognosis with medical management 

is poor (84). These patients often require early surgical intervention. Surgical management has been, 

historically, associated with significant mortality and morbidity (85). The first successful 

reconstruction of the trachea was reported in 1982 (86, 87). Surgical techniques to correct tracheal 

stenosis have evolved over the past 30 years (81, 88). However, in the recent decade, slide 

tracheoplasty has emerged as the surgical option of choice at a number of centres (82, 89-93). The 

potential benefits of this technique include immediate structural stability, avoids, devascularised 
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graft material long-term durability of vascularized tissue and reduced ventilation time (89, 94-96), 

thus, reducing ventilation time and excessive granulation formation (94).  

Small series from individual centres and analysis of multiple centres have reported operative 

mortalities ranging from 10% to 30% (90, 93, 97-99). Recently, Manning et al. (91) reported from 

their high volume centre an operative mortality of 2.5% (2/80) after slide tracheoplasty in 80 patients 

operated on between 2001 and 2009. They report excellent results since 2001 after the establishment 

of a multidisciplinary tracheal team and introduction of slide tracheoplasty (90, 100). Elliot et al. 

(100) reported a reduction of mortality between 1995-2000, 2001-2005 and 2006-2007 from 43% 

(3/7), 11% (2/18) to 0% (0/25), respectively. 

   Slide tracheoplasty has been considered to achieve fewer postoperative complications, in 

particular, the need to reintervene for airway stenosis (91, 93). Backer et al. (81) reported the 

difficulties associated with patch tracheoplasty, in particular, patch tracheomalacia requiring 

prolonged postoperative ventilation. The requirement for lengthy postoperative mechanical 

ventilation promotes trauma to the trachea by an indwelling endotracheal tube and eventually, the 

development of excessive granulation tissue. This has been significantly associated with the need for 

postoperative airway reintervention (91). Backer et al. (81) observed that prognosis after 

development of these complications was poor with an 18% long-term mortality. 

 

1.6 Thesis outline 

In recent years, emerging data from single and multi-institutional studies along with 

longitudinal studies have given us a better understanding of congenital abnormalities of the 

pulmonary circulation. Surgery plays a key role in the management of these patients. This thesis 

provides novel information on surgical outcomes, prognosis and long-term functional status of these 

patients.  
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Chapter Objectives 

 

Chapter 2: Evaluate the longitudinal outcomes of surgery for isolated TAPVD in a large single 

centre programme. 

Chapter 3:  Evaluate and describe outcomes of surgery in patients with the rare variant of mixed 

TAPVD. 

Chapter 4:  Evaluate early and late outcomes of TAPVD repair in neonates with a single ventricle 

Chapter 5: Evaluate long-term outcomes of the Fontan operation in patients with TAPVD, as part 

of a bi-national study. 

Chapter 6:  Evaluate the longitudinal outcomes of surgery for isolated PAPVD in a single centre 

programme 

Chapter 7: Evaluate the outcomes of the Warden procedure for patients with PAPVD entering 

into the superior vena cava  

Chapter 8:  Report on long-term quality of life assessments of adult survivors after anomalous 

pulmonary venous drainage surgery  

Chapter 9: Describe the long-term outcomes of surgery for PA sling as part of the establishment 

of a multi-centre collaboration 
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Chapter 2: Long-term outcomes of surgery for isolated total anomalous pulmonary venous 

drainage  

 

2.1 INTRODUCTION 

Isolated TAPVD is a rare abnormality of the pulmonary circulation. It represents a failure of 

normal embryological development where the pulmonary veins fail to connect to the left atrium. 

There is a spectrum of severity ranging from neonates presenting in extremis to the more stable 

infants who present with heart failure. Without surgery, few patients survive beyond childhood and 

die due to congestive heart failure. 

The Royal Children’s Hospital in Melbourne, Australia, is a referral centre for neonates and 

infants with this condition within Australia. As such, we have amongst the largest experience with 

surgical repair of this condition in Australia and the world. This study seeks to review the temporal 

trends and long-term outcomes after surgery for this condition. Furthermore, it will allow us to 

identify high risk patient subgroups in order to better risk strategy and target future intervention. 

This study revealed that isolated TAPVD repair in infants can be performed without mortality 

in this current era. However, surgery in neonates was associated with a high mortality rate that 

remained unchanged over the 41-year study period. This high mortality was likely due to the critical 

state in which these patients present at surgery. Future research is required to determine with more 

targeted medical therapy that would aim to mitigate the risk of surgery. It was reassuring that after 1 

year from surgery, patients had an excellent long-term survival and functional outcome. 
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Long-Term Outcomes of Total Anomalous
Pulmonary Venous Drainage Repair in
Neonates and Infants
Matthew S. Yong, MBBS, Nima Yaftian, MD, Sophie Griffiths, MD, Johann Brink, MD,
Terry Robertson, MBBS, Luigi D’Orsogna, MBBS, Robert G. Weintraub, MBBS,
Yves d’Udekem, MD, PhD, Christian P. Brizard, MD, and Igor E. Konstantinov, MD, PhD
Departments of Cardiac Surgery and Cardiology, Royal Children’s Hospital, Melbourne, Victoria; Department of Pediatrics, University
of Melbourne, Melbourne, Victoria; Murdoch Children’s Research Institute, Melbourne, Victoria; Department of Cardiology, Women’s
and Children’s Hospital, Adelaide, South Australia; and Department of Cardiology, Princess Margaret Hospital, Perth, Western
Australia, Australia

Background. Outcomes of operations for total anoma-
lous pulmonary venous drainage (TAPVD) have
improved. However, operations in the neonatal period
and the development of postoperative pulmonary venous
obstruction are associated with a high mortality rate.

Methods. A retrospective review was conducted for all
neonates and infants (n [ 214) who underwent opera-
tions for isolated TAPVD (1973 to 2014).

Results. Median age was 18 days (1 day to 1 year).
There were 17 (7.9%) early deaths. Risk factors for early
death were prolonged cardiopulmonary bypass time (p [
0.005) and neonatal age at the operation (p [ 0.048). Early
mortality was 2.5% for infants (n [ 81) and 11% for ne-
onates (n [ 133; p [ 0.021) during the entire study
period. Hospital deaths for neonates remained un-
changed during the four eras of 1973 to 1988, 1989 to 1998,
1999 to 2008, and 2009 to 2014. Survival at 10 and 20 years
was 88% ± 2.2% (95% confidence interval, 82% to 91%).

Reoperation for postoperative pulmonary venous
obstruction was required in 22 patients (10%). Risk fac-
tors for reoperation were prolonged cardiopulmonary
bypass time (p [ 0.015), lower operative weight (p [
0.003), and an episode of postoperative pulmonary hy-
pertensive crisis (p [ 0.005). Freedom from reoperation at
20 years was 86% ± 3.2% (95% confidence interval, 78% to
91%). All survivors were asymptomatic at a mean of 13 ±
9 years (range, 1 month to 42 years) after the operation.
Conclusions. Although isolated TAPVD repair in in-

fants can be performed without death, the operation is
associated with a high mortality rate in neonates that
remained unchanged during the long study period. Sur-
vival beyond 1 year after the operation is associated with
excellent long-term outcomes.

(Ann Thorac Surg 2018;105:1232–9)
! 2018 by The Society of Thoracic Surgeons

Total anomalous pulmonary venous drainage (TAPVD)
comprises 1.5% of all congenital heart defects [1]. The

management of this condition has improved in recent de-
cades, and operative death for isolated TAPVD repair is
low [2]. However, two key issues remain in the manage-
ment of TAPVD. Firstly, the mortality rate continues to be
higher in neonates [3]. These patients often present in
extremis and represent the most severe end of the disease
spectrum. Secondly, postoperative pulmonary venous
obstruction (PVO) develops in approximately 10% to 20%
and is associated with an extremely poor prognosis [4].
Understanding and improving management of patients
within these two areas is of current interest. Hence, we
retrospectively reviewed all patients who underwent

repair of isolated TAPVD at a single institution to deter-
mine outcomes and risk factors.

Patients and Methods

Patients

TheRoyal Children’sHospital Institutional ResearchEthics
Board approved the study. All patients who underwent
operations for TAPVD at the Royal Children’s Hospital
within thefirst year of life from1973 to 2014were identified.
The analysis excluded international patients. TAPVD pa-
tients with cardiac anomalies other than an atrial septal
defect, patent ductus arteriosus, or ventricular septal defect
were considered “complex” and were excluded. Data were
obtained by review of medical records from the initial
admission until the last follow-up. The patients wereAccepted for publication Oct 20, 2017.

Presented at the Seventh World Congress of Pediatric Cardiology and
Cardiac Surgery, Barcelona, Spain, July 21–26, 2017.
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monitored with echocardiogram at intervals of 3 to 6
months during thefirst 2 years after the operation, followed
by an annual assessment. Telephone interviews were con-
ducted to obtain up-to-date follow-up for each patient.

Definitions
Neonates were defined as children who underwent repair
within the first month of life, and infants were defined as
thosewho underwent repair after the firstmonth of life but
within the first year of life. Pulmonary arterial pressure
monitoring was performed in all patients postoperatively
by a catheter placed into the pulmonary artery through the
right ventricular wall intraoperatively. Pulmonary hyper-
tensive crisis was defined as at least one event in which
pulmonary arterial systolic pressure equaled or exceeded
systemic levels, followed by a rapid fall in systemic arterial
pressure. Urgency of the operation was retrospectively
determined and categorized as follows: an emergent
operation was defined as a life-saving operation in a he-
modynamically unstable patientwithin thefirst 24 hours of
diagnosis, an urgent operationwas defined as an operation
performed 24 to 48 hours from the diagnosis, and all other
patients were classified as nonurgent. Prematurity was
defined as birth at less than 37 weeks of gestation.

Hospital death was defined as death occurring within
30 days of the operation or before hospital discharge. All
other deaths were considered late.

Preoperative PVO was defined by evidence of anatom-
ical obstruction on preoperative imaging with symptoms
of cardiac failure. Postoperative PVO was defined as
obstruction of the pulmonary veins as identified by echo-
cardiogram, computed tomography angiogram, or mag-
netic resonance imaging developing at any time after the
operation. Reoperation was performed in symptomatic
(dyspnea, fatigue) patients with documented PVO. PVO
was further subdivided into postoperative PVO that
developed at the site of the anastomosis (anastomotic ste-
nosis) or distant from the site of anastomosis. Patientswere
considered lost to follow-up if no information was avail-
able after their hospital discharge.

Data Analysis
Data were analyzed with Stata 12 software (StataCorp,
College Station, TX). Continuous data are expressed as
mean ! SD or as median with the interquartile range
(IQR), as appropriate. Inferential comparisons were made
using the Pearson c2 test, Mann-Whitney test, and the
two-sample mean comparison t test, where appropriate.

Kaplan-Meier actuarial survival curves were used to
analyze and plot time-related end points. The log-rank
test was used to determine the significance between
survival curves. Risk factors for binary outcomes (hospital
death) were identified by logistic regression analysis. Cox
proportional hazards analysis was used to identify haz-
ards for time-related outcomes. Variables included in the
univariate analysis were sex, age, neonatal age at the
operation, preoperative PVO, supracardiac type, cardiac
type, infracardiac type, mixed type, prematurity, syn-
drome diagnosis, preoperative intubation, operative
weight, vertical vein ligation, sutureless repair technique,

cardiopulmonary bypass (CPB) time, cross-clamp time,
postoperative pulmonary hypertensive episode, and sur-
gical era. A p value of 0.05 was used for variable inclusion
and exclusion on multivariable analysis. Backward step-
wise methods were used such that variables were
removed until all p values in the multivariable model
were significant. All tests were two-tailed, and p values of
less than 0.05 were considered significant.

Results

Detailed preoperative patient characteristics are listed in
Table 1. Operations were performed with standard CPB,
and circulatory arrest was used if required. The operation
was nonurgent in 84 of the 214 (39%), urgent in 89 (42%),
and emergent in 41 (19%). Themean CPB time was 80! 41
minutes (range, 31 to 359 minutes), and the mean cross-
clamp time was 44 ! 23 minutes (range, 14 to 214 mi-
nutes). Circulatory arrest was used in 110 patients (51%),
with a mean time of 31 ! 12 minutes (range, 1 to 69

Table 1. Patient Preoperative Characteristics

Variablea
Value

(N ¼ 214)

Demographics
Sex

Male 137 (64%)
Female 77 (36%)

Age at operation, d 18 (3–65)
Weight at operation, kg 3.8 ! 1.1 (1.6–8.5)

<2.0 kg 3 (1.4)
2.0–2.5 kg 20 (9)
>2.5 kg 191 (89)
Height at operation, cm 53.3 ! 5.5 (42–74)
Body surface area, m2 0.22 ! 0.043 (0.13–0.4)

Diagnosis
Prematurity 19 (8.9)
Anatomical type

Supracardiac 91 (43)
Cardiac 45 (21)
Infracardiac 60 (28)
Mixed 18 (8.4)

Preoperative obstruction 112 (52)
Atrial septal defect 214 (100)
Patent ductus arteriosus 109 (51)
Ventricular septal defect 13 (6.1)

Syndromal diagnosis 17 (757)
Interventions
Preoperative intubation 121 (57)
Balloon atrial septostomy 10 (4.7)
Preoperative ECMO 4 (1.9)
Previous operation 4 (1.9)

Patent ductus arteriosus ligation 1 (0.47)
Noncardiac 3 (1.4)

a Continuous data are reported as mean ! SD (range) or median
(interquartile range) and categoric data as number (%).

ECMO ¼ extracorporeal membrane oxygenation.
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minutes). The mean lowest temperature during CPB was
23! " 6.1!C (range, 12! to 36!C). Primary sutureless repair
was used in 8 of 214 patients (3.7%).

The median intubation time was 62 hours (IQR, 36 to
120 hours). The median intensive care unit length of stay
was 88 hours (IQR, 50 to 152 hours), and the median
hospital length of stay was 12 days (IQR 8 to 18 days). Ten
patients required postoperative extracorporal membrane
oxygenation, of which 6 patients (60%) died.

Hospital Death
Hospital mortality was 7.9% (17 of 214). The mortality was
11% (15 of 133) for neonates and 2.5% (2 of 81, occurring in
1978 and 1997) for all other patients. Causes of death of the
17 patients who died were heart failure or severe pulmo-
nary hypertension, or both, in 13, pulmonary hypertensive
crisis in 1, and bacterial sepsis in 1. Two other patients with
respiratory failure could not be weaned from mechanical
ventilation, and therapywas ceaseduponparental request.
Table 2 describes the breakdownof results according to the
four consecutive eras of 1973 to 1988, 1989 to 1998, 1999 to
2008, and 2009 to 2014. Outcomes according to anatomical
type are reported in Table 3.

Multivariable logistic regression analysis (Table 4)
identified the following as independent risk factors for
hospital death: neonatal age at the operation (odds ratio,
4.6 " 3.6; 95% confidence interval [CI], 1.01 to 21;
p ¼ 0.048) and increasing CPB time (odds ratio, 1.01
" 0.005 for each minute; 95% CI, 1.004 to 1.02l; p ¼ 0.005).
A CPB cutoff time of 90 minutes was used to identify a
threshold where the risk of hospital death increases

significantly. This was included in the multivariate model
and was significant (odds ratio, 4.3 " 2.3; 95% CI, 1.5 to 12;
p ¼ 0.007) along with neonatal age at operation (p ¼
0.035). The area under the receiver operating character-
istic curve was 0.67 " 0.06 (95% CI, 0.55 to 0.8) for CPB
exceeding 90 minutes as a predictor of death.

Follow-Up
Late deaths occurred in 10 of 97 patients (5.1%) at a me-
dian of 5 months (IQR, 2 to 10 months) after the TAPVD
repair. These included 8 deaths before 1 year and 2 deaths
at 15.5 months and 24 years. Two of the 10 patients died of
respiratory failure, 5 died of heart failure and refractory
pulmonary hypertension, and 1 patient of a presumed
arrhythmia, 1 of pulmonary hypertensive crisis, and 1 of a
brain tumor. The overall mortality was 12.6% (27 of 214),
comprising 17% in neonates (23 of 133) and 5% in infants
(4 of 81). Kaplan-Meier analysis demonstrated actuarial
survival of 88% " 2.2% (95% CI, 82% to 91%) at 10 and 20
years (Fig 1A). A comparison of survival for neonates and
infants is demonstrated in Figure 2A.
Follow-up was available for 96% (180 of 187) of the oper-

ative survivors at an average of 13" 9 years (range, 1 month
to 42 years) after their operation. All survivors were in New
York Heart Association Functional Classification I or II.

Reoperation for PVO
Reoperations for postoperative PVOwere required in 22 of
the 214 patients (10%). The indications for reoperation
included anastomotic stenosis in 10 patients, PVO distant
from the site of anastomosis in 11, or both in 1. The

Table 2. Outcomes According to Era

Outcomea
1973–1988
(n ¼ 49)

1989–1998
(n ¼ 61)

1999–2008
(n ¼ 70)

2009–2014
(n ¼ 34)

Operative death
Overall 6/49 (12) 5/61 (8.2) 4/70 (5.7) 2/34 (6)

Neonatal 5/38 (8.6) 4/40 (10) 4/34 (11.8) 2/21 (9.5)
Infant 1/11 (9.1) 1/21 (4.8) 0/36 (0) 0/13 (0)

Emergent operation 11/49 (22) 11/61 (18) 16/70 (23) 3/34 (9)
Neonates 38/49 (78) 40/61 (66) 34/70 (49) 21/34 (62)
Age, median (IQR), d 9 (3–29) 10 (2–52) 35 (5–88) 27 (12–77)
Weight, mean (range), kg 3.5 (2.1–6) 3.6 (1.6–6.3) 4.1 (2–8.5) 3.8 (1.7–7)

a Data are presented as number (%) and continuous data as indicated.

IQR ¼ interquartile range.

Table 3. Outcomes According to Anatomical Subgroup

Outcomea
Supracardiac

(n ¼ 91)
Cardiac
(n ¼ 45)

Infracardiac
(n ¼ 60)

Mixed
(n ¼ 18)

Preoperative PVO 40 (44) 10 (22) 57 (95) 5 (28)
Operative death 11 (12) 0 (0) 5 (8.3) 1 (5.6)
Operative death in PVO patients 11 (28) 0 (0) 5 (8.8) 0 (0)
Late death 1 (1.3) 3 (6.7) 5 (9.1) 1 (5.9)
Reoperation 9 (10) 4 (8.9) 7 (12) 2 (11)

a Data are presented as number (%) or mean (range).

PVO ¼ pulmonary venous obstruction.
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sutureless techniquewas used for 7 patients at reoperation.
The freedom from reoperation for PVO (Fig 1B) was 90%!
2.2% (95%CI, 85% to 93%) at 10 years and 86%! 3.2% (95%
CI, 78% to 91%) at 20 years. The comparisons of reoperation
after infant and neonatal operations are demonstrated in
Figure 2B. The multivariable Cox proportional hazards
analysis (Table 4) identified the following factors to be
predictive of reoperation for PVO: longer CPB duration
(hazard ratio, 1.01! 0.004 for each minute; 95% CI, 1.002 to
1.016; p ¼ 0.015), lower operative weight (hazard ratio, 0.43
! 0.12 for each kg; 95% CI, 0.25 to 0.75; p ¼ 0.003), and an
episode of postoperative pulmonary hypertensive crisis
(hazard ratio, 4 ! 2; 95% CI, 1.5 to 11; p ¼ 0.005).

The median time to reoperation for anastomotic stenosis
(n¼ 11; including the patient with concomitant distal PVO)
was 8.4months (IQR, 1.7 to 10months). One patient died of
pulmonary vein stenosis that developed after the operation
not amenable to surgical intervention. The median time to
reoperation for PVO distant from the site of anastomosis

(n¼ 12; including thepatientwith concomitant anastomotic
stenosis) was 2.8 months (IQR, 1.3 to 5.3 months). All 12
patients had focal thickening of the diseased pulmonary
veins. At least 2 veinswere obstructed in 6 patients. Six of 12
patients (50%) died of refractory pulmonary hypertension
and heart failure after reoperation.
The survival after reoperation was reduced (p ¼ 0.034)

in patients who had PVO distant from the site of anas-
tomosis compared with those with anastomotic stenosis
(Fig 3). Although the numbers for analysis were small, no
other significant risk factors for death after reoperation
were identified on univariate analysis. The 15 survivors
after reoperation were doing well, with no functional
limitations and no evidence of pulmonary hypertension.

Comment

The outcomes of TAPVD operations have improved
during recent decades. However, the management of

Table 4. Univariate and Multivariate Analysis for Early Death and Reoperation

Variable
Univariate
p Value

Multivariate

Odds/Hazard Ratio 95% CI p Value

Hospital death
Age 0.034
Neonate 0.035 4.6 1.01–21 0.048
Preoperative obstruction 0.007
Weight 0.008
Operation during later era 0.208
Cardiopulmonary bypass time 0.003 1.01 1.004–1.02 0.005

Reoperation
Cross-clamp time 0.026
Cardiopulmonary bypass time 0.019 1.009 1.002–1.02 0.015
Prematurity 0.041
Weight 0.009 0.43 0.25–0.75 0.003
Pulmonary hypertensive crisis 0.012 4.03 1.5–10.7 0.005

CI ¼ confidence interval.

Fig 1. Kaplan-Meier curves for all total anomalous pulmonary venous drainage patients showing (A) survival and (B) freedom from reoperation.
(CI ¼ confidence interval.)
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neonates requiring operative repair and postoperative
PVO remains a challenge. To identify predictors of poor
outcome and describe long-term prognosis, we have re-
ported outcomes of a large single cohort of TAPVD pa-
tients after surgical repair. Outcomes of some patients in
this study have been previously reported [3, 5, 6].

We observed a significant trend during the four eras,
with an improvement in early deaths after TAPVD oper-
ations. We report an operative mortality of 6.9% in the
current era. Likewise, this has been observed in the liter-
ature, with early mortality approaching 5% [2, 7]. The
current outcomes with surgical repair of TAPVD in infants
are excellent. The operative mortality for this subgroup
was 2%, with no deaths occurring since 1997. Our current
study highlights that a neonatal operation is an indepen-
dent predictor of early death. The neonatal group repre-
sents themost severe end of the TAPVDdisease spectrum,
andmany patients present in extremis requiring emergent
operations [2, 3]. Despite an era-related improvement in
preoperative and postoperative care of pediatric cardiac

surgery patients, we continue to observe a lack of
improvement in the results for neonatal TAPVD [3]. This
may be attributed to a sicker group of patients surviving to
the operation in the most recent era, with more emergent
operations and preoperative acidosis [3].
Others have also demonstrated that younger/neonatal

age at repair is a risk factor for death [7–9]. Shi and col-
leagues [9], in a cohort of 768 patients operatedon from2005
to 2014, reported that younger age at the timeof repairwas a
risk factor for death. Karamlou and colleagues [2], in a
cohort of 377 patients operated on from 1946 to 2005, sug-
gested that younger agewas a surrogate formore emergent
repair in patientswith severely obstructedTAPVD. St Louis
and colleagues [7] identified low weight at operation, an
operation during the neonatal period, and PVO to be risk
factors for death. Notwithstanding an era improvement
throughout their study, the neonatal subgroup remained at
a higher risk of death in the current era [7]. St Louis and
colleagues [7] reported an 11.7% mortality rate in neonates
during the period from2000 to 2007, similar to that reported
by our group [3]. We did not find anatomical subtypes or
preoperative PVO to be risk factors as other centers have [2,
9]. In particular, the mixed TAPVD subgroup has been
associated with a high mortality rate [10, 11]. Our in-
stitution’s recent publication on the mixed TAPVD sub-
groupdemonstrated that good results (5.6%earlymortality)
can be achieved after repair in patients with biventricular
physiology [6]. Operations during the neonatal period may
represent more severe preoperative PVO; hence, both
variables likely interacted during the analysis.
The lack of improvement in recent outcomes among

neonates suggests that a limit has been reached in surgical
outcomeswith severely obstructed TAPVD.Wepreviously
described a hemodynamic indicator to help risk stratify
neonates postoperatively and predict death [5]. Further
research should be directed toward improving perioper-
ative management and targeted medical therapy toward
high-risk neonates to mitigate adverse outcomes.
Late mortality in our study was low at 5%. We observed

only 2 deaths beyond 1 year after the operation, one of

Fig 3. Survival after reoperation is compared for postoperative
anastomotic stenosis and distal pulmonary venous obstruction (PVO).
(CI ¼ confidence interval.)

Fig 2. Kaplan-Meier curves showing comparisons of (A) surival and (B) freedom from reoperation of the neonatal and infant age groups. (CI ¼
confidence interval.)
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which, a brain tumor, was noncardiac in nature. The major
cause of late death is the occurrence of postoperative PVO,
severe pulmonary hypertension, and subsequent heart
failure. Long-term survival after TAPVD operations is
associated with excellent outcomes in neonatal and infant
groups. One patient was assessed 42 years after the oper-
ation and was doing well. Survivors are asymptomatic and
can be considered to have functionally normal hearts. As
such, many patients were discharged from cardiology care
and transitioned to their local general practitioners. Horer
and colleagues [12], reported similar excellent long-term
results during an average follow-up of 15 years, with a 20-
year survival of 87% after isolated TAPVD operations.

The incidence of reoperation for postoperative PVO was
10%. This is consistent with the reported rates in the liter-
ature of 10% to 20% [2, 4, 9, 13]. The precise mechanisms
remain undefined. Most patients present for reoperation
within 1 year of TAPVD repair. The occurrence of anasto-
motic stenosis has a more benign course, with resolution of
the disease process after reoperation. The 1 death in this
group occurred in a patient after the development of PVO
not amenable to surgical intervention.

Shi and colleagues [9] have likewise observed this
sequence of events, whereby, postoperative PVO began at
the anastomosis site and then extended to involve the
ostium or wall of the individual pulmonary veins. A
possible mechanism is that anastomotic obstruction may
precipitate stenosis of upstream pulmonary veins [14]. As
has been reported, distal PVO tends to present earlier (<6
months) after the operation [4]. Early intervention is
indicated before secondary irreversible changes occur [4].
Despite operative intervention, the disease process is
often recurrent. When the disease process reoccurs
distally, it may not be amenable to surgical intervention
and was associated with a high mortality rate in our
study. We did not identify any preoperative risk factors
for survival after reoperation; however, the numbers in
this subgroup were small. The number of pulmonary
veins obstructed or the type of TAPVD did not influence
the outcome.

Death after reoperation was highest in the early period,
and survivors do well in the long-term. Other authors
have likewise reported a reduction in survival with this
disease process [4, 8]. Seale and colleagues [8] reported a
3-year survival of 59% for patients with postoperative
PVO. Attention has therefore been directed at deter-
mining predictors of this disease. In our study, multi-
variate analysis found lower operative weights, longer
CPB time, and a postoperative episode of pulmonary
hypertensive crisis were predictive of reoperation. Unlike
some other authors who found certain anatomical fea-
tures of TAPVD (mixed, hypoplastic pulmonary veins,
absence of a pulmonary confluence) were associated with
reoperation, we did not find these factors to be a predictor
[2, 8, 9]. This is likely a reflection of the small numbers
of our study. Bando and colleagues [15] reported
postoperative pulmonary hypertensive crisis was a risk
factor. This may reflect an intrinsic abnormality of the
pulmonary vasculature that may be an early indication of
undetected microobstruction.

The finding of lower weights and younger age at
operation as risk factors for reoperation has been
described [3, 12, 16]. Low operative weight and prolonged
CPB time may be surrogates for more difficult cases with
more venous handling. The venous tissues are fragile and
subject to risk of injury during TAPVD repair. Husain and
colleagues [17] similarly found longer CPB and cross-
clamp times were associated with recurrent PVO
requiring reoperation. Likewise, a subgroup analysis of
neonates by Shi and colleagues [9] found that lower
operative weight, preoperative PVO, and longer CPB time
were risk factors for postoperative PVO. At our institu-
tion, all patients with postoperative PVO are discussed at
a multidisciplinary meeting. Patients who have anasto-
motic and focal stenosis of one or more of the pulmonary
veins are offered an operation. However, those with
extensive, diffuse obliteration of all the pulmonary veins
with extension in the lung parenchyma are deemed
inoperable. Unfortunately, we could not find clinical
predictors for risk stratification to identify which
patients will develop recurrent diffuse distal PVO after
reoperation.
Although our study contributes to the current knowl-

edge of predictors for reoperation, there are no current
modifiable risk factors in the literature. As such, tech-
niques have been developed to reduce the handling of
pulmonary vein tissue with the expectation that this will
reduce the incidence of postoperative PVO. At the Royal
Children’s Hospital, we have used the sutureless tech-
nique for primary repair and apply a “no touch” technique
in minimizing dissection and incision of the pulmonary
vein. The sutureless technique was initially described for
the management of postoperative PVO [18] and has since
been applied for primary repair of TAPVD [19, 20]. Our
experience with the sutureless repair is limited to 8 pa-
tients, with 1 patient requiring reoperation. Nevertheless,
the results of others are encouraging, and sutureless repair
may have a role in reducing the incidence of postoperative
PVO [19]. Lo Rito and colleagues [21] reported that a pri-
mary sutureless approach reduces the incidence and
severity of postoperative PVO, especially in the infra-
cardiac andmixed cohort. Shi and colleagues [9] reported a
lower restenosis rate with the sutureless technique than
with conventional repair; however, benefit was not found
when applied to the neonatal subgroup.

Limitations
This study was limited by its retrospective design.
Cardiac imaging and perioperative management tech-
niques may have varied during the long study period.
Interstate referral patterns are likely to have changed
during the study period, resulting in selection bias.

Conclusions
Despite overall era-related improvement in outcomes
associated with TAPVD repair, neonates remain the
highest risk group with increased operative death. Sur-
vival beyond 1 year after the operation offers excellent
long-term outcome, and patients can expect to be
asymptomatic.
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INVITED COMMENTARY

Total anomalous pulmonary venous drainage is one of
the few congenital cardiac lesions that remains a surgical
emergency when it presents with obstructed pulmonary
venous drainage. Yong and colleagues [1], from the Royal
Children’s Hospital in Melbourne, present their 41-year
experience with 214 patients operated on in the first year
of life. Importantly, they document that infants operated
on a beyond 1 month of age can now be repaired with no
deaths and excellent long-term results. Unfortunately,
despite the advances is surgical care during the past 40
years, the mortality rate for neonates undergoing repair
of this lesion has remained largely unchanged at 11%
throughout the eras of their study. This rate is similar to
other studies cited in the literature.

A multivariate logistic regression analysis of deaths
demonstrated neonatal age and prolonged cardiopulmo-
nary bypass as the only indicators of increased deaths. It
would make intuitive sense that the presence of

preoperative pulmonary venous obstruction (PVO) or the
anatomic subtype of the lesion (supracardiac, cardiac,
infracardiac, or mixed), or both, would also be significant,
but their analysis did not demonstrate this. Rather one
must infer the importance of these factors, because PVO
must have affected the timing of intervention on these
neonates given the incidence of PVO and the higher
mortality rate associated with it in each subtype (except
the mixed group), as demonstrated in Table 3 [1].
It is unfortunate that despite the size and length of the

patient cohort, the retrospective nature of the study does
not yield any useful information regarding the risk of
death based on the surgical procedure, the timing of
intervention after presentation, or the use of specific
medical or surgical modalities to try and improve the
outcome of the operation. If PVO were in fact an indicator
of death, as has been demonstrated in other studies [2, 3],
then perhaps intervening on more patients emergently

! 2018 by The Society of Thoracic Surgeons 0003-4975/$36.00
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Chapter 3: Outcomes of surgery for mixed total anomalous pulmonary venous drainage 

 

3.1 INTRODUCTION 

In Chapter 2, the entire isolated TAPVD cohort was analysed and surgery during the neonatal 

period was found to be a strong predictor of early mortality. Whilst the study did not identify specific 

anatomical subgroups to be a risk factor for mortality, other studies have reported these to be 

important predictors (29, 101). In particular, the rare subgroup of mixed TAPVD is associated with 

higher rates of mortality and need for reoperation for postoperative PVO. There are only a few 

studies focused on understanding outcomes associated with mixed TAPVD repair. 

In this study, we reviewed our experience with surgery for mixed TAPVD with particular 

focus on understanding the anatomical variations. Our study found that a low early mortality (5%) 

and low reoperation rate could be achieved in this population, particularly, in patients with 

biventricular physiology. The long-term survival in the population was also excellent with no late 

deaths in the biventricular group. 
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Outcomes of Surgery for Mixed Total
Anomalous Pulmonary Venous Drainage
in Children
Matthew S. Yong, MBBS,*,†,‡ Nima Yaftian, BBioMedSci,*,† Robert G. Weintraub, MBBS,*
Christian P. Brizard, MD,*,†,‡ Yves d’Udekem, MD, PhD,*,†,‡ and
Igor E. Konstantinov, MD, PhD, FRACS*,†,‡

Total anomalous pulmonary venous drainage (TAPVD) is an uncommon cardiac
defect in children. The mixed subset accounts for 5%-10% of the TAPVD and
is variable in its anatomy. The outcomes associated with this subset of pa-
tients are rarely reported. A retrospective review of all patients with mixed
TAPVD undergoing repair at a single institution (1984-2014) was conducted.
A descriptive analysis was performed. Twenty-four patients underwent repair
for mixed TAPVD (6 univentricular physiology, 18 biventricular physiology).
The mixed TAPVD anatomy included 8 patients in group I (2 + 2 veins), 11
patients in group II (3 + 1 veins), and 5 patients in group III (atypical). Preop-
erative pulmonary venous obstruction occurred in 8 patients (33%). The median
age at repair was 2.2 months (range 2 days to 3 years) and median weight
was 4.2 kg (range 1.9 to 12.5 kg). Operative mortality was 13% (3 of 24), 33.3%
(2 of 6) for patients with univentricular physiology, and 5.6% (1 of 18) for pa-
tients with biventricular physiology. There have been no operative deaths in
the biventricular group since 1997 (n = 11). Survival at 30-days was 83% ± 15%
(95% confidence interval: 27%-97%) and 94% ± 5% (95% confidence in-
terval: 67%-99%) for the univentricular and biventricular groups, respectively.
Reoperation for recurrent pulmonary venous obstruction was required in 2
patients (8.3%) where the sutureless technique was used. The average follow-
up after surgery was 9.3 ± 6.4 years (5 months to 21 years), and all surviving
patients were asymptomatic. Mixed TAPVD can be repaired with good results
in children, particularly in those undergoing biventricular repair.

Semin Thoracic Surg 29:338–344 Crown Copyright © 2017 Published by
Elsevier Inc. All rights reserved.

Keywords: surgery, congenital heart disease, pulmonary veins,
univentricular physiology

INTRODUCTION
Total anomalous pulmonary venous drainage (TAPVD) com-

prises of 1.5% of all congenital heart defects. Only 5%-10% of
patients with TAPVD have a mixed variant.1 Operative mortality
for isolated TAPVD repair is 5% and has improved in the latest
era.2 However, mortality remains higher in sick neonates who rep-
resent the most severe end of the disease spectrum.3 The mixed
TAPVD subset is associated with higher hospital mortality and
reoperation rate.1,4,5 Information on the outcomes after mixed TAPVD
repair is limited. Hence, we conducted a retrospective review of
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Three-dimensional reconstruction of the anomalous
pulmonary veins.

Central Message

Mixed TAPVD can be repaired with good results
in children, particularly in those undergoing
biventricular repair.

Perspective Statement

Total anomalous pulmonary venous drainage
(TAPVD) is an uncommon cardiac defect in chil-
dren. The mixed subset accounts for 5%-10%
of the TAPVD and is variable in its anatomy. Pa-
tients with mixed TAPVD are reported in
subgroup analyses of larger TAPVD studies and
those with univentricular repair are usually ex-
cluded. Hence, reported outcomes associated with
repair are limited.
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this subgroup that underwent repair at a single institution over the
last 30 years.

METHODS

Patients
The Royal Children’s Hospital research ethics board approved

this study. Patients who underwent surgery for mixed TAPVD from
1984 to 2014 were identified. Data were obtained by review of
medical records from admission until the last follow-up. Some of
the patients in this study have been previously reported.3,6

Definitions
Preoperative pulmonary venous obstruction (PVO) was diag-

nosed by a combination of clinical and echocardiographic findings.
Hospital mortality was defined as mortality within 30 days of
surgery or before discharge. All other deaths were considered late.
Reoperation was defined as surgery for postoperative PVO that has
either occurred at the site of anastomosis or distally. Mixed TAPVD
was defined as an anomalous pulmonary venous connection either
with more than 1 emissary vein (a vertical vein connecting the pul-
monary confluence to the systemic venous system) or without a
single venous confluence. The anatomical subtypes of mixed TAPVD
were classified as described by Chowdhury and colleagues.7 Group
I patients were those with the 2 pulmonary veins from each lung
draining to 2 different sites. Group II patients were those with 3
pulmonary veins draining to 1 site and 1 pulmonary vein drain-
ing to a second site. Group III comprised the remaining patients.

Data Analysis
All data were analyzed with Stata Statistical Software version 12

(StataCorp, College Station, TX). Descriptive statistics for contin-
uous variables were expressed as mean ± standard deviation (range).
Median with interquartile range (IQR) was used for skewed con-
tinuous data. Categorical and binary data were summarized as
frequencies and percentages. A Kaplan-Meier curve was used to
demonstrate long-term survival.

RESULTS
Individual patient characteristics are displayed in the Table.

Twenty-four patients underwent repair for mixed TAPVD
(biventricular, n = 18; univentricular, n = 6). The specific anatomy
of each patient is illustrated in Figure 1. All children with
univentricular repair had right atrial isomerism and asplenia. Pre-
operative PVO occurred in 8 patients (33%, 8 of 24) and 9 patients
(38%, 9 of 24) required preoperative intubation.

The median age at surgery was 2.2 months (IQR 14 days to 3.9
months; range 2 days to 3 years) and the median weight was 4.2 kg
(IQR 3.4 to 5.2 kg; range 1.9-12.5 kg). There were 6 patients (6
of 24, 25%) who underwent surgery during the neonatal period.
The mean cardiopulmonary bypass time was 115 ± 75 minutes (55-
372 minutes) and the mean cross clamp time was 48 ± 17 minutes
(25-84 minutes). Circulatory arrest was used in 8 patients (33%,
8 of 24) during surgical repair. The descriptions of repair tech-
niques are in the Table. One patient (4%, 1 of 24) underwent

primary repair with the sutureless technique.8 Three patients (12.5%,
3 of 24) did not have an anomalous pulmonary vein repaired. One
patient had associated univentricular physiology. The other 2 pa-
tients with biventricular physiology had a small anomalous
pulmonary vein draining high into the innominate vein. The amount
of venous return through this vein was small and obtaining a
tension-free and adequate-sized anastomosis would have been dif-
ficult. Hence, the vein was left unrepaired at time of surgery.

Operative mortality was 12.5% (n = 3; 3 of 24) with 1 death
(5.6%, 1 of 18) in the biventricular group and 2 deaths (33%, 2
of 6) in the univentricular group. The cause of early deaths was
respiratory failure due to bronchomalacia and bronchopneumo-
nia (treatment withdrawn), heart failure, and sepsis. There have
been no operative deaths in the biventricular group since 1997
(n = 11). Late mortality was 9.5% (n = 2; 2 of 21) with 1 late death
(5.9%, 1 of 17) in the biventricular group and 1 late death (25%,
1 of 4) in the univentricular group. The patient with biventricular
physiology was reoperated for postoperative PVO and was unable
to be weaned from cardiopulmonary bypass. The patient with
univentricularphysiologydiedof apresumedarrhythmia.Themedian
intubation time post surgery was 41 hours (IQR 19-125 hours) and
the median intensive care unit stay was 56 hours (IQR 25-163 hours).
The median hospital stay length was 9 days (IQR 5-14 days).

Reoperation for postoperative PVO was required in 2 patients
(8.3%, 2 of 24) at 2 and 5 months after surgery. A sutureless tech-
nique was used at reoperation in each case. In both cases, the site
of obstruction was not at the site of anastomosis but distally from
the pulmonary vein ostium toward the hilum of the lung. The fol-
lowing are descriptions of these 2 patients.

A 1-month-old boy with group II (Fig. 1, B2) mixed TAPVD
(right lower and left pulmonary veins forming a confluence that
drained into the superior vena cava and right atrial junction) pre-
sented with shortness of breath. The right upper pulmonary vein
drained into the superior vena cava separately. The child under-
went a Warden procedure and had an uncomplicated postsurgical
course. He developed postoperative PVO 5 months after surgery
in the right upper pulmonary vein. At reoperation, the pulmo-
nary vein was diseased down to the level of the pleura and the
sutureless repair technique was used. The patient is alive and as-
ymptomatic at 1 year after reoperation.

A 2-month-old boy was diagnosed with nonobstructed group
II (Fig. 1, A2) mixed TAPVD. The left lower and right pulmo-
nary veins formed a confluence that drained into the coronary sinus
and a left upper lobe pulmonary vein drained into the innomi-
nate vein via a vertical vein. The separate drainage of the left upper
lobe was not appreciated at the first operation. The patient un-
derwent unroofing of the coronary sinus, closure of atrial septal
defect with a pericardial patch, and vertical vein ligation. In the
48 hours post surgery, there were episodes of pulmonary hyper-
tension with opacification of the left upper lung lobe and pulmonary
hemorrhage. At reoperation the left upper pulmonary vein was
opened, thrombus was evacuated, and the vein was implanted di-
rectly to the left atrial appendage. Seven weeks later, the patient
presented with respiratory failure and hemodynamic instability.
Cardiac catheterization demonstrated complete obstruction of

CONGENITAL – MIXED TAPVD REPAIR

Seminars in Thoracic and Cardiovascular Surgery • Volume 29, Number 3 339

Downloaded for Anonymous User (n/a) at University of Melbourne from ClinicalKey.com.au by Elsevier on February 16, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



Surgery for Mixed TAPVD  

 

 

25 

 

 
 

 

 

3 veins except the right inferior pulmonary vein. He was brought
back to theater and was found to have 3 severely diseased pul-
monary veins from ostium to beyond the hilum. The sutureless
repair technique was performed; however, the patient was unable

to be weaned from cardiopulmonary bypass and passed away in
theater after discussion with the family.

Follow-up was obtained for all survivors at an average of
9.3 ± 6.4 years (5 months to 21 years) after surgery. The survival

Table. Patient Characteristics

Image* Year Age Weight
(kg)

Univentricular
Repair

Technique Reoperation
for PVO

Outcome

1 A3‡ 1985 4 mo 4.4 No Common confluence anastomosed to LA,
patch closure of ASD

No Alive

2 A2 1992 3 mo 4.08 No CS unroofing, LUPV anastomosed to LA
appendage, patch closure of ASD

No Alive

3 D1 1992 3 y 12.5 Yes† Common confluence anastomosed to common
atrium, bilateral BCPS

No Late death

4 A2 1992 2.5 mo 4.59 No CS unroofing, LUPV anastomosed to LA
appendage, patch closure of ASD

No Alive

5 A1‡ 1994 5 mo 4.8 No CS unroofing, left PVs anastomosed to LA,
patch closure of ASD

No Alive

6 B1 1995 11 mo 8.86 Yes† Left PVs anastomosed to common atrium,
right PVs not repaired

No Alive

7 B1 1995 3 mo 4.4 No Left PVs anastomosed to LA, right PVs baffled
to LA, patch closure of ASD

No Alive

8 A1 1997 4 mo 5.6 No CS unroofing, Left PVs anastomosed to LA,
patch closure of ASD

No Alive

9 B3 1997 3 mo 3.3 No Common confluence anastomosed to LA,
patch closure of ASD

No Early death

10 A3‡ 1999 2 d 4 No Common confluence anastomosed to LA,
patch closure of ASD

No Alive

11 B2 2000 7 mo 5.7 No Common confluence anastomosed to LA; baffle
RUPV from SVC to LA, patch closure of ASD

No Alive

12 C2 2000 37 d 3.3 No Common confluence anastomosed to LA, LUPV
to LA appendage, patch closure of ASD

No Alive

13 C2‡ 2001 5 d 3.5 No Common confluence anastomosed to LA, LUPV
implanted to confluence, patch closure of ASD

No Alive

14 A2 2001 2 mo 4.18 No CS unroofing, LUPV ligation, patch closure
of ASD

Yes Late death

15 C1‡ 2003 19 d 3 Yes† Right PV confluence anastomosed to LA, left PVs
to LA appendage

No Early death

16 A1 2005 1.2 y 5.5 No CS unroofing, left PVs anastomosed to LA,
patch closure of ASD

No Alive

17 D3‡ 2005 3 d 1.9 Yes† Common confluence anastomosed to LA No Early death
18 B1 2005 5 d 4.15 No Warden procedure, patch closure of ASD No Alive
19 B2‡ 2007 2 mo 3.8 No Common confluence anastomosed to LA,

RUPV not repaired, patch closure of ASD
No Alive

20 A2 2008 2 mo 4.3 No CS unroofing, LUPV not repaired, patch closure
of ASD

No Alive

21 C3 2008 9 d 3 Yes† Common confluence to LA anastomosis No Alive
22 A2 2012 4 mo 6.2 No CS unroofing, LUPV anastomosed to LA

appendage, patch closure of ASD
No Alive

23 D2‡ 2012 5 d 3.7 Yes† “Sutureless” common confluence to LA
anastomosis

No Alive

24 B2 2014 28 d 3.2 No Common confluence anastomosed to LA,
Warden procedure, patch closure of ASD

Yes Alive

ASD, atrial septal defect; BCPS, bidirectional cavo-pulmonary shunt; CS, coronary sinus; LA, left atrium; LUPV, left upper pulmonary vein; PV, pulmo-
nary vein; RUPV, right upper pulmonary vein; SVC, superior vena cava.
*Image corresponds to Figure 1.
† All children with univentricular repair had right atrial isomerism and asplenia.
‡ Preoperative pulmonary venous obstruction.

CONGENITAL – MIXED TAPVD REPAIR

340 Seminars in Thoracic and Cardiovascular Surgery • Volume 29, Number 3

Downloaded for Anonymous User (n/a) at University of Melbourne from ClinicalKey.com.au by Elsevier on February 16, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



Surgery for Mixed TAPVD  

 

 

26 

 

 
 

 

at 5 and 10 years were both 79% ± 8.5% (95% CI: 56%-91%)
(Fig. 2A). The survival for univentricular repair and biventricular
repair at 5 and 10 years was 50% ± 20% (95% CI: 11%-80%) and
89% ± 7.4% (95% CI: 62%-97%), respectively, at both time points
(Fig. 2B). All patients were asymptomatic at last follow-up. The
3 patients who had an unrepaired anomalous pulmonary vein
did not have evidence of postoperative PVO, right heart failure,
or pulmonary hypertension on follow-up echocardiography.

COMMENT
The mixed anatomical group is a rare variant of TAPVD. Pa-

tients with mixed TAPVD are reported in subgroup analyses of larger
TAPVD studies and those with univentricular repair are usually
excluded.1,2 There only a few studies focused on the mixed TAPVD
subgroup.5,9-11

An important aspect in the management of mixed TAPVD is the
clear assessment of the pulmonary venous anatomy for operative

Figure 1. Anatomical variations of mixed TAPVD. Group I is “2 + 2” variant. Group II is “3 + 1” variant. Group III is all other variants.
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planning. When all veins cannot be clearly seen on echocardiogram,
computerized tomography scan (with or without 3-dimensional
reconstruction) (Fig. 3), cardiac magnetic resonance imaging,
or cardiac catheterization should be performed.9-11 Because of the
heterogeneous nature of mixed TAPVD, there is no standard repair
technique. Instead, individualized surgical plans are recommended
depending on the pattern of drainage.9 It is important to confirm
the drainage pattern of all 4 pulmonary veins intraoperatively.11

The predominant anatomical subtype in our study was that of
group II with an incidence of 50%. This was consistent with that
described by Furlanetto and colleagues.10 However, Chowdhury
et al. found group/type I anatomy to be more prevalent than

group/type II in older patients.9 The optimal timing of surgery after
diagnosis has not been determined. In patients with univentricular
physiology, timing of correction of TAPVD is determined by the
timing of surgery for the univentricular defects. In patients with
obstruction of pulmonary venous return, we proceed to surgery
urgently/emergently. In those with no obstruction, we operate elec-
tively within 3-6 months of diagnosis. Because of the small numbers
of patients in our study, we cannot determine the optimal timing
of surgery for elective patients.

The operative mortality in our study was 12.5%. Despite higher
mortality estimates for children with univentricular compared with
biventricular repair, statistical significance was not reached due

Figure 2. (A) Kaplan-Meier survival curve for all patients. (B) Kaplan-Meier survival curve for children with biventricular or univentricular
repair. (Color version of figure is available online.)

Figure 3. Computerized tomography (CT) images of a patient with group II Mixed TAPVD. 3-Dimensional (A, B) reconstruction
demonstrating 3 pulmonary veins—left upper (LU), left lower (LL) and, right lower (RL)—forming a confluence (*) with a connecting
vein (x) to the right upper (RU) pulmonary vein which subsequently enters the superior vena cava (^). Coronal slice CT representation
(C) of the anomalous venous drainage. (Color version of figure is available online.)
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to the small sample size. The operative mortality in children with
mixed TAPVD has been reported to be from 8% to 50%.1,4,5,9,10,12

The majority of these studies did not include patients with
univentricular physiology. Kelle et al.4 (n = 10 mixed out of 100
isolated and complex TAPVD patients; 1990 to 2008) found mixed
TAPVD to be a risk factor for overall mortality. The 10 patients
with mixed TAPVD included 2 with univentricular physiology,
both of whom were deceased (1 early death, 1 late death).4 Fur-
thermore, the recent study by Kogon et al.5 (n = 19, 1986 to 2015)
highlighted the challenges associated with mixed TAPVD. They
reported an early mortality of 32% after surgery. The authors de-
scribed the risk trended to be higher in younger patients, mixed
TAPVD with an infracardiac component and prolonged bypass.5

Furlanetto et al.10 (n = 12 mixed out of 58 isolated TAPVD pa-
tients; 1994 to 2013) suggested morphologic heterogeneity and
failure to identify exact anatomy to be implicating factors for higher
mortality observed in mixed TAPVD. Furthermore, the authors
hypothesize that mortality might be influenced by the presence
of asymmetric preoperative PVO resulting in a heterogeneous
pulmonary circulation.10 The presence of preoperative PVO and
perioperative pulmonary hypertensive crisis among mixed TAPVD
patients were found to be significant predictors of mortality by
Chowdhury et al.9 (n = 57 mixed TAPVD patients; 1991 to 2006).
The authors also found increased risk of mortality among patients
less than 2 months of age and type III mixed TAPVD.9 Of note,
their patients were operated at an older age (median 6 months),
reflecting the differing patterns of referral and delayed presenta-
tion in a developing country.

Our findings among the biventricular group demonstrate that
good results can be achieved in mixed TAPVD repair. These results
approach the accepted early mortality rates of 5% in this current
era.2 Our improvement in current results is likely multifactorial,
relating to the increased experience with the condition and changes
in perioperative management. As the numbers are small in our study,
we cannot determine specific risk factors or techniques that may
improve outcomes. Univentricular physiology appears to be the
main determinant of early mortality among mixed TAPVD pa-
tients. Outcomes of TAPVD repair in patients with univentricular
physiology are generally poor. Mixed TAPVD was a risk factor for
early mortality in the study of Nakayama et al. (n = 3 mixed out
of 56 patients with univentricular physiology and TAPVD; 1985
to 2009).13

The rate of reoperation for isolated TAPVD is 5%-18%.2,14

However, the specific rates for reoperation for mixed TAPVD have
not been described by larger cohort studies. Chowdhury et al.9 de-
scribed no reoperations among their mixed patients at an average
follow-up of 63 months (98% complete). One patient developed
postoperative PVO but died before intervention. It is unclear if the
results from a developing country, with differing access to health
care and referral patterns, are applicable to other surgical centers.
Reoperation was required in 8.3% of our patients for postopera-
tive PVO. We did not detect a higher occurrence of postoperative
PVO in any of the drainage pattern groups. As has been the trend
throughout all centers, the occurrence of postoperative PVO was
observed to be associated with poor prognosis.1 Some authors have

found mixed TAPVD to be a risk factor for reoperation. Seale et al1

found 31% of mixed TAPVD developed postoperative PVO. Not
surprisingly, the authors found mixed TAPVD to be a significant
predictor for postoperative PVO on univariate analysis.1 On mul-
tivariate analysis, the presence of hypoplastic pulmonary veins and
the absence of a single common venous confluence were found
instead to be significant risk factors.1 This may be a surrogate for
the mixed TAPVD subtype, as a complete horizontal venous con-
fluence is frequently absent in these patients.14 These findings were
similarly reported by Karamalou and colleagues.2 The smaller or
absent venous confluences may increase the technical difficulty in
establishing a wide patent anastomosis between the pulmonary con-
fluence and left atrium, hence resulting in excessive handling and
damage to the pulmonary veins. This may predispose the patient
to the development of postoperative PVO. Furthermore, some
authors speculate that the presence of a hypoplastic confluence and
pulmonary veins might indicate an underlying genetic predispo-
sition to postoperative PVO.1,14

In an attempt to mitigate the development of postoperative PVO,
we have recently adhered to a no-touch technique with limited dis-
section of the confluence and minimal manipulation of the
pulmonary veins. Lo Rito et al.15 suggested that a primary sutureless
approach reduces the incidence and severity of postoperative PVO
especially in the infracardiac and mixed cohort. Although this
appears to be a promising approach, our current experience with
the sutureless repair for mixed TAPVD is limited to 1 case. Future
studies are required to better determine outcomes and anatomi-
cal indications for a primary sutureless repair in mixed TAPVD
patients.

Long-term survival after mixed TAPVD repair is excellent, par-
ticularly among children with biventricular physiology. All patients
were asymptomatic at last follow-up and can expect good outcome
from surgery.

LIMITATIONS
This study is limited by its retrospective nature. Operative tech-

niques, perioperative management, and imaging methods have
changed during the long study period. The number of patients in
each anatomical group is small, thus limiting the ability to iden-
tify clinically significant differences.

CONCLUSIONS
Mixed TAPVD can be repaired with good results in children,

provided that biventricular repair can be achieved.
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Chapter 4: Outcomes of total anomalous pulmonary venous drainage repair in neonates with 

univentricular circulation 

 

4.1 INTRODUCTION 

 In Chapter 2, we highlighted the overall improvement in outcomes of surgery for patients 

with isolated TAPVD, particularly, in infants. The long-term survival in both neonates and infants 

was excellent with few deaths at late follow-up. This is consistent with other large centres that have 

similarly observed a reduction in mortality after surgery for isolated TAPVD. In contrast, patients 

with TAPVD and univentricular physiology pose significant challenges to clinicians. TAPVD repair 

in patients with univentricular circulation is associated with high mortality even in this current era. 

The high mortality may be related to the more complex physiology and anatomical abnormalities, 

early age at surgery due to preoperative PVO, increased risk of postoperative PVO or concomitant 

palliative procedures. If surgery is required in the neonatal period, survival is expected to be poor. 

However, outcomes of TAPVD surgery in neonates with univentricular circulation are rarely 

reported.  

 In this study, we reviewed our experience with TAPVD repair in neonates with univentricular 

circulation. We found a high early mortality and reoperation in neonates with univentricular 

circulation undergoing TAPVD repair which is consistent with current published results. Patients 

with right ventricular dominance and pulmonary atresia or stenosis had a higher mortality compared 

to the left dominant and biventricular groups. Furthermore, long-term survival was poor with only a 

few neonates surviving to Fontan completion. Further research is required into understanding of the 

underlying pathophysiology may be important in stratifying high-risk neonates, directing medical 

therapy and improving early outcomes. Vertical vein stenting has been used in critically unwell 

neonates with obstructed TAPVD (102). Though this intervention has yet to be applied to neonates 

with a univentricular circulation, it may represent a strategy for future research. 
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Abstract

Survival after surgery for isolated total anomalous pulmonary venous drainage has improved in the current era. However, outcomes of
total anomalous pulmonary venous drainage repair in patients with univentricular circulation are associated with high mortality.
Furthermore, outcomes of surgery in neonates with univentricular circulation are rarely reported among larger studies. Hence, we
reviewed our experience (n = 19) with this population at a single institution (between 1986 and 2015) to identify specific subgroups with
high mortality. We found patients with right ventricular dominance had the highest early mortality (54%; 7 of 13) when compared with
patients (17%; 1 of 6) with left ventricle and biventricular dominance. Five patients (26%; 5 of 19) underwent reoperation for postoperative
pulmonary venous obstruction. There were 5 long-term survivors. In conclusion, total anomalous pulmonary venous drainage repair in
neonates with univentricular circulation is rare and is associated with high mortality and reoperation.

Keywords: Single ventricle • Pulmonary veins • Neonates

INTRODUCTION

Outcomes of surgery for isolated total anomalous pulmonary ve-
nous drainage (TAPVD) have improved in the current era [1, 2].
However, TAPVD repair in patients with univentricular circulation is
associated with high mortality [3–5]. We have previously demon-
strated that obstructed TAPVD was an independent predictor of
mortality in patients with atrial isomerism undergoing cardiac sur-
gery [6]. If TAPVD repair is required in the neonatal period, in
patients with univentricular circulation, results are expected to be
poor. However, outcomes of TAPVD repair in neonates are rarely
reported among larger studies [3–5]. Hence, we reviewed our experi-
ence with TAPVD repair in neonates with univentricular circulation.

PATIENTS AND METHODS

The institutional research ethics board approved this study. All neo-
nates with univentricular circulation who underwent TAPVD repair
(n = 19) at the Royal Children’s Hospital from 1986 to 2015 were
retrospectively studied. Data are expressed as mean ± standard de-
viation (range) and median (interquartile range) as appropriate.

RESULTS

Individual patient characteristics and outcomes are listed in
Table 1. The median age of the patients at repair was 5 (5–19)

days. Preoperative pulmonary venous obstruction (PVO)
occurred in 79% of patients (15 of 19). PVO was defined by
evidence of anatomical obstruction of the collecting or vertical
vein on preoperative imaging (echocardiogram and/or cardiac
catheter) with symptoms of cardiac failure. Preoperative intuba-
tion was required in 79% of patients (15 of 19). Three patients
(16%, 3 of 19) had emergency surgery (within 12 h of admission)
due to haemodynamic instability and 12 patients (63%, 12 of 19)
had urgent surgery (within 48 h of admission). All but 1 (Patient
18) patient had the diagnosis of heterotaxy, right atrial isomerism
and asplenia. All patients underwent standard side-to-side
anastomosis of the pulmonary venous confluence to the atrium
except 1 (Patient 17) patient who underwent a sutureless repair.
Nine patients (47%, 9 of 19) had vertical vein ligation. Patients
with right ventricular (RV) dominance had the highest early mor-
tality (54%; 7 of 13) when compared with patients (17%; 1 of 6)
with left ventricular and biventricular dominance (Fig. 1). Five
patients (26%; 5 of 19) underwent reoperation for postoperative
PVO occurring in the pulmonary veins, and of them, 4 patients
(80%; 4 of 5) died. Postoperative PVO not amenable to surgical
intervention (due to diffuse disease extending distally) and
cardiac failure was the cause of death for an another 3 patients.
A total of 7 patients (37%; 7 of 19) died due to postoperative
PVO. There were 5 long-term survivors. Two patients (11%; 2 of
19) reached Fontan completion. Follow-up was 100%
complete at a mean of 7 ± 5 (3–15) years.

VC The Author(s) 2018. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.
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DISCUSSION

Patients with univentricular circulation undergoing single ventri-
cle palliation do not require repair of coexisting non-obstructed
TAPVD. However, if there is severe PVO, patients often present
critically unwell during the neonatal period, and TAPVD repair is
undertaken urgently. We observed a high rate of preoperative
PVO in our study. We have previously observed, among neonatal
TAPVD patients, that early age at surgery was associated with a
high incidence of preoperative PVO [7]. Some authors postulate
that the low native pulmonary blood flow, as frequently present
in pulmonary atresia or stenosis, may impair pulmonary venous
growth and predispose patients to obstruction of TAPVD [5].

Furthermore, the development of preoperative PVO has been
hypothesized to be related to an intrinsic abnormality of the
pulmonary venous vasculature in patients with heterotaxy and
univentricular circulation [8].

The outcomes of repair for obstructed TAPVD with heterotaxy,
right isomerism and univentricular circulation are poor [6]. The
high mortality may be related to the more complex physiology
and anatomical abnormalities, early age at surgery or
the increased risk of postoperative PVO and concomitant asple-
nia [3, 6]. Some authors [5, 9] have reported improving results in
the more recent era after TAPVD repair in patients with univen-
tricular circulation. In contrast, the report by Khan et al. [3] dem-
onstrated a high early mortality of 43% (out of 167 patients) in

Figure 1: (A) Flowchart demonstrating outcomes of total anomalous pulmonary venous drainage repair in neonates with univentricular physiology, according to ven-
tricular dominance and anatomical subtype. (B) Survival after total anomalous pulmonary venous drainage repair in neonates with univentricular circulation. AVSD:
atrioventricular septal defect; BCPS: bidirectional cavopulmonary shunt; CI: confidence interval; PVO: pulmonary venous obstruction; TAPVD: total anomalous pulmo-
nary venous drainage; TGA: transposition of the great arteries.
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the current era. We report a similar high early mortality (42%) in
neonates with univentricular circulation undergoing TAPVD re-
pair. This appears consistent with results published by Nakayama
et al. [4], who found lower weight and younger age to be risk fac-
tors for early mortality in 56 patients (25-year experience) with
univentricular circulation undergoing TAPVD repair. Lower
weight and younger age at surgery are likely surrogate markers
for a sicker neonate with severe PVO requiring urgent surgery
[1, 2]. Preoperative PVO appears to play an important role in de-
termining outcomes in patients with univentricular circulation.
PVO sets up a vicious circle of elevated pulmonary vascular resis-
tance, impairment of pulmonary blood flow and progressive
shunting to the systemic circulation (including the coronary ar-
teries) with desaturated blood [10]. Furthermore, patients with RV
dominance had a higher early mortality of 54% when compared
to the left dominant and biventricular groups. Most early deaths
were due to RV failure in the context of preoperative PVO and
an underdeveloped pulmonary circulation secondary to pulmo-
nary atresia or stenosis. We postulate that these pulmonary circu-
lation abnormalities result in elevation of pulmonary vascular
resistance. Hence, after the initial palliative surgery, the weaker
right ventricle fails when faced against the deleterious effects of
increased systemic pulmonary vascular resistance. Furthermore,
long-term survival is poor at only 26% (5 of 19 patients) with
only 2 patients (11%) eligible for Fontan completion. We did not
observe any anatomical or clinical differences in patients who
survived to Fontan completion when compared with other neo-
nates. These results allow clinicians to better counsel parents of
neonates or foetuses with these malformations. Further under-
standing of the underlying pathophysiology may be important in
stratifying high-risk neonates, directing medical therapy in the
postoperative period and improving early outcomes.

Reoperation for postoperative PVO was required in 26% of
patients. Furthermore, 50% of deaths were related to cardiac fail-
ure in the presence of postoperative PVO. The development of
recurrent postoperative PVO leads to pulmonary hypertension
and subsequently, a high rate of mortality in TAPVD patients
with univentricular circulation [4]. A single ventricle and hetero-
taxy syndrome have been identified as risk factors of reoperation
for postoperative PVO [5]. The mechanism of development of
postoperative PVO is incompletely understood. It may be related
to intrinsic pulmonary vasculature abnormalities, technical diffi-
culties in constructing the anastomosis or excessive venous han-
dling associated with correcting the coexisting complex
congenital cardiac defects [8].

Limitations

This study was limited by its retrospective design and by the
small patient population that precluded a risk factor analysis.
Because of the long study period, perioperative management
and diagnostic techniques have varied.

CONCLUSIONS

TAPVD repair in neonates with univentricular circulation is rare
and is associated with high mortality and reoperation. Early mor-
tality was highest among those with RV dominance.
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Chapter 5: Long-term outcomes of the Fontan operation in patients with total anomalous 

pulmonary venous drainage 

 

5.1 INTRODUCTION 

 In Chapter 4, we analysed the outcomes of TAPVD repair in neonates with univentricular 

circulation. In the context of the results reported for isolated TAPVD repair (Chapter 2), it is evident 

that patients with univentricular circulation have a much higher risk of mortality and reoperation. 

The reasons for this are multifactorial but relate to the more complex physiology and anatomy, 

higher risk of postoperative PVO and multiple palliative cardiac procedures required in the 

univentricular circulation population. Due to the poor survival, there is a paucity of data on long-

term outcomes of patients with TAPVD and a univentricular circulation. Furthermore, as only a 

fraction of patients with TAPVD survive to undergo a Fontan operation, the outcomes in this group 

of patients are unknown. To address this issue, we collaborated with the Australian and New Zealand 

Fontan registry. 

 This current study is the first to assess, using a large bi-national registry, the long-term 

outcomes of patients with TAPVD who underwent the Fontan operation. We also report the longest 

follow-up for this subgroup of patients. We found that the long-term survival and freedom from 

transplantation of patients with TAPVD after the Fontan operation was comparable to patients 

without TAPVD. In patients with a Fontan procedure and TAPVD, we found that the majority of 

patients were in NYHA functional class I or II. 
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Long-term Outcomes of the Fontan
Operation in Patients With Total
Anomalous Pulmonary Venous Drainage
Matthew S. Yong, MBBS, Michael Z. L. Zhu, MBBS, Karin du Plessis, PhD,
Robert G. Weintraub, FRACP, Tim Hornung, MB BChir, David Winlaw, FRACS,
Nelson Alphonso, FRACS, Yves d’Udekem, FRACS, and Igor E. Konstantinov, FRACS
Department of Cardiology and Cardiac Surgery, Royal Children’s Hospital, Melbourne, Australia; Department of Pediatrics, University
of Melbourne, Melbourne, Australia; Murdoch Children’s Research Institute, Melbourne, Australia; Green Lane Pediatric and
Congenital Cardiac Service, Starship Children’s Hospital, Auckland, New Zealand; Heart Centre for Children, Children’s Hospital at
Westmead, Faculty of Health and Medicine, University of Sydney, Sydney, Australia; and Department of Cardiac Surgery, Queensland
Children’s Hospital, Brisbane, Australia

Background. Few patients with total anomalous pul-
monary venous drainage (TAPVD) and a univentricular
circulation survive to Fontan completion. Hence, we
sought to determine the long-term outcomes of the Fon-
tan operation in patients with TAPVD.

Methods. Patients with TAPVD who underwent the
Fontan operation and survived to hospital discharge in
Australia and New Zealand between 1985 to 2017
were identified (n [ 54) from a binational Fontan
registry.

Results. Thirty-two patients (60%) underwent repair of
TAPVD at a median age of 0.8 (interquartile range: 0.3-
1.6) years. Thirty-seven patients (69%) had heterotaxy.
The median age at time of Fontan operation was 5.7 years.
There were 4 late deaths and 3 patients required cardiac
transplantation for a failing Fontan circulation. On uni-
variate analysis, the concomitant diagnosis of pulmonary
stenosis and right ventricular dominance was associated
with late death or transplantation (P ¼ .04). Freedom from

late death or transplantation at 15 years after the Fontan
operation was 88% ± 7% (95% confidence interval [CI],
67%-96%) for the repaired TAPVD group and 90% ± 6%
(95% CI, 67%-98%) for the unrepaired TAPVD group (P ¼
.47). Median follow-up after the Fontan procedure was
10.8 (interquartile range, 6.7-16.2) years. The majority of
survivors (94%) were in New York Heart Association
functional class I or II. The 15-year freedom from death or
transplantation was similar for patients with TAPVD
(89% ± 5%; 95% CI, 76%-95%) compared with patients
without TAPVD in the Fontan registry (n [ 1446; 92% ±
1%; 95% CI, 90%-93%) (P ¼ .12).
Conclusions. Long-term survival of patients with

TAPVD who undergo the Fontan operation and survived
to hospital discharge is comparable to Fontan survivors
without TAPVD.

(Ann Thorac Surg 2019;108:1234-41)
! 2019 by The Society of Thoracic Surgeons

Total anomalous pulmonary venous drainage
(TAPVD) is a condition with a wide spectrum of

severity. Outcomes of surgery for TAPVD patients with a
biventricular circulation have improved in the current
era,1-3 except in the neonatal subgroup.4 TAPVD repair in
patients with a univentricular circulation remains asso-
ciated with high mortality.5-8 In particular, neonates with
a univentricular circulation requiring TAPVD repair
represent the most severe end of the spectrum.9 The
disparity in outcomes between patients with a
univentricular circulation compared with a biventricular
circulation may be related to the more complex physi-
ology and anatomy, concomitant palliative procedures, or
the increased risk of postoperative pulmonary venous
obstruction (PVO).5,10,11 Owing to the complexity of care

in these patients, and thus poor survival, there is a
paucity of data on long-term outcomes of patients with
TAPVD and a univentricular circulation.8 Furthermore, as
only a small fraction of patients with TAPVD survive to
undergo a Fontan operation,6,9,12 the outcomes of this
group of patients are unknown. We sought to determine,
using a large binational registry, the long-term outcomes
of patients with TAPVD who underwent the Fontan
operation and survived to hospital discharge.

Accepted for publication Apr 22, 2019.

Address correspondence to Dr Konstantinov, University of Melbourne,
Royal Children’s Hospital, Flemington Rd, Parkville, VIC 3029, Australia;
email: igor.konstantinov@rch.org.au.

Dr Weintraub discloses a financial relationship with
Actelion; Dr d’Udekem with MSD and Actelion.

The Supplemental Table can be viewed in the online
version of this article [https://doi.org/10.1016/j.
athoracsur.2019.04.073] on http://www.annalsthoracic
surgery.org.

! 2019 by The Society of Thoracic Surgeons 0003-4975/$36.00
Published by Elsevier Inc. https://doi.org/10.1016/j.athoracsur.2019.04.073

C
O
N
G
EN

IT
A
L
H
EA

R
T



TAPVD and Fontan Operation 

 

 

38 

 

 
 

 

Patients and Methods

Patients and Definitions
To give a perspective on the issue, a review was con-
ducted at the Royal Children’s Hospital (RCH) (HREC
32123) to identify all patients with TAPVD and uni-
ventricular circulation from 1975 to 2017. There were 71
patients identified, 45 (63%) underwent TAPVD repair
and 26 (37%) did not require repair (Supplemental
Table 1). Only 35% (n ¼ 25) of patients survived to un-
dergo Fontan completion. A retrospective study was then
conducted on all patients with TAPVD who underwent a
Fontan operation and survived to initial hospital
discharge in Australia and New Zealand. These patients
were identified from the Australian and New Zealand
Fontan Registry.13 This binational registry collects health
information and follow-up data on all patients who sur-
vive to hospital discharge after a Fontan procedure. The
registry was approved by the local hospital ethics
committees in each participating institution. The approval
for retrospective studies was covered within the ethics
application for the registry and a waiver for patient con-
sent was granted.

From January 1, 1975, to December 31, 2017, 1574 pa-
tients underwent the Fontan procedure and survived to
hospital discharge. Within the registry, the first Fontan
survivor with TAPVD underwent surgery in 1985. Thus,
we excluded the 45 patients who underwent a Fontan
operation before January 1, 1985, to allow similar era
comparison of TAPVD and non-TAPVD cohorts. A
further 29 patients were excluded due to incomplete
follow-up data, leaving a total of 1500 patients for inclu-
sion in our analysis (Figure 1).

Outcome events recorded were late death, trans-
plantation, reintervention, protein losing enteropathy
(PLE), postoperative PVO, and New York Heart Associ-
ation (NYHA) functional class III or IV. Preoperative PVO
was defined as evidence of anatomical obstruction
on preoperative imaging with symptoms of cardiac fail-
ure. Postoperative PVO was defined as obstruction of
the pulmonary veins as identified by echocardiogram,
computerized tomography angiogram, or magnetic reso-
nance imaging and developing at any time after TAPVD
repair. Late mortality included deaths of patients who
survived the hospital admission after the Fontan opera-
tion. Reintervention included any surgical reoperation or
transcatheter intervention after the Fontan operation
excluding fenestration closure. Fontan failure was defined
as late death or transplantation, Fontan takedown after
hospital discharge, reoperation on the Fontan circuit,
PLE, plastic bronchitis, or NYHA functional class III or IV
at follow-up. Patients were considered lost to follow-up if
no information was available after their hospital
discharge. Dates of death were cross-checked with the
individual country’s national death index.

Data Analysis
Data were analyzed with Stata version 12 (StataCorp,
College Station, TX). Data were expressed as mean " SD
(range) and median (interquartile range [IQR]) as

appropriate. Inferential comparisons were made using
Pearson’s chi-square test, Fisher’s exact test, and the
2-sample mean comparison t test.
Kaplan-Meier actuarial curves were used to analyze

and plot time-related endpoints. The log-rank test was
utilized to determine significance between survival
curves. Cox proportional hazards univariate analysis was
used to identify hazards for time related outcomes. All
tests were 2-tailed and P values of less than .05 were
considered significant.

Results

A total of 54 patients with TAPVD underwent the Fontan
operation and survived to hospital discharge. Patient and
operative characteristics are summarized in Table 1.
Thirty-two of the 54 (60%) Fontan survivors had repair of
TAPVD. The median age at time of TAPVD repair was 0.8
(IQR, 0.3-1.6) years. A flowchart demonstrating the

Figure 1. CONSORT diagram showing the number of patients
included in the study. Within the Australian and New Zealand
Fontan Registry, the first patient with total anomalous pulmonary
venous drainage (TAPVD) had the Fontan operation in 1985.
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Table 1. Patient Characteristics

Variable
All Patients
(N ¼ 54)

Repaired TAPVD
(n ¼ 32)

Unrepaired TAPVD
(n ¼ 22) P Value

Demographics
Male 28 (52) 19 (59) 9 (41) .18

Diagnosis
Predominant ventricular

morphology
Left 24 (44) 12 (38) 12 (55) .22
Right 24 (44) 14 (44) 10 (45) .90
Biventricular 4 (7) 4 (13) 0 (0) .27
Indeterminant 2 (4) 2 (6) 0 (0) .51
Dextrocardia or mesocardia 17 (31) 10 (31) 7 (32) .96
Heterotaxy 37 (69) 27 (84) 10 (45) .005

Right atrial isomerism 31 (57) 24 (75) 7 (32) .002
Left atrial isomerism 6 (11) 3 (9) 3 (14) .62
Asplenia/polysplenia 31 (57) 24 (75) 7 (32) .002
Laparotomy for malrotation 9 (17) 7 (22) 2 (9) .28

TAPVD
Supracardiac 28 (52) 19 (60) 9 (41) .27
Cardiac 12 (22) 4 (13) 8 (36) .05
Infracardiac 3 (6) 3 (9) 0 (0) .26
Mixed 7 (13) 6 (19) 1 (5) .22
Unknown 4 (7) 0 (0) 4 (18) .02
Preoperative PVO 18 (33) 18 (56) 0 (0) <.001

Double inlet left ventricle 5 (9) 1 (3) 4 (18) .15
Double outlet right ventricle 29 (54) 20 (63) 9 (41) .12
AVSD 30 (56) 24 (75) 6 (27) .001
Bilateral SVC 17 (31) 8 (25) 9 (41) .22
Interrupted IVC 5 (9) 1 (3) 4 (18) .15
d-TGA (VA discordance) 19 (35) 13 (41) 6 (27) .31
l-TGA 8 (15) 4 (13) 4 (18) .56
Hypoplastic aortic arch 2 (4) 0 (0) 2 (9) .16
Interrupted aortic arch 1 (2) 0 (0) 1 (5) .41
Coarctation 3 (6) 2 (6) 1 (5) >.99
Right aortic arch 16 (30) 10 (31) 6 (27) .75
Mitral atresia 10 (19) 3 (9) 7 (32) .07
Pulmonary stenosis 23 (43) 15 (47) 8 (36) .44
Pulmonary atresia 19 (35) 10 (31) 9 (41) .47
Tricuspid atresia 6 (11) 1 (3) 5 (23) .04
Ventricular septal defect 22 (41) 12 (38) 10 (46) .56
Hypoplastic left heart syndrome 28 (52) 16 (50) 12 (55) .74
Hypoplastic right heart syndrome 19 (35) 10 (31) 9 (41) .46

Interventions
Fontan operative characteristics

Age at Fontan, y 5.7 (4.6-8.7) 6.3 (5.0-9.4) 4.8 (4.2-6.3) .01
Fenestrated Fontan 26 (48) 18 (56) 8 (36) .15
Extracardiac conduit connection 41 (76) 27 (84) 14 (64) .08
Lateral tunnel 8 (15) 4 (13) 4 (18) .72
Atriopulmonary 5 (9) 1 (3) 4 (18) .15
Prior cardiac procedures 2 (2-3) 2 (2-3) 2 (1-2) .01

TAPVD repair
Age at TAPVD repair, y . 0.8 (0.3-1.6) . .

Reoperation for PVO 5 (9) 5 (16) 0 (0) .07

Values are n (%) or median (interquartile range).

AVSD, atrioventricular septal defect; d-TGA, dextro-transposition of great arteries; IVC, inferior vena cava; l-TGA, levo-transposition of great arteries;
PVO, pulmonary venous obstruction; SVC, superior vena cava; TAPVD, total anomalous pulmonary venous drainage; defect; VA, ventriculoarterial.
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timeline of palliative stages at which repair of TAPVD
was undertaken is shown in Figure 2. Five patients (16%)
had TAPVD repair in the neonatal period for preopera-
tive PVO and 14 other patients (44%) had TAPVD repair
before 1 year of age. TAPVD repair was most commonly
performed at the time of stage II palliation, in 15 of 32
patients (47%), and at the time of stage I palliation in 6 of
32 patients (19%).

The median age at time of the Fontan operation was 5.7
(IQR, 4.6-8.7) years. The median number of cardiac pro-
cedures before the Fontan operation was 2 (IQR, 2-3). The
types of Fontan operation were as follows: 41 patients
(76%) had an extracardiac conduit, 8 patients (15%) had a
lateral tunnel (last in 2003), and 5 patients (9%) had an
atriopulmonary connection (last in 1992).

Postoperative PVO occurred in 5 of 32 patients (16%)
who had TAPVD repair. The mean time to reoperation for
PVO was 5.7 ! 1.5 years (range, 4.1-7.9 years after initial
TAPVD repair). These patients underwent patch repair of
the stenotic pulmonary vein or revision of the anasto-
mosis. Repair of postoperative PVO was carried out
before the Fontan operation in 1 patient, concomitantly
with the Fontan operation in 3 patients, and after the
Fontan operation in 1 patient.

Long-term Survival After the Fontan Operation
Follow-up was complete for all patients after the Fontan
operation. The median duration of follow-up after the
Fontan operation was 10.8 (IQR, 6.7-16.2) years. There
were 4 late deaths and a further 3 patients required car-
diac transplantation for a failing Fontan circulation. The
causes of mortality were heart failure from failing Fontan
circulation (n ¼ 1), PLE (n ¼ 1), status epilepticus (n ¼ 1),
and in-hospital death after attempted conversion of
atriopulmonary Fontan to extracardiac conduit connec-
tion (n ¼ 1). None of these deaths or transplantations
were attributed to postoperative PVO. Two of 3 patients
who had cardiac transplantation died from chronic graft
rejection at 3.6 and 4.0 years after transplantation. The
remaining heart transplant recipient is 7.6 years post-
transplantation and had normal cardiac function at last
follow-up. Four of the 6 patients (67%) who died,
including the 2 deaths after transplantation, had TAPVD
repair.

Freedom from death or transplantation at 5, 10, and 15
years was 96% ! 4% (95% CI, 85%-99%), 89% ! 5% (95%
CI, 76%-95%), and 89% ! 5% (95% CI, 76%-95%),
respectively. During the same time-period, 1446 patients
who did not have a diagnosis of TAPVD were also iden-
tified from the Fontan registry. The freedom from death
or transplantation at 15 years was similar for Fontan
survivors with TAPVD (89% ! 5%; 95% CI, 76%-95%)
compared with all other Fontan survivors without TAPVD
(92% ! 1%; 95% CI, 90%-93%) (P ¼ .12) (Figure 3A).
Furthermore, the 15-year freedom from death or trans-
plantation was similar for patients who had TAPVD
repair (88% ! 7%; 95% CI, 67%-97%) compared with
patients with unrepaired TAPVD (90% ! 6%; 95% CI,
67%-98%) (P ¼ .47) (Figure 3B).
The coexistence of both pulmonary stenosis and right

ventricular dominance, occurring in the context of ven-
triculoarterial discordance (hazard ratio, 4.9; 95% CI, 1.07-
21.8; P ¼ .04) was the only variable associated with late
death or transplantation on univariable analysis (Table 2).
Multivariate analysis was not performed due to the small
sample size.

Complications and Reinterventions
The complications encountered after the Fontan opera-
tion are shown in Table 3. Of the 47 patients who are
still alive, and did not receive a transplant, 7 patients
(15%) had evidence of Fontan failure at last follow-up.
Two of the 7 patients had isolated PLE. One patient
had both PLE and plastic bronchitis, for which
lymphatic embolization was attempted. One patient had
severe PLE, for which a Fontan takedown operation was
initially performed; however, the patient experienced
ongoing PLE and heart failure, and is currently
being assessed for cardiac transplantation. Two patients
experienced NYHA functional class III symptoms as
a result of ventricular dysfunction. One patient had
revision of the Fontan circulation due to a unilateral
coronary arteriovenous fistula and is currently
asymptomatic.

Long-term Functional Status
Clinical information at last follow-up are summarized
in Table 4. Of the 47 patients still alive and without a

Figure 2. Timing of total anomalous pulmonary venous drainage repair according to palliation stage. (BCPS, bidirectional cavopulmonary shunt;
PA, pulmonary artery; preop, preoperative; PVO, pulmonary venous obstruction; re-op, reoperation; Tx, cardiac transplantation.)
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heart transplant, 44 patients (94%) were in NYHA
functional classes I and II. Twenty-six of 47 patients
(55%) reported participation in recreational sporting
activities. Patients were prescribed a mean of 2.2 !
1.0 (range, 1-6) cardiac medications. In all of the
examined long-term functional domains, there were
no differences between Fontan survivors who had
TAPVD repair and those that did not have TAPVD
repair.

Comment

Single-ventricle reconstruction does not require the pul-
monary venous drainage to be directed to the left atrium,
unless there is preoperative PVO. TAPVD repair in pa-
tients with univentricular circulation is associated with a
high early mortality of up to 43% in the current era.5,9

Those that survive the operative period are at increased
risk of developing postoperative PVO7,10 and mortality

Figure 3. Kaplan-Meier curves
showing freedom from death or
transplantation for (A) Fontan
patients with total anomalous
pulmonary venous drainage
(TAPVD) compared with all other
Fontan patients, during the same
time period, and (B) Fontan pa-
tients with repaired compared
with unrepaired TAPVD. (CI,
confidence interval.)
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from the underlying complex cardiac anomalies. Post-
operative PVO is associated with the development of
pulmonary hypertension and, subsequently, a high rate
of mortality in TAPVD patients with a univentricular
circulation.6,14 Hence, few patients survive to undergo the
Fontan operation. In our review at the RCH, only 35% of
TAPVD patients with a univentricular circulation reached
Fontan completion. The median age at TAPVD repair was
25 days for the RCH cohort compared with 0.8 years in
the Fontan registry. TAPVD repair at an earlier age is a
surrogate marker for the increased severity of PVO.4 The
patients who are candidates for a Fontan may have less
severe PVO or less severe anatomical or physiological
abnormalities. This current study is the largest and first to
assess, using binational registry data, the long-term out-
comes of TAPVD patients after the Fontan operation.

The indication for TAPVD repair in this study was
preoperative obstruction on anatomical imaging. In
cases where there was no anatomical obstruction but
features of pulmonary congestion and suspicion of a
mild degree of PVO, the surgeon elected to correct the
TAPVD. This is a difficult issue as patients may present
with varying severities of PVO. If pulmonary blood flow
is limited, it can be difficult to ascertain the degree of
obstruction.15 In our study, patients with TAPVD who
underwent a Fontan operation and survived to hospital
discharge had a long-term freedom from mortality and
transplantation of 89% at 15 years. Patients who had
TAPVD repair also demonstrated a long-term survival
that was comparable to TAPVD patients who did not
require repair. On univariate analysis, the coexistence of
pulmonary stenosis and right ventricular dominance, in
the context of ventriculoarterial discordance, was asso-
ciated with an increased risk of late mortality or trans-
plantation. We have previously reported a similar
observation in neonates with univentricular circulation
after TAPVD repair.9 We found a 54% early mortality in
right ventricular–dominant patients compared with 17%
with left or biventricular dominance. We postulated that
the underdeveloped pulmonary circulation in the setting
of pulmonary stenosis led to elevations in pulmonary
vascular resistance, hence, resulting in failure of the
right ventricle after staged univentricular palliation.9

Furthermore, Morales and colleagues7 proposed that the
low native pulmonary blood flow in the presence of
pulmonary atresia or stenosis may impair pulmonary
venous growth and predispose patients to preoperative
PVO. Future studies are required to better understand
the pathophysiological mechanisms in this rare sub-
group of patients. Though patients with obstructed
TAPVD and atrial isomerism are at increased risk of
early mortality,16 it appears that survival after the Fontan
completion is associated with a good long-term
prognosis.

Our patients have been followed into late adolescence
and early adulthood. This represents the longest follow-
up for patients with a single ventricle and TAPVD.8

When compared with patients without TAPVD within the
Australian and New Zealand Fontan Registry, TAPVD
patients had similar survival and freedom from

transplantation. No other study has previously made this
comparison. Given the high incidence of heterotaxy
among TAPVD patients with a univentricular circulation,
this was a surprising finding. One possible explanation is
the selection bias inherent with this cohort as patients
with more severe abnormalities and in a more critical
state were unlikely to have become candidates for a
Fontan or survived after the Fontan, and hence, would be
excluded from this database.
The majority of TAPVD patients who underwent the

Fontan were in NYHA functional class I or II at last
follow-up. Furthermore, it is an encouraging finding that
55% of patients reported participation in sport. It is
apparent that the functional outcomes after the Fontan
operation in patients with TAPVD were similar to the
general population of patients with a Fontan circulation.17

It appears that the abnormal development of the pul-
monary circulation and the rerouting of pulmonary
venous return in TAPVD patients did not affect the
functional status at long-term follow-up.

Limitations
This study was limited by its retrospective design. The
rarity of this condition and small cohort numbers pre-
cluded a multivariate analysis of risk factors for mortality

Table 2. Univariable Analysis of Risk Factors for Mortality or
Transplantation

Variable
Hazard Ratio

(95% CI) P Value

Male . .61
Age at Fontan completion . .25
Repair of TAPVD . .47
Age at TAPVD repair . .20
Preoperative PVO . .64
TAPVD type
Supracardiac

. .25

Cardiac . .75
Infracardiac . >.99
Mixed . .31
Right ventricular dominance 4.88 (0.87-27.4) .07
Left ventricular dominance . .12
Heterotaxy . .98
Laparotomy for malrotation . .61
Dextrocardia/mesocardia . .62
AVSD . .33
d-TGA (VA discordance) . .49
Pulmonary stenosis 7.47 (0.89-62.79) .06
Pulmonary atresia . .21
Both RV dominance and
pulmonary stenosis

4.85 (1.07-21.8) .04

Reoperation for PVO . .74
Reintervention after Fontan
completion

. .24

AVSD, atrioventricular septal defect; CI, confidence interval; d-TGA,
dextro-transposition of great arteries; PVO, pulmonary venous obstruc-
tion; RV, right ventricular; TAPVD, total anomalous pulmonary venous
drainage; defect; VA, ventriculoarterial.
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or transplantation. There is a selection bias as this study
cohort is not representative of the entire spectrum of
TAPVD patients with a univentricular circulation. How-
ever, the focus of this study was on TAPVD patients un-
dergoing the Fontan procedure and survived to hospital
discharge.

Conclusion
Long-term survival of patients with TAPVD who undergo
the Fontan operation and survived to hospital discharge
is comparable to those without TAPVD. After Fontan
completion, patients with both repaired and unrepaired
TAPVD can expect to have a low reoperation rate for

Table 3. Follow-up Data: Post-Fontan Complications, Fontan Failure, and Reinterventions

Events

All Patients Repaired TAPVD Unrepaired TAPVD

P Value(N ¼ 54) (n ¼ 32) (n ¼ 22)

Fontan failure 14 (26) 6 (19) 8 (36) .15
Late death 6 (11) 4 (13) 2 (9) >.99
Late death or transplantation 7 (13) 4 (13) 3 (14) .90
Protein losing enteropathy 7 (13) 3 (9) 4 (18) .43
Plastic bronchitis 1 (2) 1 (3) 0 (0) >.99
Fontan failure in patients currently still alive and

without transplant
7/47 (15) 2/28 (7) 5/19 (26) .12

Thromboembolic event 8 (15) 4 (13) 4 (18) .72
Arrhythmia 20 (37) 10 (31) 10 (45) .29
Reinterventions excluding fenestration closure 26 (48) 11 (34) 15 (68) .02
Transplantation 3 (6) 2 (6) 1 (5) >.99
Fontan revision 2 (4) 1 (3) 1 (5) >.99
Fontan takedown 1 (2) 0 (0) 1 (5) .41
Fontan conversion to ECC 3 (6) 1 (3) 2 (9) .56
Fontan fenestration 3 (6) 1 (3) 2 (9) .56
Recurrent PVO after Fontan operation 1 (2) 1 (3) 0 (0) >.99
AVV repair or replacement 3 (6) 2 (6) 1 (5) >.99
Pulmonary arterial reconstruction 2 (4) 0 (0) 2 (9) .17
Arrhythmia requiring intervention 9 (17) 2 (6) 7 (32) .02
Pacemaker insertion 5 (9) 1 (3) 4 (18) .06
Maze procedure 3 (6) 0 (0) 2 (9) .17
Catheter ablation 2 (4) 1 (3) 1 (5) >.99
Coiling of aorto-pulmonary collaterals 2 (4) 1 (3) 1 (5) >.99
Other 6 (11) 4 (13) 2 (9) >.99

Values are n (%) or n/n (%).

AVV, atrioventricular valve; ECC, extracardiac conduit; PVO, pulmonary venous obstruction; TAPVD, total anomalous pulmonary venous drainage.

Table 4. Summary of Follow-up Clinical Information at Last Follow-up

Clinical Information

All Patients Repaired TAPVD Unrepaired TAPVD

P Value(N ¼ 47) (n ¼ 28) (n ¼ 19)

NYHA functional class I-II 44 (94) 27 (96) 17 (89) .56
Participation in sport 26 (55) 15 (54) 11 (58) .77
Below average activity level 16 (34) 10 (36) 6 (32) .77
Number of cardiovascular medications 2.2 " 1.0 2.1 " 1.0 2.2 " 1.1 .83
ACE inhibitor 29 (62) 18 (64) 11 (58) .66
Anticoagulants 31 (66) 18 (64) 13 (68) .77
Antiplatelet 18 (38) 12 (43) 6 (32) .44
Beta-blockers 11 (23) 5 (18) 6 (32) .31
Digoxin 3 (6) 2 (7) 1 (5) >.99
Diuretics 10 (21) 5 (18) 5 (26) .50
AVV regurgitation # moderate 15 (32) 10 (36) 5 (26) .50

ACE, angiotensin-converting enzyme; AVV, atrioventricular valve; NYHA, New York Heart Association; TAPVD, total anomalous pulmonary venous
drainage.
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recurrent pulmonary venous obstruction and an excellent
functional status.
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Chapter 6: Long-term outcomes of surgery for isolated partial anomalous pulmonary venous 

drainage 

 

6.1 INTRODUCTION 

PAPVD is characterized by one or more pulmonary veins failing to connect with the left 

atrium during development. Instead, the pulmonary venous return connects to the right atrium or to 

one or more systemic venous tributaries (51). Therapeutic options for repair depend on anatomical 

type and include creation of an intracardiac baffle to redirect pulmonary venous return or direct 

connection of the pulmonary vein to the left atrium (51).  

Surgical repair of PAPVD has been reported to be performed with excellent outcomes (52). 

However, there are concerns about postoperative PVO or SVC obstruction and late dysrhythmias 

(52). Furthermore, scimitar syndrome is associated with poorer outcomes (mortality, reoperation) 

after surgical repair due to complex intracardiac anatomy and associated lung hypoplasia (52, 54, 

55). There are few large single-center studies on the outcomes of PAPVD surgery in children (52). 

Hence, we report the outcomes of isolated PAPVD repair at our institution over the past 40 years. 

 

6.2 PATIENTS AND METHODS 

Patients 

The institutional Research Ethics Board approved this study. All children who underwent 

repair of PAPVD at the Royal Children’s Hospital between 1974 to 2015 were identified. Patients 

who underwent concomitant repair of atrial septal defects, ventricular septal defects or patent ductus 

arteriosus ligation were included. Patients with other co-existing complex congenital cardiac defects 

requiring concomitant repair (n=11) were excluded from analysis. Baseline and surgical data were 

obtained by retrospective review of medical records. Follow-up data were obtained from 

correspondence with the patients’ general practitioners and cardiologists. Telephone interviews were 
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conducted to obtain up-to-date information for patients who had been discharged from regular 

medical follow-up.  

 

Definitions 

Hospital mortality was defined as death occurring within 30-days of surgery or before 

hospital discharge. All other deaths were considered late. Postoperative cavo-atrial obstruction was 

defined as obstruction at the site of anastomosis identified by echocardiogram and confirmed with 

computed tomography imaging. At postoperative follow-up, patients received a 12-lead 

electrocardiogram and transthoracic echocardiography. Follow-up was considered complete if the 

last confirmed patient contact occurred within 2 years before the end of data collection (31 

December 2018). 

 

PAPVD anatomical variations are as described by Alsoufi et al. (52): 

1. Right PAPVD to SVC: anomalous pulmonary veins attach to upper, lower SVC or SVC-RA 

junction.  

2. Right PAPVD to RA 

3. Right PAPVD to IVC (scimitar syndrome): right lung drainage descends toward the 

diaphragm to join the IVC or IVC-RA junction. 

4. Left PAPVD: left pulmonary veins connect to left innominate vein via a vertical vein. 

5. Bilateral PAPVD: left pulmonary vein to left innominate vein via vertical vein with right 

superior pulmonary vein to the SVC. 

 

Operative Technique 

 Surgery was indicated after diagnosis of PAPVD if the patient was symptomatic or if there 

was evidence of a large shunt (pulmonary to systemic blood flow ratio > 1.5), or right ventricular 

dilatation. In the right PAPVD to SVC type, two techniques were used. The Warden procedure (103) 
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or the patch (one or two patch) technique was used, which have been described by others (104). The 

latter technique was performed through sternotomy or right lateral thoracotomy (n=7).  

 In the scimitar type, our technique has previously been described (65). This involves intra-

atrial baffle repair from within the IVC to the left atrium, via an ASD or disconnection, followed by 

direct implantation of the scimitar vein into the left atrium. Pneumonectomy was performed in 

patients with non-repairable pulmonary veins. 

Finally, in left PAPVD, the left atrial appendage tip was amputated, the vertical vein 

connecting the pulmonary and the innominate veins was divided, and implanted onto the left atrial 

stump (70). This can be performed without cardiopulmonary bypass. 

 

Data Analysis 

All data were analysed with Stata version 12 (Stata Corp, College Station, TX). Data was 

expressed as mean ± standard deviation or median with interquartile range (IQR: Q1-Q3) as 

appropriate. Kaplan-Meier survival curves were used to analyse and plot time-related endpoints. The 

log-rank test was utilized to compare survival curves. Cox proportional hazards analysis was used to 

identify hazards for time-related outcomes. A p-value of <0.05 was used for variable inclusion on 

multivariable analysis. Backward stepwise methods were used such that variables were removed 

until all p-values in the multivariable model were significant. All tests were 2-tailed and p-values of 

<0.05 were considered significant. 

 

6.3 RESULTS 

 Overall patient characteristics are demonstrated in Table 6.1. Intraoperative variables are 

demonstrated in Table 6.2.  

 

Mortality 

 A summary of postoperative outcomes is found in Table 6.3. There were 3 early deaths 
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(2.1%), all occurring before 1991. The first patient was a 4-month-old male with right PAPVD to RA 

and a stenotic common left pulmonary vein. Patch baffle of right pulmonary veins were performed 

along with ASD closure, left pulmonary artery ligation and PDA ligation. Postoperatively, the 

patient developed severe pulmonary oedema and pulmonary hypertension. He died from sudden 

cardiac arrest four days later. The second patient was a 4-week-old male born premature with 

scimitar syndrome, severe left-to-right shunt and extensive infra-diaphragmatic arterial collaterals to 

the right lung. He required intubation and resuscitation prior to emergency surgery. Pericardial 

baffle, ASD closure, PDA ligation and right lower lobectomy were performed but the patient 

remained ventilator dependent postoperatively. Care was withdrawn 2 months after surgery. The 

third patient was a 12-week-old female with scimitar syndrome, extensive systemic-to-pulmonary 

collaterals and a hypoplastic right lung. Following right pneumonectomy, she developed progressive 

left-sided PVO. Despite reoperation to address obstruction, the patient remained ventilator dependent 

and died from pulmonary hypertension 1 month after surgery. 

Late death occurred in 5 patients (3.6%). Two patients died of supra-systemic pulmonary 

hypertension and cardiac failure at 12 and 15.3 months after scimitar vein repair. Three patients died 

from non-cardiac conditions: one patient died from aspiration pneumonia 2.2 months after discharge, 

one patient died from pneumococcal septicemia 2 months after discharge and one patient died from a 

motor vehicle accident 6 years after surgery.  

 Overall survival at 10 and 20 years was 94 ± 2.1% (95% CI: 88 to 97%) (Figure 6.1A). 

Multivariate analysis identified preoperative obstruction (p=0.003), scimitar syndrome (p=0.01) and 

prematurity (p=0.016) to be risk factors for mortality (Table 6.4). Long-term survival was 

significantly lower for scimitar compared to non-scimitar patients (Figure 6.1B).  

 

Reoperation and Reintervention 

 Reoperation for postoperative PVO was required in 4 patients (2.8%). Three patients 

underwent redo surgical correction at a mean of 5.4 months (1.5–9.3 months) after initial scimitar 
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repair (1 after baffle and 2 after re-implantation). One of these patients had further balloon dilatation 

and stent insertion for pulmonary venous stenosis. The patient died one year after scimitar repair due 

to severe persisting pulmonary hypertension. One other patient underwent surgery for baffle stenosis 

after baffle repair of right PAPVD to RA. 

Overall freedom from reoperation for PVO at 10 and 20 years was 97 ± 1.5% (95% CI: 92 to 

99%) (Figure 6.2A). Multivariate analysis demonstrated preoperative obstruction (p=0.003) and 

scimitar syndrome (p=0.020) to be risk factors for reoperation (Table 6.4). Long-term need for re-

operation for PVO was significantly higher for scimitar compared to non-scimitar patients (Figure 

6.2B). 

One patient (2.4%) developed symptomatic SVC obstruction after the Warden procedure and 

required percutaneous intervention (stenting and balloon dilatation). No patient who underwent the 

patch technique for PAPVD to SVC developed SVC obstruction. 

 

Follow-up 

 Long-term follow-up was 91% (127/140) complete with a median follow-up period of 10.2 

years (5.0-18.9 years). All survivors were in New York Heart Association Class I or II function at 

last follow-up. One patient (0.7%) required a permanent pacemaker postoperatively. This occurred in 

a patient after scimitar vein repair that developed complete heart block during stenting of a stenotic 

pulmonary vein (5 months after surgery). One patient developed atrioventricular node re-entrant 

tachycardia 21 years after single patch repair of PAPVD to SVC. She required catheter ablation after 

failed medical therapy. Four patients developed a low atrial rhythm discovered on follow-up Holter 

monitoring. No patient undergoing the Warden procedure, or a 2-patch repair, developed a sinus 

node dysfunction arrhythmia requiring medication or permanent pacemaker.  
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6.4 COMMENT 

 PAPVD is a rare cardiac anomaly that typically presents during childhood (52). In this study, 

we report the spectrum of isolated PAPVD in children and the outcomes associated with surgery at a 

single institution over 40 years. Overall mortality is low in our series with no early deaths since 

1991. Likewise, the literature reports <1% early mortality for isolated PAPVD repair (51, 52). Long-

term outcomes after PAPVD repair are excellent with all survivors remaining in good functional 

status. 

  

Right PAPVD to SVC  

 PAPVD to the SVC anomaly represents the largest group of patients. Two techniques have 

been described to repair this defect including the patch technique and the Warden procedure. Both 

techniques were performed with no early mortality. This is consistent with the reported 0 to 3% 

incidence of operative mortality after PAPVD-SVC repair (52, 57, 58, 63, 64) 

 SVC obstruction is a theoretical risk in patients undergoing patch repair. However, excellent 

outcomes have reported (52) with the two-patch technique with no incidence of SVC obstruction. In 

patients with a high pulmonary venous entry point into the SVC, the Warden procedure has been 

described to mitigate the risk of SVC obstruction with patch repair. However, this complication can 

still occur with the Warden technique (52, 56-59). Technical issues such as absence of a tension-free 

cavo-atrial anastomosis, purse-stringing of the anastomosis or failure to resect right atrial trabeculae 

may be major determinants of SVC obstruction (57). We have previously described our experience 

with the Warden procedure in patients with PAPVD (isolated and complex) and have reported 

excellent results with no operative mortality and a 2.4% incidence of SVC obstruction (105). Though 

we have not demonstrated any significance difference in the incidence of SVC obstruction between 

the two techniques, this is likely due to the different anatomy between the two groups that has led to 

a selection bias.  
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Sinus node dysfunction is another reported complication after the patch repair technique. The 

incidence of this complication is variable with some centres reporting no sinus node dysfunction (52, 

60) and others reporting a much higher rate (56, 62). Stewart et al. reported a 55% incidence of low 

atrial or junctional rhythm after the two-patch technique (56). In comparison, the Warden procedure 

has been reported to have no postoperative sinus node dysfunction requiring permanent pacemaker 

(57, 59, 63). An explanation for this is that the Warden procedure avoids incisions in the vicinity of 

the sinus node and the sinus nodal artery. In our study, we report no permanent pacemakers in the 

Warden or patch technique group. Our rate of significant arrhythmias was also low. Only one patient 

developed atrioventricular node re-entrant tachycardia 21-years after single patch repair of PAPVD 

to the SVC. 

 

Scimitar Syndrome 

 The two main techniques described for repair of scimitar syndrome are the intra-atrial baffle 

repair from within the IVC to the left atrium via an ASD or direct implantation of the scimitar vein 

into the left atrium. The reported mortality from a multi-centre study is 5.9% (54). Some surgeons 

have recommended performing a pneumonectomy to prevent pulmonary hypertension in failed 

repairs or nontransferable veins (66).  

In the current study, we found the presence of preoperative PVO to be more common in 

scimitar patients. These patients may present in a more critical state requiring earlier surgery. The 

presence of preoperative PVO is a surrogate for younger age at surgery, which is consistent with our 

previous findings whereby surgery during infancy and preoperative pulmonary hypertension was 

associated with mortality (65). Infants represent the most challenging group of patients among the 

scimitar syndrome spectrum. Despite successful surgical repair, some patients continue to develop 

refractory pulmonary hypertension with high mortality (65). Similarly, Vida et al. reported lower 

long-term survival amongst scimitar patients with associated complex congenital defects and 

pulmonary hypertension (67). When compared to the remainder of the PAPVD cohort, we found 
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patients with scimitar syndrome were at increased risk of death and decreased long-term survival 

from pulmonary hypertension and cardiac failure. Presently, there are no known strategies to 

mitigate this risk of death and future research into understanding the mechanisms of pulmonary 

hypertension amongst these patients are required to guide medical therapies.   

Postoperative PVO that may occur in up to 50% of patients (52, 54, 55, 68). In a large multi-

center analysis of 485 patients by Vida et al. (67), postoperative PVO was significantly more 

frequent (p=0.01) in younger patients. The reported outcomes of each technique are inconsistent and 

the benefit of one technique over another is inconclusive (54, 67, 68). Sun et al. (106) and Lugones 

et al. (107) report a pericardial tunnel technique to mitigate the risk of postoperative PVO. The 

technique (106) involves anastomosing the distal end of the single anomalous pulmonary vein to an 

incision in the right lateral pericardium. The pericardial flap is then anastomosed around a left 

atriotomy. Sun et al. (106) describe that if the single vein has a vertical form/lie, it is prone to deform 

and kink when anastomosed directly to the atrium. With the pericardial tunnel technique, the course 

of the vein would be extended hence reducing tension and torsion on the anastomosis. Sun et al. 

(106) reported no postoperative PVO in 8 patients using this technique. Our study has identified 

scimitar syndrome to be a risk factor for reoperation. Due to the small numbers, no technique was 

identified as more beneficial over the other.  

 

Limitations 

 This study was limited by its retrospective design. Cardiac imaging and perioperative 

management techniques may have varied during the long study period. Holter monitors were not 

routinely performed on patients at last follow-up and hence, intermittent atrial arrhythmias may have 

been undetected. Though this would underestimate the true incidence of atrial arrhythmias, this is 

likely not clinically significant as patients did not require medications nor were they symptomatic. 

Routine cross-sectional imaging was not performed in patients at follow-up, hence, it is possible that 
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there were some patients with asymptomatic restenosis, particularly in the scimitar syndrome 

population. 

 

6.5 CONCLUSIONS 

 Isolated PAPVD can be repaired with low operative mortality and morbidity. Surgery for 

scimitar syndrome is associated with increased mortality and reoperation for postoperative 

pulmonary venous obstruction. Long-term functional outcomes are excellent after surgical repair. 
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6.6 TABLES 

Table 6.1. Patient characteristics according to anatomical subtype 
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Table 6.2. Intraoperative variables according to anatomical subtype 
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Table 6.3. Outcomes according to anatomical subtype 

 
 

IQR, interquartile range; PAPVD, partial anomalous pulmonary venous drainage; PVO, pulmonary 

venous obstruction; RA, right atrium; SVC, superior vena cava; VSD, ventricular septal defect 
a 1 patient had only right lower lobe pulmonary venous connection to the inferior vena cava and hence was not included 

in this column 
b 1 patient had bilateral PAPVD but the left upper lobe pulmonary vein was not repaired, hence, was not included in this 

column 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable  Overall 
PAPVD-

SVC 

PAPVD-

RA 
Scimitar 

Left 

PAPVD 

Total, number (%) 140 70 34 24a 10b 

Hospital stay, median (IQR: Q1-Q3) 6 (4-8) 5 (4-6) 6 (4-8) 9 (5-26) 6 (5-7) 

Operative mortality 3 (2.1) 0 (0) 1 (2.9) 2 (8.3) 0 (0) 

Late mortality 5 (3.6) 0 (0) 0 (0) 4 (17) 1 (10) 

Reoperation for PVO 4 (2.9) 0 (0) 1 (2.9) 3 (13) 0 (0) 

Reintervention for SVC obstruction 1 (0.7) 1 (1.4) 0 (0) 0 (0) 0 (0) 

Postoperative permanent pacemaker 1 (0.7) 0 (0) 0 (0) 1 (4.2) 0 (0) 
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Table 6.4. Univariate and multivariate analysis for mortality or reoperation for pulmonary venous 

obstruction 
 

Variable 
  Univariate  Multivariate 

  
p Value  

Hazard 

Ratio 
95% CI p Value 

 

Mortality 
    

   

 
Obstruction <0.001 

 
10.4 2.2-50 0.003  

 
Scimitar 0.001 

 
9.8 1.7-57 0.011  

 
Prematurity 0.006 

 
12.0 1.6-91 0.016  

 
Intubation <0.001 

   
  

 
VSD closure 0.020 

   
  

 
CPB time 0.001 

   
  

 

Cross-clamp 

time 0.002 
   

  

Reoperation 
    

   

 
Obstruction 0.001 

 
47.7 3.8-598 0.003  

 
Scimitar 0.015 

 
21.0 1.6-271 0.020  

 Prematurity  0.047      

 
Intubation 0.022 

   
  

 VSD closure 0.103      

 
CPB time 0.027 

   
  

  

Cross-clamp 

time 0.053          

 
CPB, cardiopulmonary bypass; VSD, ventricular septal defect 
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6.7 FIGURES 

Figure 6.1. Kaplan-Meier survival curves 

A: Overall survival 

 

 

B: Survival comparing patients with and without scimitar syndrome  
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Figure 6.2. Kaplan-Meier freedom from reoperation for pulmonary venous obstruction (PVO) 

A: Overall freedom from reoperation for PVO 

 

 

B: Freedom from PVO reoperation comparing patients with and without scimitar syndrome  
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Chapter 7: Outcomes of the Warden procedure for partial anomalous pulmonary venous 

drainage 

 

7.1 INTRODUCTION 

In Chapter 6, we have described the outcomes of surgery for isolated PAPVD. This chapter 

focuses on the subgroup of patients with a right upper lobe pulmonary vein that connects to the right 

atrium. Repair aims at complete closure of the associated atrial septal defect and redirection of the 

anomalous pulmonary veins into the left atrium. Partitioning the SVC into 2 pathways and 

manipulation of the right atrial-SVC junction increase the risk of pulmonary venous or SVC 

obstruction and injury to the sinus node. When entry of the pulmonary vein is high into the SVC, 

traditional techniques of one-patch or two-patch repair may be challenging. The cavo-atrial 

anastomosis technique (Warden procedure) was developed to reduce the risk of sinus node 

dysfunction and SVC obstruction in these cases. Early outcomes of the procedure were promising 

with low complication rates. However, numbers of patients are small, follow-up was limited and 

many studies included adult patients. Herein, we describe the outcomes of the Warden procedure in 

children at single institution. 

Our study is the largest describing this procedure in children. We found that the Warden 

procedure for repair of anomalous pulmonary venous drainage to the SVC can be performed with no 

operative mortality or permanent pacemaker requirement. Mid-term outcomes are excellent with a 

low occurrence of SVC obstruction. 
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Abstract

OBJECTIVES: When drainage of an anomalous pulmonary vein is high into the superior vena cava (SVC), traditional techniques of 1-patch
or 2-patch repair may be challenging. The cavoatrial anastomosis technique (the Warden procedure) was developed to reduce the risk of
sinus node dysfunction and SVC obstruction. Herein, we describe the outcomes of the Warden procedure in children at a single
institution.

METHODS: A retrospective study was conducted on all children with partial anomalous pulmonary venous drainage (PAPVD) undergoing
the Warden procedure from 1996 to 2015.

RESULTS: There were 42 PAPVD patients with a right upper pulmonary vein entering into the SVC undergoing the Warden procedure.
The mean age of the patients at surgery was 5.5 years (71 days to 15.4 years). There was no operative mortality. Median hospital stay was
5 (3–25) days. One (2.4%) patient developed cavoatrial (SVC) obstruction. This patient required percutaneous intervention (stenting and
balloon dilatation). There was 1 (2.4%) late death in a patient with PAPVD and pulmonary atresia due to a hypoxic brain injury following
catheter intervention for a stenotic conduit. Survival was 97 ± 3% (95% confidence interval 83–100%) at 5 and 7 years. All patients were
asymptomatic at a mean follow-up of 6 years (range 1 month to 21 years) after surgery. No patient had sick sinus syndrome, sinus node
dysfunction or required permanent pacemaker at follow-up.

CONCLUSIONS: The Warden procedure for repair of PAPVD to the SVC can be performed with no operative mortality or permanent
pacemaker requirement. Mid-term outcomes are excellent with a low occurrence of SVC obstruction.

Keywords: Surgery • Congenital heart disease • Pulmonary veins • Partial anomalous pulmonary venous drainage

INTRODUCTION

Numerous techniques have been described for repair of partial
anomalous pulmonary venous drainage (PAPVD) of the right up-
per pulmonary veins to the superior vena cava (SVC) [1]. Repair
aims at complete closure of the associated atrial septal defect
(ASD) and redirection of the anomalous pulmonary veins into
the left atrium. Partitioning the SVC into 2 pathways and manipu-
lation of the right atrial-SVC junction increase the risk of pulmo-
nary venous or SVC obstruction and injury to the sinus node.
When entry of the pulmonary vein is high into the SVC, tradition-
al techniques of 1-patch or 2-patch repair may be challenging.
The cavoatrial anastomosis technique (the Warden procedure)
was developed to reduce the risk of sinus node dysfunction and
SVC obstruction in these cases [2]. Early outcomes of the

procedure are promising [2]; however, numbers of patients are
small, and no study in the reported literature exclusively studied
outcomes in children. Herein, we describe the outcomes of the
Warden procedure in children at a single institution.

MATERIALS AND METHODS

Patients

The institutional research ethics board approved this study. All
patients who underwent repair of PAPVD with the Warden pro-
cedure at the Royal Children’s Hospital between 1996 and 2015
were identified. Data were obtained by review of medical records
from the initial admission until the last follow-up. All patients

VC The Author(s) 2018. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.
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had a 12-lead electrocardiography and transthoracic echocardi-
ography (to evaluate the cavoatrial anastomosis and pulmonary
venous pathway) at annual cardiology review. A Holter monitor
was performed if there were symptoms suggestive of
dysrhythmias.

Operative technique and patient selection

The Warden procedure was selected based on surgeon prefer-
ence and if there was concern that a 1-patch or 2-patch repair
technique may have put the patient at risk of SVC obstruction.

After sternotomy, the right SVC is circumferentially dissected
and mobilized from the SVC-right atrial junction to the SVC-left
innominate vein junction. The azygos vein is doubly ligated
and divided to permit maximal mobilization of the SVC.
Cardiopulmonary bypass (CPB) is instituted after cannulation of
the ascending aorta, inferior vena cava and high SVC (near the
SVC-innominate vein junction). If there is a large left SVC, addi-
tional venous drainage may be established. Two vascular clamps
are placed across the SVC above the entrance of the highest
anomalous right pulmonary vein. The SVC is then transected. The
tip of the right atrial appendage is amputated and enlarged to
the diameter of the cephalad SVC. Excision of the trabeculae in
the right atrial appendage at the site of anastomosis is performed
and reduces the risk of SVC obstruction. The caudal SVC stump is
closed directly above the entry point of the anomalous pulmo-
nary vein. The cephalad SVC is sewn to the amputated right atrial
appendage with an interlocking continuous absorbable suture.

The aortic cross-clamp is then applied and cardioplegic arrest
induced. A high right atriotomy is performed to expose the sinus
venosus or secundum ASD. If there is no defect, an interatrial
septal defect is created. The anomalous right pulmonary venous
drainage is baffled across the ASD into the left atrium with a fresh
autologous pericardial patch. A Gore-Tex patch (W.L. Gore &
Associates, Inc., Flagstaff, AZ, USA) may be used instead. The right
atriotomy is then closed, and the patient is weaned off bypass as
per standard protocol. All patients had intraoperative transoeso-
phageal echocardiogram performed to confirm laminar flow
through the baffle and cavoatrial anastomosis.

Definitions

Operative mortality was defined as death occurring within
30 days of surgery or later if the patient is still hospitalized (in-
cluding patients transferred to other acute care facilities). All
other deaths were considered as late. Postoperative cavoatrial
(SVC) obstruction was defined as symptomatic (facial swelling,
dyspnoea, headaches and venous engorgement of neck, trunk
and upper extremities) right atrial-SVC anastomotic narrowing as
identified on transthoracic echocardiogram and computerized
tomography imaging. Postoperative pulmonary venous obstruc-
tion was identified during routine transthoracic echocardiogram
or if the patient developed symptoms of heart failure and the ste-
nosis was confirmed using computerized tomography imaging.
Postoperative sinus node dysfunction was defined as persistent
sinus bradycardia (<50 beats/min) or junctional/nodal rhythm,
ectopic atrial rhythm or a wandering pacemaker (<60 beats/min)
or pauses of more than 3 s. A low atrial rhythm was defined as in-
verted P waves in the inferior leads on electrocardiography.
Patients were considered lost to follow-up if no medical informa-
tion was available after hospital discharge.

Data analysis

All data were analyzed using Stata version 12 (Stata Corp, College
Station, TX, USA). Data are expressed as mean ± standard devia-
tion and median with interquartile range (IQR) as appropriate.
The Kaplan–Meier curves were used for time to event (actuarial
survival) analysis.

RESULTS

Detailed preoperative patient characteristics are listed in Table 1.
Diagnosis of PAPVD was made by echocardiogram and comput-
erized tomography imaging. Cardiac catheterization (n = 6)
was used to confirm diagnosis earlier in the study period or
when there were complex co-existing congenital heart defects.
Surgery was performed with standard CPB. Mean CPB time was
93 ± 60 min (36–300 min), and mean cross-clamp time was
50 ± 41 min (10–198 min). Circulatory arrest was used in 1 patient.
The mean lowest temperature during CPB was 33 ± 2!C (25–
35!C). Concomitant repairs included ventricular septal defect clo-
sure in 4 (9.5%) patients, complete repair of pulmonary atresia
(right ventricle to pulmonary artery conduit, ventricular septal
defect closure and left/right pulmonary artery augmentation) in 1
(2.4%) patient, REV procedure in 1 (2.4%) patient, Ebstein valve
repair in 1 (2.4%) patient, aortic valve repair in 1 (2.4%) patient,
repair hypoplastic arch and coarctation in 1 (2.4%) patient and
ASD closure in 38 (90%) patients. In 5 cases (12%), cavoatrial
anastomosis could not be performed without excessive tension,
hence, pericardial patch enlargement was performed. Median in-
tubation time was 8 h (IQR 5–13 h), and median stay in the inten-
sive care unit was 21 h (IQR 17–25 h). Median hospital stay was 5
(IQR 4–6) days. No patient developed dysrhythmias that required
a temporary or permanent pacemaker in the immediate postop-
erative period.

Table 1: Patient characteristics

Variables Values

Total 42
Demographics

Male:female 21:21
Mean age at surgery (years),

mean ± SD (range)
5.5 ± 4 (71 days to 15 years)

Weight at surgery (kg), mean ± SD (range) 19.2 ± 10.8 (3.8–48.4)
Height at surgery (cm), mean ± SD (range) 108 ± 29.3 (54–163)
BSA (m2), mean ± SD (range) 0.75 ± 0.32 (0.22–1.48)

Diagnosis, n (%)
Prematurity 1 (2.4)
ASD 38 (90)
PDA 2 (4.8)
VSD 5 (11.9)
Pulmonary atresia 1 (2.4)
Left SVC 4 (9.5)
Syndromal diagnosis 1 (2.4)

Interventions, n (%)
Preoperative intubation 1 (2.4)
Balloon atrial septostomy 1 (2.4)
Preoperative ECMO 0 (0)
Previous cardiac operation 4 (9.5)

ASD: atrial septal defect; BSA: body surface area; ECMO: extracorporeal
membrane oxygenator; PDA: patent ductus arteriosus; SD: standard devia-
tion; SVC: superior vena cava; VSD: ventricular septal defect.
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There were no hospital deaths. There was 1 late death (2.4%) in a
patient with PAPVD and pulmonary atresia 1.2 years after surgery.
The patient underwent catheter intervention for a stenotic conduit.
During the procedure, there was a guide-wire perforation of the pul-
monary artery resulting in a hypoxic arrest and hypoxic brain injury.
The Kaplan–Meier analysis demonstrated actuarial survival of 97± 3%
(95% confidence interval 83–100%) at 5 and 7 years (Fig. 1A).

One (2.4%) patient developed SVC obstruction. This patient
underwent surgery at 3.5 years of age (weight during surgery was
14.3 kg) after presenting with clinical features of a large shunt.
The operation was uncomplicated, and the cavoatrial anastomo-
sis was performed without any patch augmentation. The patient
was discharged on Day 3 after surgery but developed SVC ob-
struction 3 years after the surgery. The patient was symptomatic
and required percutaneous intervention (stenting and balloon di-
latation). At the last follow-up, 8 years after the initial surgery, this
patient was asymptomatic without any further evidence of SVC
obstruction. No patient developed baffle or postoperative pul-
monary venous obstruction. Freedom from reintervention or
reoperation for SVC obstruction was 96 ± 4% (95% confidence in-
terval 77–99%) at 5 and 7 years after surgery (Fig. 1B).

No patient was lost to follow-up. The mean follow-up was
5.6 ± 4.3 years (1 month to 21 years) after surgery. All survivors
were in New York Heart Association functional Class I or II. At
follow-up, 12-lead electrocardiography was performed on all pa-
tients, and no patient developed sick sinus syndrome, sinus node
dysfunction or atrial arrhythmias requiring permanent pacemak-
er implantation. Three (7.1%) patients had a low atrial rhythm
but were asymptomatic. Three patients had a Holter monitor for
palpitations: 1 patient had a low atrial rhythm, 1 had a normal
sinus rhythm and 1 had intermittent self-resolving episodes of
supraventricular tachycardia. Follow-up echocardiographic as-
sessment of the right atrial-SVC anastomosis was available in 38
of the 41 (93%) survivors and demonstrated a mean velocity of
0.4 ± 0.59 (0–1.7) m/s.

DISCUSSION

Warden et al. [2] first described the cavoatrial anastomosis tech-
nique in 1984 as an alternative repair approach for PAPVD to the
SVC. Early outcomes of the procedure were promising [3], but

most series (Table 2) had a small number of patients, limited
follow-up and included adult patients. Only 2 studies have re-
ported on the Warden procedure exclusively in the paediatric
population [1, 4]. Herein, we describe the largest study of the
outcomes on the Warden procedure in children.

The decision to perform the Warden procedure was based on
surgeon preference and anatomical features when there was con-
cern of SVC obstruction with the patch technique. The Warden
procedure can be safely performed in children with excellent early
and late outcomes. In our study, that included patients with other
complex congenital cardiac defects, we report no operative mor-
tality in children. Similarly, others have reported an operative mor-
tality of 0–3% for the Warden procedure [4–6, 10] and patching
technique [1], although anatomy of children with PAPVD undergo-
ing the alternative technique (1-patch or 2-patch technique) might
be different as mentioned above. Park et al. [10] reported an early
death (3%) in a patient with co-existing congenital heart disease
(absent pulmonary valve syndrome) among 30 patients undergo-
ing the Warden procedure (mean age 4.9 years; range 1 month–
55 years). The only late death in our study was unrelated to the
Warden procedure but due to a procedural complication for the
patient’s co-existing complex congenital cardiac defect.

The reported incidence of long-term sinus node dysfunction
with the use of the 1-patch or 2-patch technique has been incon-
sistent. Some authors have reported no sinus node dysfunction
[1, 11], whereas other authors have reported significant sinus
node dysfunction after patch techniques [12–14]. Stewart et al.
[12] reported a 55% incidence of low atrial or junctional rhythm
after the 2-patch technique that was significantly higher when
compared with the 1-patch technique or Warden procedure.
Iyer et al. [13] reported a 21% incidence of postoperative junc-
tional rhythms among their 1-patch technique group, though
none of these patients with junctional rhythms required perma-
nent pacemakers. In comparison, the Warden procedure has
demonstrated reproducible results with no postoperative sinus
node dysfunction requiring permanent pacemaker [3, 4, 10].
A key principal of the Warden procedure is that it avoids inci-
sions in the vicinity of the sinus node and the sinus nodal artery.
We report no pacemaker requirement and a 7% incidence of low
atrial rhythm on postoperative follow-up. The results of our study
are reassuring and confirm that good results can also be achieved
in children. This has likewise been reported in other studies

Figure 1: (A) The Kaplan–Meier survival curve. (B) The Kaplan–Meier freedom from reoperation or reintervention for the superior vena cava or pulmonary venous
obstruction. CI: confidence interval.
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where the majority of patients have remained free of sinus node
dysfunction in the long term [4–6].

When the pulmonary venous ‘entry point was high’ in the SVC,
traditional 1-patch technique can result in SVC narrowing.
Hence, the 2-patch technique was developed to ensure that the
SVC flow into the right atrium remains unobstructed. However,
SVC narrowing may still occur if the patch is placed high in the
SVC. The Warden technique mitigates this risk by allowing a gen-
erous anastomosis of the SVC to the right atrium. Furthermore,
this technique may be useful in patients with bilateral SVC with a
small-sized right SVC that may be at risk of narrowing with stan-
dard 2-patch techniques. However, the development of SVC ob-
struction at the site of anastomosis is an important complication
of this procedure that may require reoperation [3]. The literature
reports that 3–20% of patients will develop SVC obstruction [1, 3,
6, 10, 12]. Agarwal et al. [7] reported no SVC obstruction among
58 patients and demonstrated right atrial-SVC anastomotic gradi-
ents of <1 mm on echocardiography; however, the follow-up was
limited to a mean of 1.2 years. Technical issues such as the ab-
sence of a tension-free cavoatrial anastomosis, purse stringing of
the anastomosis or failure to resect right atrial trabeculae may be
major determinants of SVC obstruction with the risk being higher
in younger (<2 years) and smaller patients (<7 kg) [10]. These
complications occurred within 1–2 years from surgery [10, 12].
Park et al. [10] highlighted the importance of a tension-free anas-
tomosis between the cephalic end of the SVC and right-atrial ap-
pendage. Their technique involves extensive dissection and
mobilization of the SVC and brachiocephalic vein as well as the
resection of trabeculations in the right atrial appendage. In our
experience, only 1 patient developed SVC obstruction requiring
endovascular intervention. This low incidence may be attributed
to the following strategies to achieve a tension-free cavoatrial
anastomosis: (i) dissection and mobilization of the SVC and (ii)
the use of interlocking stitches to prevent the purse-stringing ef-
fect of a continuous stitch. Furthermore, the use of an absorbable
stitch may avoid potential strictures of the anastomosis with so-
matic growth of the patient. Modifications to reduce cavoatrial
anastomosis tension, including patch augmentation or right atrial
wall pedicle flap, have resulted in widely patent anastomoses at

the last follow-up [10, 15]. Our experience with these modifica-
tions is limited, and, hence, no specific recommendations can be
made. However, they are a useful adjunct when tension-free
cavoatrial anastomosis cannot be achieved. Long-term durability
of this anastomosis is unclear as most studies have small sample
sizes with limited follow-up. This is important in the paediatric
population where growth is expected over the ensuing years. In
our cohort, 1 patient was followed up 21 years after the initial
surgery at the age of 5 years and remained well with no symp-
toms of SVC obstruction. Our mid-term results are reassuring
with few complications. However, an ongoing follow-up into
adulthood is required to detect any late complications among
patients operated during childhood.

The development of postoperative pulmonary venous obstruc-
tion is likely a technical problem that may be related to a failure to
enlarge a restrictive ASD or stenosis at the caudal end of the tran-
sected SVC. We routinely use autologous pericardium to baffle the
pulmonary venous return through the ASD to the left atrium.
Some authors suggest patch repair of the transected SVC to avoid
stenosis [16]. However, we and other units have not observed any
complications with direct suture closure of the caudal SVC [8, 10].

Limitations

This study was limited by its retrospective design. Patient selec-
tion and surgical techniques have varied over the long study pe-
riod. Because of the low incidence of adverse outcomes
(mortality and morbidity), risk factor analysis could not be per-
formed. There was no comparison group as patients who under-
went patch repair (n = 21) had different anatomy, and selection
was not uniform during the study period.

CONCLUSIONS

The Warden procedure for repair of PAPVD to the SVC can be
performed with no operative mortality or permanent pacemaker
requirement. Mid-term outcomes are excellent with a low occur-
rence of SVC obstruction.

Table 2: A summary of the current literature on the Warden procedure

Authors Year of
publication

Years Number
of patients

Age Operative
mortality
(%)

SVC
obstruction
(%)

Follow-up

Gustafson et al. [3] 1995 1964–1994 40 Mean 11 (1–52) years 2.5 2.5 Mean 11 years (6 months to 30 years)
DiBardino et al. [4] 2004 1995–2003 16 Mean 7 (0.2–14) years 0 0 Mean unknown (0.3–67 months)
Shahriari et al. [5] 2006 1991–2004 13a Mean 13 (1.5–43) years 0 0 Mean 3.7 (1–12.8) years
Nakahira et al. [6] 2006 1993–2004 20 Mean 12 (4–26) years 0 10 Mean 6.5 (range unknown) years
Alsoufi et al. [1] 2007 1982–2006 14a 5.3 (0.47–18) years 0 7.1 Mean 11 (range unknown) years
Agarwal et al. [7] 2011 2008–2011 54 Median 11 (2–48) years 0 0 Mean 1.2 years (1 month to 2.8 years)
Kottayil et al. [8] 2011 2006–2010 32b Median 4 years

(3 months to 34 years)
0 0 Median 24 (6–46) months

Said et al. [9] 2011 1990–2009 18a Mean 35 (1.3–76) years 0 5.5 Mean 2 (max 14) years
Park et al. [10] 2012 1994–2011 30 Median 4.9 years

(1 month to 55 years)
3.3 10 Mean 5.3 years (1 month to 16 years)

Only studies with >10 patients were included.
aA part of a larger study of partial anomalous pulmonary venous drainage patients undergoing other types of repair.
bIncluded 4 patients with total anomalous pulmonary venous drainage repaired with the Warden procedure.
SVC: superior vena cava.
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Chapter 8: Long-term quality of life in adult survivors after anomalous pulmonary venous 

drainage repair 

 

8.1 INTRODUCTION 

 In Chapters 2 and 6, we have highlighted that the long-term outcomes after repair of isolated 

PAPVD and TAPVD are excellent with a low incidence of late mortality or reoperation. In this 

current era, clinicians can expect the majority of these patients to survive into adulthood. There is 

now growing interest in assessing the long-term functional status and quality of life of adults with 

CHD (76, 108). There are no current studies assessing the quality of life of patients with repaired 

isolated PAPVD and TAPVD who survive into adulthood.  

This section contains two published articles. The first is an invited editorial published in the 

Journal of Thoracic Disease where we highlight that in the context of improving survival outcomes, 

there is now a need to better study the long-term functional and quality of life outcomes after 

TAPVD surgery. Understanding these outcomes will help in redefining the long-term expectations of 

both parents and patient after a child survives surgery. In the second article, we sought to describe 

the health-related quality of life outcomes in adult survivors after repair of anomalous pulmonary 

venous drainage compared against Australian population data. Using a validated health-related 

quality of life questionnaire, we interviewed 101 adult survivors after isolated TAPVD and PAPVD 

repair and found that the outcome measures were similar to age-matched Australians. This is the first 

study to examine this amongst patients with anomalous pulmonary venous drainage and offers a 

unique perspective into the long-term expectations for these patients. With this information, we can 

better inform parents at time of surgery. 
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Total anomalous pulmonary venous drainage (TAPVD) is a 
rare congenital heart anomaly that comprises approximately 
1.5% of all congenital heart disease (CHD) (1). This 
condition may exist in isolation or associated with other 
complex congenital defects including heterotaxy and a 
univentricular circulation. Since the first surgical attempt 
to correct TAPVD reported in 1951 (2), changes in 
perioperative management and surgical strategy has led 
to improved outcomes. The current operative mortality 
for isolated TAPVD repair is low (3,4). However, three 
issues remain in the management of TAPVD. Firstly, 
early mortality continues to be higher in neonatal patients 
(5,6). These patients often present in extremis and 
represent the most severe end of the disease spectrum. 
In contrast, TAPVD repair in infants can be performed 
with 0–5% mortality in the current era (3,6,7). Secondly, 
the development of postoperative pulmonary venous 
obstruction (PVO) occurs in approximately 10–20% of 
patients and is associated with a poor prognosis (8). The 
sutureless technique has been utilized during primary repair 
in an attempt to mitigate this complication (9). Finally, the 
management of TAPVD in the context of a univentricular 
circulation remains a challenge with high early and late 
mortality in this current era (10-12).

Excellent long-term survival has been described 
after isolated TAPVD repair (12). Patients are often 
asymptomatic and many have been discharged from long-
term cardiology follow-up. This has led some authors to 

consider patients to be completely “cured” after surgery (13). 
Although these studies have demonstrated improvement 
in results in the current era and include large cohorts of 
patients, they lack follow-up beyond childhood. Therefore, 
survival into adulthood after TAPVD repair is unknown. 
There is current interest in the shifting demographic of 
patients with CHD. More than half of patients with CHD 
are now adults (14) and impose an increasing burden upon 
adult congenital specialists.

In this context, we read with interest a recent paper by 
St Louis et al. (15), which provides long-term population-
based outcomes of TAPVD patients after repair. This study 
is unique as it combines a large surgical database (Paediatric 
Cardiac Care Consortium) with a national registry that 
records death and transplant events within the United 
States in order to determine follow-up into adulthood. 
Between 1982 and 2003, a total of 777 infants underwent 
TAPVD repair (median age of 21 days) and survived 
beyond the hospital stay. To the best of our knowledge, this 
study represents the longest follow-up of TAPVD patients 
(median of 18.4 years) with the largest number of patients 
followed-up into early adulthood.

The authors report an overall  rate of death or 
transplantation after hospital discharge of 9.7%. The rate of 
death or transplantation was 5.5% and 31% for the simple 
and complex TAPVD groups, respectively. The simple 
TAPVD group was defined as TAPVD without other co-
existing CHD (excluding patent ductus arteriosus and atrial 
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septal defect). All other patients with co-existing CHD 
were classified in the complex TAPVD group. The highest 
risk of mortality of transplantation was within the first 12 
months after isolated TAPVD repair, whilst an ongoing 
low-grade attrition was noted for the complex cohort up to 
4 years after repair. On multivariate analysis, the authors 
found complex TAPVD, mixed TAPVD and prolonged 
postoperative length of hospital stay to be associated with 
increased risk of death or transplantation. The authors 
report that in isolated TAPVD, long-term survival after 
1 year of surgical repair matches that of the general 
population.

There are several limitations of the study. Firstly, the 
patients included were operated on 15 to 36 years ago and 
patterns of treatment and diagnosis have changed over 
time. This may be relevant to the complex TAPVD group, 
in particular the patients with a univentricular circulation. 
However, this issue is unavoidable in this study where the 
focus was on the long follow-up duration. Conversely, it 
is reassuring that hospital survivors after isolated TAPVD 
repair in this earlier era have achieved such excellent long-
term survival and freedom from transplantation. Secondly, 
1,334 patients were originally identified in the database, 
however, 277 (20%) were excluded from analysis for various 
reasons. It is unclear if these patients may have influenced 
the true long-term outcomes of this cohort.

Nevertheless, this is an important study as it provides 
a new insight into patients surviving to adulthood after 
TAPVD repair. Recent studies have questioned the 
assertions that patients with ‘simple’ CHD have a normal 
life expectancy (16). Hence it is a reassuring finding that 
repair of isolated TAPVD has an excellent long-term survival 
approaching that of the general population (15). This 
statement appears to be consistent for patients up to 30 years  
after initial repair. However, we are reminded that the 
majority of their cohort were of the age of 18 years at last 
follow-up (15). In our own experience of 214 infants and 
neonates with isolated TAPVD operated between 1973 and 
2014, we similarly found most late deaths (80%) occurred 
within 1 year after repair (7). The majority of deaths within 
the first year after surgery were related to the development 
of postoperative PVO. Late outcomes were excellent with 
a 10-year freedom from mortality and reoperation of 88% 
and 90%, respectively. We did not observe a higher rate 
of mortality amongst patients with mixed TAPVD (17), 
however, our experience is small in comparison. Patients 
were followed-up for a mean of 13 years (range, 1 month 
to 42 years) after surgery and all were asymptomatic at last 

review (7). 
The long-term survival and transplantation rate in 

patients with TAPVD and complex CHD, in particular 
those with a univentricular circulation, are largely unknown. 
This may be due to the small numbers of cases amongst 
most centres and the universally poor early and late 
outcomes associated with TAPVD repair in patients with a 
univentricular circulation (11,12,18). The study by St Louis 
et al. (15) attempts to shed light on this difficult subgroup 
of TAPVD patients with complex CHD. It appears that 
although this group (n=126) has a prolonged attrition of 
up to 4 years after surgery compared to isolated TAPVD 
patients, long-term transplant-free survival thereafter is 
excellent. The overall rate of death/transplant was 31% at 
follow-up. It is important to remember that even within 
this complex cohort there exists variation in severity. The 
single ventricle group had a significantly higher rate of 
death/transplant (51%) compared to the biventricular group 
(5.5%) of complex TAPVD patients. Duration of follow-up 
was also significantly shorter for the single ventricle group 
(median 14 years) compared to the biventricular group 
(median 19 years). It is therefore clear that patients with 
TAPVD and a univentricular circulation have much poorer 
outcomes, occurring over a shorter period of time after 
TAPVD repair. These findings are supported by Horer  
et al. (12) who reported on 193 patients (182 biventricular, 
11 univentricular) who underwent TAPVD repair with a 
mean follow-up of 15 years. They reported poor long-term 
survival amongst patients with a univentricular circulation 
(50% of patients dying before 5 years of age) (12). The 
disparity in outcomes between patients with univentricular 
compared to biventricular circulation may be related to 
the more complex physiology and anatomy, concomitant 
palliative procedures or the increased risk of postoperative 
PVO (10,19,20). Furthermore, the univentricular circulation 
is particularly vulnerable to any degree of PVO which 
may predispose to early cardiac failure (15) or preclude 
completion of the Fontan circulation (12). Future research 
is required in patients with a univentricular circulation to 
determine the long-term outcomes into adulthood and the 
impact of TAPVD repair on the Fontan circulation. 

The findings of St Louis et al. (15) allow clinicians to 
better counsel parents of children with TAPVD about 
the long-term expectations after surgery. In particular, 
children alive one year after isolated TAPVD repair can 
be assured of survival into early adulthood resembling 
that of the general population (15). However, the natural 
history of these patients and complications encountered 
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in adulthood is undefined. There is growing evidence 
that patients with “simple” CHD may have an increased 
morbidity in adulthood. Videbaek and colleagues 
reported increased rates of cardiac surgery, heart failure, 
endocarditis, pulmonary hypertension, arrhythmias and 
stroke when adult CHD patients were compared to the 
general population (16). It is unknown if TAPVD patients 
will encounter these complications with advancing years 
of adulthood. Furthermore, it appears that patients with 
repaired TAPVD, though asymptomatic, may not have 
normal cardiac function at late assessment. Marcondes 
et al. (21) performed echocardiography examinations on 
TAPVD patients, 11 years after repair, and compared them 
to normal controls and patients with repaired transposition 
of great arteries. In this interesting study, the authors found 
that patients with repaired TAPVD had left ventricular 
diastolic dysfunction compared to controls. This was 
postulated to be a result of the relative unloading of the left 
ventricle during early cardiac development (21). Though 
no clinical implications were identified by these findings, 
the authors still recommended more careful follow-up of 
these patients. Hence, more work is required in this area 
as the impact of subclinical cardiac impairment on long-
term outcomes and how this may interact with acquired 
cardiac disease is unknown. We have previously described 
a hemodynamic index for risk stratification after neonatal 
TAPVD repair (22). Risk stratification after discharge 
for persistent pulmonary hypertension and PVO is not 
well defined. As we enter the genomic era of personalized 
medicine, we will most likely develop a better understanding 
of the underlying genomic basis for persistent pulmonary 
hypertension and recurrent PVO. Precise genomic 
assessment may dramatically improve risk stratification in 
patients with TAPVD. Finally, there is growing interest 
in the quality of life of adults with CHD (23). No specific 
study assessing the quality of life and comparing them to the 
general population has been conducted on repaired TAPVD 
patients in adulthood. As the population of TAPVD patients 
surviving to adulthood expands, future research into these 
areas will aid in redefining the long-term expectations after 
TAPVD repair. 
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Long-Term Quality of Life Outcomes in
Adult Survivors After Anomalous
Pulmonary Venous Drainage Repair
Matthew S. Yong, MBBS, Michael Z. L. Zhu, MBBS, Li Huang, PhD,
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Background. We sought to determine the long-term
quality of life after repair of anomalous pulmonary
venous drainage using the Short Form (SF)-36 question-
naire in adult survivors.

Methods. All patients who underwent repair of partial
or total anomalous pulmonary venous drainage (PAPVD
or TAPVD) and were 18 years of age or older with a cur-
rent contact number were identified from the hospital
database. The mean age of the 101 patients was 26 ± 7 years
(range, 18-49) old. Patients completed the SF-36 quality of
life questionnaire via telephone. The results of the 8 do-
mains of the SF-36 questionnaire and the derived health
state summary score (SF-6-Dimension) were compared
against an age-matched Australian population data.

Results. Compared with Australian population age-
matched data, the 18- to 24-year-old TAPVD/PAPVD

patients ranked their health higher in 1 of 8 domains;
however the SF-6-Dimension scores were similar (0.75 for
TAPVD and PAPVD patients vs 0.77 for the Australian
population, P [ .2). In the 25-50 age group TAPVD/
PAPVD patients ranked their health higher in 3 of 8 do-
mains. However the SF-6-Dimension scores were similar
to Australian age-matched population (0.78 for TAPVD
and PAPVD patients vs 0.77 for the Australian popula-
tion, P [ .51).
Conclusions. Young adult survivors after anomalous

pulmonary venous drainage repair have similar quality
of life outcomes as age-matched Australian control sub-
jects as measured by SF-6-Dimension.

(Ann Thorac Surg 2020;110:654-9)
! 2020 by The Society of Thoracic Surgeons

The current long-term outcomes after repair of
isolated partial or total anomalous pulmonary

venous drainage (PAPVD or TAPVD) are excellent,
with a low incidence of late mortality or reoperation as
survivors reach adulthood.1-5 This has led to a
growing interest in assessing the long-term functional
and quality of life status in adults with congenital
heart disease.6,7 The approach to which health-related
quality of life is measured has also evolved from
single-item measures such as satisfaction with health
and life to multidimension measures.8 No current
studies have assessed the quality of life of patients
with repaired isolated PAPVD and TAPVD who sur-
vive into adulthood. Therefore using the Short Form
36 (SF-36) questionnaire we sought to describe health-
related quality of life in adult survivors after repair of
anomalous pulmonary venous drainage and compare
it against age-matched Australian population data.

This study aims to contribute to the literature on long-
term outcomes and guide clinician and patient
expectations.

Material and Methods

Patients
The institutional Research Ethics Board at the Royal
Children’s Hospital approved this study. Patients who
underwent TAPVD or PAPVD repair and were now 18
years of age or older were identified from the hospital
database. Patients from South Australia, Tasmania,
and Victoria were included in the study. Patients who
were nonverbal or with other complex congenital
cardiac defects other than an atrial septal defect,
ventricular septal defect, or patent ductus arteriosus
were excluded. One hundred fifty-seven patients un-
derwent isolated TAPVD (n ¼ 91) or PAPVD (n ¼ 66)
repair and were eligible for the study. Of these, 51
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patients could not be contacted and 3 patients
declined to participate in the study. Therefore 101
patients (64%) were contacted and completed the SF-
36 quality of life questionnaire over the telephone
from January to December 2018. Although this ques-
tionnaire is typically administered in the written
format, conducting it by telephone has been shown to
be equivalent.9

Definitions
The SF-36 is a validated health-related quality of life
questionnaire that contains 36 questions pertaining to 8
mental and physical health domains. These domains
include physical function, role limitations caused by
physical health problems, general health, bodily pain,
role limitation caused by emotional problems, social
functioning, vitality, and mental health.10 Responses
to the questions indicate the presence or absence of
limitations. The SF-36 was then converted to the SF-6-
Dimension (SF-6D) score to present a generic single-
index health state that is comparable across different
disease areas and the general population.

The SF-6D has an interval scale property so differences
between 0.4 and 0.6 are equal to differences between 0.6
and 0.8. The SF-6D can be used to describe more than
18,000 health states11 and is a widely used measure of
health by health agencies around the world to compare
the overall impact of interventions across disease areas to
facilitate funding decisions.

The Australian population representation scores were
estimated from the Household, Income and Labour Dy-
namics in Australia (HILDA) survey.12 The HILDA survey
is nationally representative and collects information from
>17,000 Australian residents on a wide range of aspects of
life. The data collected included the SF-36 questionnaire.
Participants were followed longitudinally and surveyed
though face-to-face interviews in initial waves followed
by computer-assisted telephone interviews in subsequent
waves. This study used 1 of the most recent HILDA waves
(wave 15) conducted in 2015.

Data Analysis
Data were analyzed with Stata version 13 (Stata Corp,
College Station, TX). Results of the SF-36 and SF-6D were
compared against Australian population data derived
from the HILDA survey. Descriptive statistics for
continuous variables were expressed as means ! SD
(range) and compared using a 2-sample t test. Skewed
continuous data were presented as medians (quartile 1
and 3) and compared using Fisher’s exact test. Assump-
tion of normality for continuous variables was assessed
by graphic inspection of the distribution of data and the
Shapiro-Wilk test. With small sample sizes and where
there was a discrepancy between the graphic method and
the Shapiro-Wilk test, the graphic method took prece-
dence. Dichotomous variables were summarized as fre-
quencies and percentages. A P < .05 was considered to be
statistically significant.

Results

Patient baseline characteristics are presented in Table 1.
Although PAPVD patients were significantly older at age
of surgery compared with TAPVD patients (P < .0001),
both groups had similar age at the telephone interview
(P ¼ .34).
Education, employment, and parenthood status are

shown in Table 2. The mean scores of the study group in
the 8 domains and the SF-6D compared with the age-
matched Australian population are presented in Table 3.
The study was divided into 2 similarly sized groups

based on age groups of 18 to 24 years (n ¼ 53) and 25 to 50
years (n ¼ 48). Compared with the age-matched Austra-
lian population data, 18- to 24-year-old TAPVD and
PAPVD patients ranked their health significantly higher
in 1 of 8 domains. The 25- to 50-year-old TAPVD and
PAPVD patients ranked their health higher in 3 of 8 do-
mains. There were no significant differences in the mean
SF-6D scores in the 18 to 24 age group (0.75 for TAPVD
and PAPVD patients vs 0.77 for the Australian population,
P ¼ .2) or the 25 to 50 age group (0.78 for TAPVD
and PAPVD patients vs 0.77 for the Australian population,
P ¼ .51).
The Australian age-matched control scores were then

compared with TAPVD and PAPVD patients separately
(Table 4). Compared with the age-matched Australian
population data, 18- to 24-year-old TAPVD patients
ranked their health significantly higher in 2 of 8 domains.
The 25- to 50-year-old TAPVD patients ranked their
health higher in 3 of 8 domains. The PAPVD patients
ranked lower in 2 of 8 domains. The mean scores in the 8
domains and the SF-6D were compared between TAPVD
and PAPVD patients, with results shown in Table 5. The
TAPVD patients appeared to rank higher in 2 of 8 do-
mains and the SF-6D scores in the 18 to 24 age group
compared with PAPVD patients, although patient
numbers were small.

Comment

As survival of patients with congenital heart disease im-
proves, the population of adults with these conditions are
growing rapidly, forming more than 60% of all the
congenital heart disease population.13 Assessing the
health-related quality of life outcomes in adult patients
with repaired congenital heart disease is of current in-
terest and would allow clinicians to inform patients and
parents about future expectations. Furthermore this im-
proves our understanding of the overall impact of con-
ditions on adult survivors and may help to develop
interventions to address physical or psychosocial issues.
In the only other quality of life study among TAPVD
patients, Kirshbom and coworkers14 reported parents’ or
guardians’ perceptions of their children’s quality of life in
the domains of school performance and overall health.
The study reported that most TAPVD survivors can
expect excellent or good overall health with average to
above average school performance in 69% of patients.14

However their study was limited by a nonvalidated
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questionnaire and the quality of life pertaining to chil-
dren only (median follow-up, 5.9 years). Other quality of
life studies often lack comparison with general age-
matched control subjects and have not specified out-
comes in TAPVD/PAPVD patients.6,15 Hence to the best
of our knowledge this is the largest cohort of TAPVD and

PAPVD adult survivors who have quality of life examined
using a validated questionnaire.
Quality of life was described using the SF-36, 1 of the

most widely used generic health instruments across dis-
ease areas including the field of cardiology.16 Despite
concerns that generic measures may be less sensitive to

Table 1. Patient Baseline Characteristics

Variable
Overall

(N ¼ 101)

Total Anomalous
Pulmonary Venous
Drainage (n ¼ 63)

Partial Anomalous
Pulmonary Venous
Drainage (n ¼ 38) P

Demographics
Male 61 (60) 40 (63) 21 (55) .41
Age at surgery, mo 3.5 (0.2, 46) 0.3 (0.07, 2.5) 55 (36, 115) <.001
Neonate at surgery 44 (44) 43 (68) 1 (3) <.001
Age at survey, y 24 (20, 31) 26 (20, 32) 24 (19, 29) .34

Anatomy
Supracardiac . 30 (48) . .

Cardiac . 11 (17) . .

Infracardiac . 18 (29) . .

Mixed . 4 (6) . .

Right pulmonary vein(s) to superior vena cava . . 19 (50) .

Right pulmonary vein(s) to right atrium . . 11 (39) .

Right pulmonary vein(s) to inferior vena cava . . 8 (21) .

Left pulmonary vein to innominate . . 2 (5) .

Operative data
Preoperative intubation 38 (38) 36 (57) 2 (5) <.001
Weight at surgery, kg 4.6 (3.4, 14) 3.5 (3.2, 4.4) 18 (13, 35) <.001
Cardiopulmonary bypass time, min 63 (43, 85) 55 (42, 83) 73 (63, 88) <.001
Cross-clamp time, min 39 (31, 48) 38 (31, 45) 41 (30, 58) .78

Outcome
Intensive care unit stay, h 49 (22, 115) 72 (49, 138) 20 (17, 24) <.001
Hospital stay, days 9 (6, 13) 12 (9, 18) 5.5 (4, 8) <.001
Reoperation and reintervention 13 (13) 7 (11) 6 (16) .50

Reoperation for pulmonary venous obstruction 8 (8) 5 (8) 3 (8) >.99
Permanent pacemaker insertion 1 (1) 0 (0) 1 (3) >.99
Ablation procedure for arrhythmia 2 (2) 1 (2) 1 (3) >.99
Other cardiac or thoracic reoperation 2 (2) 1 (2) 1 (3) >.99

Values are n (%) or median (quartile 1, quartile 3).

Table 2. Education, Employment, and Parenthood Status

Variable Overall (N ¼ 101)

Total Anomalous
Pulmonary Venous
Drainage (n ¼ 63)

Partial Anomalous
Pulmonary Venous
Drainage (n ¼ 38)

Education
Did not complete senior secondary education 16 (16) 9 (14) 7 (18)
At or completed senior secondary education 49 (49) 30 (48) 19 (50)
At or completed university/tertiary education 36 (36) 24 (38) 12 (32)

Employment
Full time 46 (46) 31 (49) 15 (39)
Part time and not studying 22 (22) 11 (17) 11 (29)
Part time and studying 14 (14) 10 (16) 4 (11)
Full-time student 7 (7) 4 (6) 3 (8)
Not employed and not studying 12 (12) 7 (11) 5 (13)

Parental status (1 or more children) 23 (23) 16 (25) 7 (18)

Values are n (%). All P > .05.
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detect a clinically important change for cardiac patients,
the SF-36 has been shown to perform well even when
compared with disease-specific measures.17 The SF-36 is
capable of capturing health impacts of cardiac conditions
as well as comorbidities, which suits our research pur-
pose of investigating long-term outcome. The SF-36 also
allows comparison with general population samples and
other disease groups, which is precluded by disease-
specific quality of life instruments such as HeartQoL,
Seattle Angina Questionnaire, and Minnesota Living with
Heart Failure questionnaire.18

At the Royal Children’s Hospital early mortality for
isolated TAPVD repair in infants is low at 2.5% with no
deaths since 1997.1 However surgery in neonates is a
challenge, and early mortality remained unchanged at
10% over a 41-year period.1,19 Nevertheless overall late
mortality is low with a survival rate of 88% at 20 years
postoperatively.1 Likewise isolated PAPVD repair in
children is associated with excellent long-term survival
with no mortality at 11 years of follow-up.3 Our own
experience with the Warden procedure for PAPVD
demonstrated a survival of 97% at 7 years.20 In unpub-
lished data from our institution on 140 children (mean
age, 5 years) undergoing isolated PAPVD repair, the 15-
year survival was 93%. Hence there is a growing cohort
of patients who have had anomalous pulmonary venous
drainage repair who are now entering adulthood.

Our results have demonstrated that adult TAPVD and
PAPVD survivors have comparable quality of life when
compared with the general Australian age-matched
population. When analyzing each anomaly separately,
there were no differences in the summary SF-6D scores
compared with the Australian age-matched population
except in PAPVD patients aged 18 to 24 years. The
numbers in this later analysis were small; hence future
studies are required to expand on this cohort of patients.
In a large international study of 4028 adults with
congenital heart disease, Apers and colleagues6 found
that patient characteristics, including age, marital status,
employment status, and New York Heart Association

functional class assessments influenced quality of life
outcomes. The authors also noted an intercountry varia-
tion in quality of life, even after adjustment for known
risk factors, with Australia reporting the highest quality of
life estimates.6 In a study conducted at the Royal Chil-
dren’s Hospital on adults patients who had the arterial
switch operation, patients were also found to have
excellent long-term outcomes when compared with the
general Australian population.21

Some authors have suggested that the complexity or the
specific congenital heart defect per se does not influence
quality of life outcomes.6 Therefore patients with a more
complex disease might report a good quality of life, espe-
cially if they do not experience functional limitations or
daily symptoms. This is reflected in our study where the
more complex TAPVD patients appeared to rank higher
than PAPVD patients in some of the domains. In the
TAPVD or PAPVD population, patients are often consid-
ered “cured,” with few patients returning for reoperation
and most patients are asymptomatic.1 Therefore many
patients have been discharged from follow-up by physi-
cians. Hence it was not surprising that most of our TAPVD
and PAPVD patients reported good quality of life out-
comes comparable with the age-matched Australian pop-
ulation. Future collaboration with other institutions within
Australia and internationally is required to better under-
stand chronic disease perceptions and determinants of
health-related quality of life outcomes.

Limitations
TAPVD and PAPVD are rare defects; hence the number of
patients who have survived to adulthood is small. Patients
lost to follow-up because of invalid contact telephone
numbers or addresses were unable to be investigated and
may contribute to a selection bias. Because many PAPVD
and TAPVD patients are discharged from cardiac follow-
up and do not regularly consult general practitioners,
contact details on the medical records are often outdated.
Given the excellent survival postoperatively for this patient
group and the similar cohort characteristics with our

Table 3. Short Form 36 Domain and 6-Dimension Scores According to Age Groups and Comparison With Age-Matched
Australian Data

Domain

Mean 18-24
Score With SD

(n ¼ 53)

Mean 18-24
Australian Population

Score With SD P

Mean 25-50
Score With SD

(n ¼ 48)

Mean 25-50
Australian Population

Score With SD P

Physical functioning 91 " 17 91 " 20 .96 93 " 14 90 " 19 .19
Role limitations due to

emotional problems
81 " 35 89 " 26 .04 88 " 28 85 " 31 .5

Role limitations due to
physical health

76 " 37 83 " 32 .15 83 " 34 84 " 32 .83

Vitality 63 " 21 59 " 19 .18 67 " 18 58 " 20 .0021
Emotional well-being 72 " 19 70 " 18 .44 78 " 17 72 " 18 .04
Social functioning 80 " 27 83 " 22 .24 87 " 22 83 " 23 .35
Pain 89 " 18 81 " 20 .004 89 " 20 76 " 22 .0001
General health 67 " 23 70 " 20 .2 71 " 20 70 " 20 .67
Short Form 6-Dimension 0.75 " 0.11 0.77 " 0.12 .2 0.78 " 0.11 0.77 " 0.12 .51
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previously published TAPVD experience,1 we do not
believe these missing data would impact our conclusion.
Finally results from our study come from a single institu-
tion and therefore may not be applicable in other in-
stitutions or countries.

Conclusions
Survivors into early adulthood after isolated TAPVD or
PAPVD repair have similar quality of life outcomes as
age-matched Australian control subjects.
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Chapter 9: Long-term outcomes of pulmonary artery sling repair – a multi-centre study 

 

9.1 INTRODUCTION 

In the preceding chapters, we have reported on several studies analysing the outcomes of 

surgery for anomalies of the pulmonary venous system. These defects account for the majority of 

congenital defects of the pulmonary circulation. A part of the spectrum of congenital anomalies of 

the pulmonary circulation includes defects in the pulmonary artery and trachea. PA sling is a rare 

congenital vascular anomaly whereby the left PA originates from the posterior aspect of the right PA 

then passes between the trachea and oesophagus towards the left lung. This condition is commonly 

associated with abnormalities of the trachea. The majority of patients present during infancy with 

symptoms of airway obstruction and require surgery to reimplant the anomalous left PA and repair 

the tracheal stenosis.  

Experience with this rare group of patients is limited to single-centre series and the long-term 

outcomes after surgery are unknown. The Royal Children’s Hospital and Queensland Children’s 

Hospital are large paediatric cardiac centres in Australia. Each centre has developed an expertise in 

managing this rare condition. This study seeks to report a bi-institutional experience with PA sling 

repair. Furthermore, we sought to determine long-term survival and functional outcomes. To the best 

of our knowledge, this is the second largest reported study on this condition. 

In this study, we found that early mortality after PA sling repair was determined by the need 

for concomitant tracheal surgery. Late survival was excellent and the majority of survivors remained 

asymptomatic. However, we found obstructive defects on follow-up pulmonary function testing in 

patients who had concomitant tracheal surgery. The long-term clinical consequences remain 

unknown and these findings warrant close respiratory follow-up. Future studies are required to 

correlate lung function with anatomical imaging, identify predictors of poor spirometry function, 

report on exercise capacity and to follow these patients into adulthood. 
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Abstract

OBJECTIVES: Pulmonary artery (PA) sling is a rare vascular anomaly often associated with congenital tracheal stenosis. We describe the
long-term outcomes with repair of this condition.

METHODS: A retrospective study was conducted at 2 institutions. From 1984 to 2018, 33 patients with PA sling underwent repair.

RESULTS: The median age at the time of surgery was 5.9 months (quartile 1–3: 2.5–12 months). Concomitant tracheal surgery was required
in 21 patients (64%) where slide tracheoplasty was used in 11 patients (52%). There were no early deaths in patients who did not require
tracheal surgery (n = 12). Operative mortality was 22% (2 of 9 patients) between 1984 and 1993, 11% (1 of 9 patients) between 1994 and
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2003 and 6.7% (1 of 15 patients) between 2004 and 2018. The 15-year probability of survival for patients who had PA sling repair alone
was 100%, and for patients who required PA sling and tracheal repair was 76 ± 10% (95% confidence interval 51–89%) (P = 0.08). The mean
follow-up for survivors was 14 ± 9.8 years (3 months–33 years). All survivors were in the New York Heart Association functional class I/II at
the last follow-up. Spirometry performed at a median age of 10.4 years after PA sling and tracheal surgery demonstrated obstructive lung
defects with median forced expiratory volume in 1 s of 1.0 l (48% predicted), forced vital capacity of 1.5 l (74% predicted) and forced ex-
piratory volume in 1 s/forced vital capacity of 0.69 (78% predicted).

CONCLUSIONS: Early mortality after PA sling repair is determined by the need for tracheal surgery. Though late survival was excellent,
and the majority of survivors remained asymptomatic, long-term respiratory assessment and follow-up is warranted for these patients.

Keywords: Congenital heart disease • Pulmonary artery • Tracheal surgery

INTRODUCTION

Pulmonary artery (PA) sling is a rare congenital vascular anomaly
that is often associated with complete tracheal rings [1, 2]. The
left PA originates from the posterior aspect of the right PA then
passes between the trachea and oesophagus towards the left
lung. The majority of patients present in infancy with symptoms
of airway obstruction and spontaneous improvement is very un-
common [3]. The current surgical management of symptomatic
PA sling involves reimplantation of the anomalous left PA and
often concomitant repair of tracheal stenosis [4]. Various techni-
ques of tracheal repair have been described [5], but slide tracheo-
plasty is the current technique of choice [6]. Experience with this
rare group of patients is limited to single-centre series [4, 7–10].
Furthermore, the long-term functional outcomes after PA sling
and tracheal surgery are unknown. In this study, we report a bi-
institutional experience with PA sling repair to determine long-
term outcomes with this condition.

MATERIALS AND METHODS

Patients

The institutional research ethics boards of each centre approved
this current study (HREC 37103A and HREC/17/QRCH/316).
Patients who underwent surgery for PA sling at the Royal
Children’s Hospital (RCH) Melbourne and the Queensland
Paediatric Cardiac Service (QPCS), based in Brisbane, from 1
January 1984 to 30 June 2018 were identified (n = 33). Data were
obtained by review of medical records from admission until the
last follow-up.

Definitions

Operative mortality was defined as death occurring within
30 days of surgery or prior to hospital discharge. All other deaths
were considered late. Tracheal stenosis was associated with com-
pression by the PA sling with or without complete cartilage rings.
This was determined at preoperative bronchoscopy, bronchogra-
phy, computerized tomography (CT) or magnetic resonance
imaging. Prematurity was defined as birth before 37 weeks of ges-
tation. Emergency surgery is defined as the operation before the
beginning of the next working day after the decision to operate.

Indications for surgery and surgical technique

All patients had symptoms of tracheal compression ranging from
mild stridor to severe respiratory distress and ventilator

dependence. The technique used for PA sling repair has been
previously described [4]. The left PA is mobilized, brought anter-
ior to the trachea and anastomosed to the main PA trunk. Great
care is taken to have a larger anastomosis than the actual diam-
eter of the left PA and to perform the anastomosis at the poster-
ior left aspect of the main PA. Both PA sling repair and tracheal
repair (if required) were performed with cardiopulmonary bypass
(CPB) support. The techniques used for tracheal repair included
slide tracheoplasty, patch tracheoplasty (pericardial patch and
tracheal autograft patch repair) and resection with end-to-end
anastomosis [4]. The indications for tracheal repair were severe
longitudinal tracheal stenosis, a narrow trachea with complete
rings or inability to wean from mechanical ventilation after initial
PA sling repair.

Data analysis

All data were analysed with Stata version 13 (Stata Corp., College
Station, TX, USA). Descriptive statistics for continuous variables
were expressed as mean ± standard deviation (range) and com-
pared using the 2-sample unpaired t-test. Skewed continuous
data were presented as median (quartile 1–quartile 3) and com-
pared using the Mann–Whitney U-test. The assumption of nor-
mality for continuous variables was assessed by the graphical
inspection of the distribution of data and the Shapiro–Wilk test.
With small sample sizes and where there was a discrepancy be-
tween the graphical method and the Shapiro–Wilk test, the
graphical method took precedence. Dichotomous variables were
summarized as frequencies and percentages. Inferential compari-
sons were made using the Pearson’s v2 test or the Fisher’s exact
test when subgroups had fewer than 5 observations. Kaplan–
Meier survival curves were used to analyse time-related end
points. The log-rank test was utilized to determine the signifi-
cance between the survival curves. A P-value <0.05 was consid-
ered statistically significant.

RESULTS

Patient characteristics are shown in Table 1. There were 3
patients (9.1%, 3/33) who had previous cardiac intervention be-
fore PA sling surgery including the Blalock–Taussig shunt (n = 2)
and balloon dilation of the pulmonary valve (n = 1). No patient
had prior tracheal intervention. Surgery was conducted through
a midline sternotomy in 32 (97%, 32/33) patients and a bilateral
thoracotomy approach in the first patient of the series (3.1%, 1/
33). The mean CPB time was 133 ± 67 min (38–331 min). Six
patients (18.2%, 6/33; range 28–66 min) required aortic
cross-clamping. The median minimum temperature was 32.0!C
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(32.0–34.0!C). The median hospital stay was 20 days (9–38 days).
The median intensive care unit stay was 11 days (4.5–17 days),
and the median postoperative ventilation time was 8 days (1.5–
15.8 days).

Tracheal surgery and other concomitant
procedures

Twenty-one patients (63.6%, 21/33) had tracheal stenosis that
required tracheal surgery (Fig. 1). Sixteen patients (48.5%, 16/33)
underwent tracheal repair at the time of PA sling repair. Five
patients (15.2%, 5/33) underwent tracheal surgery as a second
operation after PA sling repair because of not being able to be
weaned from ventilation. The techniques performed for tracheal
repair were slide tracheoplasty (n = 11; 52.4%, 11/21), autologous
pericardial patch tracheoplasty (n = 5; 23.8%, 5/21), tracheal auto-
graft repair facilitated with aortic homograft patch (n = 3; 14.3%,
3/21) and resection with end-to-end anastomosis (n = 2; 9.5%,
2/21). When comparing patients who underwent tracheal repair

and PA sling repair to patients who underwent PA sling repair
only, the mean CPB time was 166 ± 58 min (95–331 min) and
76 ± 38 min (38–175 min), respectively (P < 0.001). The median
postoperative ventilation time was 9.7 days (4–31 days) for
patients who had tracheal and PA sling repair, compared to
1.1 days (0.4–11 days) for patients who only had PA sling repair
(P = 0.03).

At the time of PA sling repair, 9 patients (27.3%, 9/33) had a
concomitant cardiac surgical procedure or repair of coexisting
cardiac anomalies. This included one or more of the following:
atrial septal defect closure (n = 4; 12.1%, 4/33), ventricular septal
defect closure (n = 5; 15.2%, 5/33), repair of tetralogy of Fallot
(n = 3; 9.1%, 3/33), right PA enlargement (n = 1; 3%, 1/33), partial
anomalous pulmonary venous drainage repair (n = 1; 3%, 1/33)
and shunt insertion (n = 3; 9.1%, 3/33).

Survival and functional status

The distribution of patients, according to procedure and early
and late outcome, is outlined in Fig. 1. Overall operative mortality
was 12.1% (n = 4; 4/33). Operative mortality by era is displayed in
Table 2. There were no early deaths (n = 0; 0%, 0/12) in patients
who had PA sling repair only. In patients requiring tracheal sur-
gery, there were 4 early deaths (n = 4; 19%, 4/21). Only 1 death
has occurred in 15 patients (6.7%) since 2004, even though 12
out of these 15 patients required tracheal surgery. There were no
deaths among patients who had a concomitant cardiac surgical
procedure (n = 0; 0%, 0/9). Seventeen patients (51.5%, 17/33)
required preoperative intubation (Fig. 2) and 6 of these patients
underwent emergency surgery. All 4 early deaths in the series
occurred in patients who were intubated preoperatively and
required tracheal repair for tracheal stenosis with complete tra-
cheal rings (36.4%, 4/11). The cause of early deaths was airway/
tracheal obstruction leading to eventual respiratory failure. Two
patients underwent patch tracheoplasty and the other 2 under-
went slide tracheoplasty. The deaths occurred 6, 19, 133 and
147 days after initial PA sling repair.

The mean duration of follow-up for the hospital survivors
was 14.0 ± 9.8 years (0.3–33 years). Follow-up within the last 2
and 5 years (from 30 June 2018) was available for 26 (92.9%,
26/28) and 28 (100%, 28/28) surviving patients, respectively.
There was 1 late death (3.4%, 1/29) 5 months after discharge
(8 months after the PA sling repair and pericardial patch tra-
cheoplasty). An autopsy could not determine the cause of
death. Overall predicted survival at 10 and 15 years was
84 ± 6% [95% confidence interval (CI) 66–93%] (Fig. 3A). At 10
and 15 years, predicted survival for patients who had PA sling

Table 1: Patient characteristics and preoperative status

Variables PA sling repair
(N = 33)

Male gender, n (%) 22 (66.7)
Median age at PA sling repair, months (Q1–Q3) 5.9 (2.5–12.0)
Median weight at PA sling repair, kg (Q1–Q3) 6.1 (4.5–8.7)
Prematurity, n (%) 7 (21.2)
Cardiac anomalies, any type, n (%) 9 (27.3)

ASD 5 (15.2)
VSD 6 (18.2)
PDA 9 (27.3)
TOF 3 (9.1)
Other 4 (12.1)

Tracheal stenosis, n (%) 23 (69.7)
Median tracheal stenosis, % of total length (Q1–Q3) 50 (33–68)
Complete tracheal rings, n (%) 19 (57.6)

Tracheomalacia, n (%) 17 (51.5)
Tracheal bronchus, n (%) 4 (12.1)
Right lung hypoplasia or agenesis, n (%) 3 (9.1)
Emergency surgery, n (%) 6 (18.2)
Preoperative ventilation, n (%) 17 (51.5)
Preoperative ECMO, n (%) 2 (6.1)
Previous cardiac surgery, n (%) 3 (9.1)

ASD: atrial septal defect; ECMO: extracorporeal membrane oxygenation;
PA: pulmonary artery; PDA: patent ductus arteriosus; Q1: first quartile; Q3:
third quartile; TOF: tetralogy of Fallot; VSD: ventricular septal defect.

Figure 1: Flow chart of patients who had PA sling repair and their outcomes. PA: pulmonary artery.
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repair only was 100%, and for patients who had PA sling re-
pair and tracheal repair, 76 ± 10% (95% CI 51–89%) (P = 0.08)
(Fig. 3B).

Of the 28 patients still alive at the last follow-up, 26
patients (92.9%, 26/28) were in the New York Heart
Association (NYHA) functional class I and reported physical
activity levels that were similar to their peers. Two patients,
one who had PA sling repair and one who had both PA sling
and tracheal repair, reported below average physical capacity
and NYHA class II symptoms. In survivors over the age of
7 years old, 15 out of 22 patients (68.2%) reported participa-
tion in recreational sporting activities.

Reoperation and reintervention

Table 3 summarizes the reoperations and reinterventions per-
formed after initial PA sling repair. Three patients (9.1%, 3/33)
required early reoperation on the trachea. This included repair of
tracheal rupture with aortic homograft (n = 2, 1 early death, 1
long-term survivor) and stabilization of pericardial patch repair
collapse with a Dacron tube graft (n = 1, resulting in early death).
Three patients (9.1%, 3/33) required additional reoperations to
correct cardiac anomalies with no mortality.

The significant granulation tissue developed in 7 patients
(33.3%, 7/21) after tracheal surgery and necessitated prolonged
mechanical ventilation (mean 55 ± 35 days; 9–107 days). Patients
in whom granulation tissue developed required multiple inter-
ventions as described in Table 3. These complications developed
within 4 months after initial PA sling repair. Of the 7 patients who
developed a significant tracheal granulation tissue, 3 patients
died (42.9%, 3/7). Two of these 3 patients had intratracheal stent-
ing and died prior to initial hospital discharge. The third patient
required multiple bronchoscopic balloon dilations of the trachea
and was a late death (8 months after initial PA sling repair and
tracheoplasty). Severe left PA stenosis developed in 1 patient
(3.0%, 1/33) 9 months after the PA sling operation. The patient

Table 2: Operative mortality by era

1984–1993 1994–2003 2004–2018

Operative mortality 22.2% (2/9) 11.1% (1/9) 6.7% (1/15)
PA sling repair only 0% (0/4) 0% (0/5) 0% (0/3)
PA sling + tracheal repair 40% (2/5) 25% (1/4) 8.3% (1/12)

PA: pulmonary artery.

Figure 2: Flow chart showing the operative course and postoperative outcomes of patients who required preoperative intubation, compared to patients who did not
require preoperative intubation. *Tracheoplasty was performed as a second operation, after initial PA sling repair, during the same admission. PA: pulmonary artery.
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required 2 balloon dilations (9 and 62 months after the PA sling
operation). At the last follow-up, the patient was asymptomatic
with no further PA stenosis on the echocardiogram.

Pulmonary function testing after tracheal surgery

Pulmonary function test (PFT) results were obtained for 9 out of
16 patients (56.3%) who had tracheal surgery and survived to
childhood (Table 4). Of the 7 patients without PFT results, 5
patients were below the age of 7 years at the last follow-up and
were thus too young to have undergone spirometry testing. Two
patients, aged 20 (autograft tracheal repair—1997) and 31 years
(pericardial patch tracheal repair—1986), did not have PFT results.

At the last follow-up, both patients were reportedly
asymptomatic.

The median age at the time of the last PFT was 10.4 years
(7.8–15.7 years). The median time post-tracheal surgery was
9.4 years (7.5–10.7 years). Compared to age, height and gender-
matched predicted values, the median forced expiratory volume
in 1s (FEV1) was severely reduced at 48% (43–59%). The median
forced vital capacity (FVC) was moderately reduced at 74% (61–
86%) of predicted values. The median FEV1/FVC ratio was 0.69
(0.64–0.73) indicating a pattern of airflow obstruction. The lung
volume testing and gas diffusion studies were not conducted.
There was no evidence of reversibility with bronchodilator
administration.

Figure 3: Kaplan–Meier curve showing probability of survival in (A) all patients who had PA sling repair and (B) patients who had PA sling repair only compared to
patients who had both PA sling and tracheal repair. CI: confidence interval; PA: pulmonary artery.
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DISCUSSION

The clinical presentation of patients with PA sling varies with the
spectrum of severity of airway compromise. The majority of
patients present early in life [3, 10], with symptoms ranging from
mild stridor to severe airway obstruction requiring immediate
preoperative ventilator support. In symptomatic patients, spon-
taneous improvement is uncommon [3]. Surgery to repair the
anomalous left PA is nearly always required. Associated tracheal
lesions and cardiac anomalies should be addressed, although the
indications for tracheal surgery in patients with PA sling vary
from institution to institution. Crucially, the fate of patients with
PA sling depends on the need for tracheal surgery, and patients
who require tracheoplasty fair worse when compared to patients
who only require isolated PA sling repair [4, 9, 10]. At RCH and
QPCS, we currently advocate to perform PA sling repair with
concomitant tracheal surgery if there is significant longitudinal
tracheal stenosis (a ‘rat-tail’ trachea) or a small trachea with com-
plete rings on preoperative assessment. The other indications for
tracheal surgery are based on difficulty with ventilation and/or
inability to wean from mechanical ventilation.

In this study, operative mortality was 12%. Mortality had
reduced to 6.7% in the later era of our study. The reported early
mortality after PA sling repair ranges between 0% and 17%
(Table 5). The higher operative mortality between 1984 and 2003
in our study was similar to that reported by Fiore et al. [8] during
the same era. Fiore et al. [8] observed an operative mortality of
14% in 14 patients with PA sling who were operated on between
1983 and 2003 (8 patients had tracheoplasty). Early mortality in
our study was determined by the requirement for tracheal sur-
gery. There were no deaths in patients undergoing isolated PA
sling repair and concomitant cardiac procedures.

Over the last decade, slide tracheoplasty, as described by
Tsang et al. [16], has emerged as the technique of choice for re-
pair of tracheal stenosis [6, 17]. This technique is designed to
avoid the use of devascularized graft material and allows imme-
diate stabilization of the trachea [18]. Thus, slide tracheoplasty
appears to reduce postoperative ventilation time, excessive

tracheal granulation formation and mortality [6, 19]. In high-
volume centres, survival outcomes after slide tracheoplasty are
excellent [6, 17]. Butler et al. [17] described 101 patients under-
going slide tracheoplasty and reported an early mortality rate of
6%. Centres with larger experiences with PA sling surgery have
likewise reported good results. Oshima et al. [9] reported an early
mortality of 6.5% after PA sling surgery between 1984 and 2006
in 31 patients, of whom 28 underwent tracheoplasty. Similarly,
Backer et al. [10] reported excellent results with no early mortality
after PA sling in 34 patients, of whom 26 patients underwent tra-
cheoplasty. The authors advocated the use of slide tracheoplasty
for repair of tracheal stenosis [10]. At the RCH, we have observed
the improvement in early results with tracheal surgery since the
adoption of the slide tracheoplasty technique and a multidiscipli-
nary approach towards the management of these patients,
involving cardiac surgeons, cardiologists, respiratory physicians,
otolaryngologists and anaesthesiologists [20]. Similarly, other
authors have emphasized the need for a multidisciplinary ap-
proach in managing these patients [21]. In our study, the num-
bers for each tracheal repair technique are small; hence,
superiority of one technique over the other cannot be demon-
strated. Nevertheless, the 2 centres in our study have adopted
the above approach [20] and observed a reduction in mortality
in the latest era (2004–2018).

A potential complication after PA sling repair is the develop-
ment of PA stenosis. Some authors [11] have noted a high inci-
dence of PA stenosis at the reimplantation site after PA sling
surgery with up to 45% requiring intervention. In contrast, only 1
patient (3%) in our series developed left PA stenosis, which is
consistent with our previous report [4]. Other authors have simi-
larly described good patency rates [7, 9, 10]. We have previously
described our technique [4] in which the left PA is implanted
proximally to the main pulmonary trunk immediately above the
sinotubular junction to allow a generously-sized anastomosis.

In our study, late mortality was 3% (1/33) with death occurring
within the first year after surgery. Our experience compares fa-
vourably with the literature (Table 5). Oshima et al. [9] and Fiore
et al. [8] reported a late mortality of 10.3% (3/29) and 8.3%
(1/12), respectively. Furthermore, Backer et al. [10] observed a
late mortality of 11.7% (4/34). It is reassuring that survival beyond
1 year after PA sling and tracheal repair was excellent. In our ser-
ies, we report no further deaths relating to cardiorespiratory
complications after the first year. It appears that the requirement
of tracheal surgery did not influence late mortality within our
follow-up period.

Table 4: Pulmonary function test results for patients who
had both pulmonary artery sling and tracheal repair (n = 9)

Variables Prebronchodilator % Predicted
Median (Q1–Q3) Median (Q1–Q3)

FEV1, l 1.00 (0.76–1.32) 48.0 (42.7–59.0)
FVC, l 1.52 (1.46–1.82) 74.0 (60.5–85.5)
FEV1/FVC ratio 0.69 (0.64–0.73) 77.8 (73.1–83.4)
FEF25–75 %, l/s 0.96 (0.68–1.40) 32.1 (25.2–46.0)
PEF, l/s 1.49 (1.03–2.95) 37.6 (24.8–52.2)

FEF: forced expiratory flow between 25% and 75% of vital capacity; FEV1:
forced expiratory volume in 1 s; FVC: forced vital capacity; PEF: peak expira-
tory flow; Q1: first quartile; Q3: third quartile.

Table 3: Reoperations and reinterventions

Variables PA sling repair
(N = 33), n (%)

Early reoperation or reinterventions (one
or more)

11 (33.3)

Tracheoplasty after initial PA sling repair 5 (15.2)
Reoperation for tracheal rupture 3 (9.1)
Reoperation for bleeding or tamponade 2 (6.1)
Diaphragm plication 1 (3.0)
Tracheal balloon dilations 5 (15.2)
Intratracheal stent 2 (6.1)
Excision of granulation tissue during
bronchoscopy

3 (9.1)

Reoperations or reinterventions after initial
discharge (one or more)

4/29 (13.8)

Repair of tetralogy of Fallot 2/29 (6.9)
Pulmonary atresia repair 1/29 (3.4)
PA balloon dilation 1/29 (3.4)
Tracheal balloon dilations 1/29 (3.4)
Intratracheal stent 1/29 (3.4)

PA: pulmonary artery.
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Our current study reports the longest follow-up after PA sling
surgery (Table 5). At the last follow-up, all patients were in NYHA
functional class I or II. As the population surviving into childhood
and adulthood increases, there is now growing interest in under-
standing the functional implications of tracheal and PA sling sur-
gery. Stewart et al. [22] identified a high prevalence of
postoperative dysphagia following slide tracheoplasty and rec-
ommended routine assessment and longitudinal studies to deter-
mine long-term implications. Speggiorin et al. [23] demonstrated,
using bronchography investigations, tracheal growth after slide
tracheoplasty at least until 24 months after surgery. Whilst tra-
cheal growth after slide tracheoplasty has been documented
2 years after surgery, growth into late childhood and after con-
comitant PA sling repair is not well described. Huang et al. [13]
observed in children undergoing PA sling repair without tracheo-
plasty that the diameter of the trachea on follow-up CT images
demonstrated interval growth (3.2–3.7 mm, P = 0.03; median
1.7 years after surgery) but remained stenotic compared to nor-
mal. The residual complete tracheal rings or preoperative tra-
cheal compression may have contributory roles. Though no
patient in their study underwent pulmonary function testing, the
authors suggested that this could compromise the pulmonary
function in the future [13]. Yu et al. [24], in a population-based
screening study of school-aged children, identified 11 patients
with PA sling (only 7 underwent surgery) among 186 213 chil-
dren screened. The authors reported that children with unre-
paired PA sling had significantly lower FEV1 (69%) and FVC (68%)
with evidence of restrictive lung disease [24]. After repair, FEV1

and FVC improved significantly; however, follow-up was limited
to 1 year [24].

In our study, spirometry assessment in children (median age
10.4 years) several years after PA sling and tracheal surgery dem-
onstrated moderate–severe obstructive patterns compared to
matched standards. This is in contrast to the restrictive patterns
found by Yu et al. [24]. We postulate that this finding may be
related to an intrinsic abnormality of the trachea related to
preoperative compression from the left PA or complete tracheal
rings and long-term limitation in growth of the trachea after sur-
gery. This may in turn result in the non-reversible obstructive de-
fect found on spirometry testing. Unfortunately, the number of
observations in our study is small and we do not have anatomical

imaging data at the late follow-up. Though the patients in our
study had few respiratory symptoms, the long-term consequen-
ces remain unknown. Hence, these findings warrant close follow-
up and respiratory assessment of patients who had concomitant
tracheal surgery. Future studies are required in larger cohorts to
correlate lung function with anatomical imaging, identify the im-
pact of various tracheoplasty techniques on lung function, deter-
mine the predictors of poor spirometry function, report on
exercise capacity and follow these patients into adulthood.

Limitations

This study is limited by its retrospective design. Perioperative
management and diagnostic methods have varied throughout
the study period and between study institutions. The risk factor
analysis was not performed because of the small sample size.
Spirometry was not performed for patients who did not meet the
age criteria or for patients who did not undergo tracheal surgery.
Hence, there was no comparison group for patients who had
concomitant tracheal surgery.

CONCLUSIONS

Early mortality after PA sling repair is determined by the need for
tracheal surgery. Late survival is excellent and the majority of sur-
vivors remained asymptomatic. Long-term respiratory assess-
ment and follow-up is warranted for patients who had
concomitant tracheal surgery.
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Table 5: Summary of current literature on pulmonary artery sling repair

Study Year Patients Age (months) Tracheal
surgery (%)

Early
mortality (%)

Late
mortality (%)

Follow-up

Fiore et al. [8] 2005 14 Mean 7 57 14 8.3 Mean 3.5 years (range 2–93 months)
Oshima et al. [9] 2008 31 Median 6 90 6.5 10 Median 4.6 years (range 5 months–19 years)
Goldstein et al. [11] 2010 20a Mean 2.9 30 Not reported Not reported Mean 5.3 years (range 2 months–8.7 years)
Zhong et al. [12] 2010 18 Median 6 28 17 0 Not reported
Backer et al. [10] 2012 34 Median 2.4 76 0 12 Not reported
Huang et al. [13] 2012 14 Median 2.8 57 0 21 Not reported
Yong et al. [4] 2013 21 Median 5.9 57 14 5.6 Mean 8.6 years (range 5 months–21 years)
Kwak et al. [14] 2013 16 Median 4.6 13 13 14 Mean 6.3 years (range not reported)
Hong et al. [15] 2015 14 Median 7.5 29 43 Not reported Mean/median unclear (range 2–60 months)
Yong (current study) 2018 33 Median 5.9 64 12 3.0 Mean 14.0 years (range 3 months–33 years)

Only studies with >10 patients since 2005 were included.
aThis study included patients with anomalous origin of pulmonary artery from aorta.
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Chapter 10: Conclusions 

 

Understanding the long-term outcomes of surgery for congenital anomalies of the pulmonary 

circulation allows us to improve our management strategies and risk stratify high risk patient groups. 

As an increasing number of children and young adults with pulmonary venous, arterial and tracheal 

anomalies survive to adulthood, it is also pertinent that we define the long-term quality of life and 

functional outcomes. 

 

Key findings and future directions 

 In Chapter 2, we reported on the entire cohort of isolated TAPVD patients. We found that 

isolated TAPVD repair in infants can be performed without mortality. However, surgery during the 

neonatal period was found to be a strong predictor of early mortality. We found that after 1 year from 

surgery, patients had an excellent long-term survival and functional outcome. Despite overall 

improvements in perioperative and operative management of these patients, there continues to be a 

need to identify strategies to reduce perioperative mortality in the sickest of these neonatal patients. 

The development of diffuse PVO after TAPVD repair is a challenging problem. As some disease is 

not amenable to surgery, attention is now turned to identifying medical therapies that may help 

address this problem. The preclinical work by Zhu et al. (109) on Losartan treatment for reducing 

PVO associated pulmonary hypertension and intimal hyperplasia in piglets is thought provoking. 

There is a pilot trial currently being conducted in Toronto examining the clinical use of Losartan in 

paediatric patients with PVO and we eagerly await the results. Research should be focused on 

understanding the basic pathophysiological mechanisms underpinning this disease and the defining 

the role of interventional and medical therapy.  

In Chapter 3, we reviewed our experience with surgery for mixed TAPVD with particular 

attention on understanding the anatomical variations. There are also only a few studies focused on 
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understanding outcomes associated with mixed TAPVD repair. This rare subgroup of mixed TAPVD 

has been described to be associated with higher rates of mortality and need for reoperation for 

postoperative PVO. In contrast, our study found that a low early mortality and low reoperation rate 

could be achieved in this population, particularly, in patients with biventricular physiology. 

 In Chapter 4, we looked to better understand TAPVD patients with a univentricular 

circulation. Whilst Chapters 2 and 3 highlighted the overall improvement in outcomes of surgery for 

isolated TAPVD with biventricular circulation, the outcomes of patients with univentricular 

circulation are generally less well described. TAPVD repair in patients with univentricular 

circulation is associated with high mortality even in this current era. In this study, we reviewed our 

experience with TAPVD repair in neonates with univentricular circulation. We found a high early 

mortality and reoperation in neonates with univentricular circulation undergoing TAPVD repair. 

Furthermore, long-term survival was poor with only a few neonates surviving to Fontan completion.  

 Due to the poor survival, there is a paucity of data on long-term outcomes of patients with 

TAPVD and a univentricular circulation. As only a fraction of patients with TAPVD survive to 

undergo a Fontan operation, the outcomes in this group of patients are unknown. To address this 

issue, in Chapter 5, we collaborated with the Australian and New Zealand Fontan registry. This is 

the first study to assess the long-term outcomes of patients with TAPVD who underwent the Fontan 

operation. We found that the long-term survival and freedom from transplantation of patients with 

TAPVD after the Fontan operation was comparable to patients without TAPVD. Chapters 4 and 5 

highlight a couple areas of future direction. Research is required into understanding of the underlying 

pathophysiology in these patients. It may be important in stratifying high-risk neonates, directing 

medical therapy and improving early outcomes. Furthermore, this may help clinicians in determining 

which of these patients are likely to achieve good long-term outcomes and reach Fontan completion. 

 In Chapter 6 and 7, we have completed our study on congenital anomalies of the pulmonary 

venous system. We focused on our institution’s experience with PAPVD surgery. Unlike TAPVD, 
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PAPVD represents the less severe end of the spectrum of pulmonary venous anomalies. The two 

chapters describe the outcomes of surgery for isolated PAPVD including the Warden procedure for 

repair of anomalous pulmonary venous drainage to the SVC. The Warden procedure in particular had 

excellent results with no operative mortality or permanent pacemaker requirement and a low 

occurrence of SVC obstruction. Long-term survival into early adulthood amongst these patients 

appear excellent. Future research into comparative survival with the normal population and 

functional assessments would be important in counselling patients and families regarding the long-

term expectations after surgery. 

In Chapters 2 and 6, we have highlighted that the long-term outcomes after repair of isolated 

PAPVD and TAPVD are excellent with a low incidence of late mortality or reoperation. There is 

now growing interest in assessing the long-term functional status and quality of life of adults with 

CHD. Understanding this outcome measures will help in redefining the long-term expectations of 

both parents and patient after a child survives surgery. We found that the quality of life measures in 

101 adult survivors after isolated TAPVD and PAPVD repair was similar to age-matched 

Australians. This is the first study to examine this amongst patients with anomalous pulmonary 

venous drainage and offers a unique perspective into the long-term expectations for these patients. 

Future larger studies are required to better understand disease perceptions amongst adults with 

anomalous pulmonary venous drainage and the determinants of health-related quality of life 

outcomes.  

In Chapter 9, we have reported on the long-term outcomes of PA sling repair from a bi-

institutional experience. We found that early mortality after PA sling repair had improved in the 

current era, however, it was determined by the need for concomitant tracheal surgery. On follow-up 

pulmonary function testing, obstructive defects were identified, and these findings warrant close 

respiratory monitoring. Future studies are required to correlate lung function with anatomical 
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imaging, identify predictors of poor spirometry function, report on exercise capacity and to follow 

these patients into adulthood. 

The true success of surgery for anomalies of the pulmonary circulation will be determined by 

the follow-up of these patients into late adulthood. Whilst we have showed good outcomes in terms 

of survival and quality of life until early adulthood, the functional outcomes and survival beyond this 

period is unknown. It is unknown how acquired cardiac disease will impact these patients. Therefore, 

continued data collection of these adult survivors would be key to answering these questions, 

improve management strategies and to target further intervention. 
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ABSTRACT
Objective Patients with Fontan physiology may
eventually require heart transplantation (HT). We
determined the rates and outcomes of HT in a national,
population-based multicentre study.
Methods From 1990 to 2015, 1369 patients
underwent the Fontan procedure as recorded in the
Australia and New Zealand Fontan Registry. We
identified those who underwent HT and analysed their
outcomes. We compared rates of HT between two
catchment areas. In area 1 (n=721), patients were
referred to the national paediatric HT programme or its
associated adult programme. In area 2 (n=648), patients
were referred to the national paediatric HT programme
or one of the other adult HT programmes.
Results Mean follow-up time post-Fontan was 11
±8 years. Freedom from Fontan failure was 74%±3.9%
at 20 years. HT was performed in 34 patients. Patients
living in area 1 were more likely to have HT (4.0%, 29/
721 vs 0.8%, 5/648, p<0.001) with a cumulative
proportion of 3.4% vs 0.7% at 10 years and 6.8% vs
1.2% at 20 years (p=0.002). Area 1 patients were more
likely to undergo HT (hazard ratio 4.7, 95% CI 1.7 to
13.5, p=0.003) on multivariable regression. Post-HT
survival at 1, 5 and 10 years was 91%, 78% and 71%,
respectively. Compared with other patients with
congenital heart disease (n=87), Fontan patients had
similar in-hospital outcomes and long-term survival.
Conclusions Although HT after the Fontan procedure
can be achieved with excellent outcomes, most patients
with Fontan failure do not undergo HT. Significant
regional differences in rates of HT in Fontan patients
exist.

INTRODUCTION
Excellent long-term outcomes can be expected
after the Fontan completion.1 Despite this, a pro-
portion of patients will experience primary myocar-
dial dysfunction or intolerance of the Fontan
circulation, and in the absence of a correctable
lesion, will require heart transplantation (HT).2

Such patients may experience Fontan-specific
co-morbidities such as protein-losing enteropathy
(PLE), plastic bronchitis and intractable arrhyth-
mias, thrombosis, among others. In addition, the
challenges associated with reoperative cardiac
surgery and potential requirement for reconstruc-
tion of the great arteries may further complicate
their management. Such patients are often per-
ceived to be of higher operative risk compared with

other potential transplant candidates with congeni-
tal heart disease (CHD).3–5

The Australia and New Zealand Fontan Registry,
the largest of its kind, provides us with a unique
opportunity to evaluate management of patients
with a failing Fontan circulation.6 We determined
the rates of transplantation in patients with a
Fontan circulation and examined their early and
late outcomes. To our knowledge, this study is the
first to examine at a national level, the rates of
transplantation for patients with a Fontan
circulation.

METHODS
The Australian and New Zealand Fontan Registry
was commenced in 2008, and includes patients
who underwent the Fontan procedure in both
countries. All eight paediatric and seven adult
centres overseeing the care of patients with CHD
in Australia and New Zealand participated in this
study. The clinical characteristics, early and late
outcomes of the patients have been reported previ-
ously.1 6–8 Patients who died prior to discharge
after the Fontan procedure, those who underwent
Fontan takedown in the same admission and
patients referred from overseas were excluded from
this study, resulting in 1369 patients for analysis.
The Australia and New Zealand Cardiothoracic

Organ Transplant Registry (ANZCOTR) records
the details of all heart transplants performed in
Australia and New Zealand (n=2479) since 1984.
This registry was interrogated for details of all
paediatric and adult patients with CHD who
received HT.
Using both registries, we identified patients with

a Fontan circulation who underwent HT. In add-
ition to information from the two registries, sup-
plementary data were collected from each
transplant centre via site visits and entered into a
standardised database. Information collected were
patient demographics, clinical, intraoperative, post-
operative and follow-up details. Only the data from
the centres that performed HT for patients with a
Fontan circulation were included for comparative
analyses. Ethics approval was granted nationally in
Australia and New Zealand and by the Research
Ethics Committee of participating institutions.
Within Australia and New Zealand, there are six

transplant centres. In Australia, the national paedi-
atric HT programme is located at the Royal
Children’s Hospital (RCH), Melbourne. Local
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patients from the RCH with heart failure have their care transi-
tioned to an adult HT programme based at the Alfred Hospital,
Melbourne. In the other Australian states, patients with heart
failure are transitioned and followed-up by one of three other
adult heart failure programmes in their respective states. In New
Zealand, the national paediatric and adult HT services are based
at The Starship Children’s Hospital and Auckland City Hospital
in Auckland, which integrate adult and paediatric programmes
at a single site.

To examine referral patterns, we categorised patients into
two catchment areas. In area 1, patients are referred to either a
national paediatric HT programme or the associated adult HT
programme of the same city. In area 2, patients are referred to
either a national paediatric HT programme at RCH or one of
the three other adult HT programmes (figure 1). The national
paediatric HT programme at the RCH in Australia receives all
paediatric patients from around the country. Thus, patients
who are followed-up in area 2—where three Australian adult
HT centres are located—are usually referred to this national
paediatric HT centre if they are <18 years of age. We compared
the cumulative proportion of Fontan failure and transplantation
in patients with Fontan circulation between these two catch-
ment areas.

Fontan failure was defined as death, HT, Fontan takedown or
conversion to an extracardiac Fontan, PLE, plastic bronchitis or
New York Heart Association functional class III or IV at
follow-up. Since decision-making regarding (1) Fontan conver-
sion, (2) Fontan takedown and (3) HT may potentially be
institution-specific, we performed a separate analysis after exclu-
sion of these three events as end points of Fontan failure.
Hospital mortality was defined as death prior to hospital dis-
charge or within 30 days of surgery. Primary graft dysfunction
was defined as evidence of ventricular dysfunction with haemo-
dynamic instability requiring high-dose inotropic support and/or
a mechanical assist device within 24 h after transplantation.
Stroke was defined as a focal neurological deficit of central
origin that persisted beyond 24 h which was associated with
positive imaging findings. Renal impairment was identified by
pretransplant and post-transplant serum creatinine of
>100 mmol/L. Renal failure was defined as the need for dialysis
or doubling of pretransplant serum creatinine levels.

Statistical analysis
Continuous variables were compared using the unpaired t test,
the Wilcoxon rank sum test and one-way analysis of variance.
Data normality was assessed using the Shapiro–Wilk test. The
Bonferroni post hoc test was used for multiple pairwise compar-
isons. Categorical variables were compared using the Fisher’s
exact and χ2 tests.

The Kaplan–Meier method was used to estimate survival and
was compared using the log-rank statistic. Multivariable Cox
regression was used to determine if catchment area was asso-
ciated with likelihood of Fontan failure and undergoing HT.
The covariates entered into the multivariable Cox regression
model were: age at Fontan procedure, type of Fontan (atriopul-
monary (AP), lateral tunnel (LT), extracardiac conduit (ECC)),
time period (1975–1989, 1990–1999, 2000–2009, 2010–
2015), ventricular morphology (left ventricle (LV), right ven-
tricle (RV) dominant), hypoplastic left heart syndrome, number
of surgical palliations prior to Fontan completion and prior
bidirectional cavopulmonary connection.

Due to the non-linear relationship of age at Fontan with late
outcomes, the age variable was analysed as four groups:
<3 years, 3–5 years, 5–7 years and >7 years, with 3–5 years
used as the reference group as we have previously done.1

Statistical analyses were conducted using SPSS V.23.0 (Armonk,
New York, IBM).

RESULTS
Comparison of catchment areas
Of the 1369 Fontan patients discharged alive, 53% (721/1369)
were followed-up in area 1 and 47% (648/1369) were
followed-up in area 2. Overall mean follow-up time post-Fontan
was 11±8 years (13 408 patient-years). The characteristics of
the patients between groups are presented in table 1.

Patients in area 1 had a longer mean length of follow-up.
There was no follow-up information available in 4.8% (67/
1369) of patients, and this proportion was similar between areas
(area 1: 4.3%, 31/721 vs area 2: 5.6%, 36/648, p=0.32).
Follow-up within the preceding 3 years was not available in
17% (237/1369) patients, and this was more often in those
from area 2 (area 1: 14%, 103/721 vs area 2: 21%, 134/648,
p=0.002).

Figure 1 Graphical depiction of catchment areas: in area 1, patients are referred to either a national paediatric heart transplantation (HT)
programme or its associated adult programme. In area 2, patients are referred to either a national paediatric HT programme or the three other adult
HT programmes. The overlap exists as the national paediatric HT programme in Australia receives all paediatric patients referred from around the
country. Thus, patients who are followed-up in area 2—where three Australian adult HT centres are located—are usually referred to this national
paediatric HT centre if they are <18 years of age. AUS, Australia; NZ, New Zealand.
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Overall freedom from documented Fontan failure was 89%
±2.2% at 10 years and 74%±3.9% at 20 years. The initial
mode of failure was death in 62 patients, HT in 19 patients,
Fontan takedown or conversion in 39 patients, PLE or plastic
bronchitis in 40 patients and New York Heart Association func-
tional class III or IV in 41 patients. Freedom from Fontan
failure was higher in area 2 compared with area 1 as displayed
in figure 2A. Patients from area 1 were more likely to have
documented Fontan failure on multivariable Cox regression
(HR 1.4, 95% confidence interval (CI) 1.0 to 1.9, p=0.035).

Since decision-making regarding (1) Fontan conversion, (2)
Fontan takedown and (3) HT may potentially be institution-
specific, we performed a separate analysis after exclusion of
these three events as end points of Fontan failure. After exclu-
sion of these events, overall freedom from Fontan failure was
91%±2.0% at 10 years and 80%±3.5% at 20 years. The initial
mode of failure was death in 72 patients, PLE or plastic bron-
chitis in 41 patients and New York Heart Association functional
class III or IV in 45 patients. This was similar between groups as
displayed in figure 2B. There was no longer an association on
multivariable analysis (HR 1.1, 0.8 to 1.6, p=0.53).

Using both the Australia and New Zealand Fontan Registry
and the ANZCOTR, we identified 34 patients with a Fontan cir-
culation who underwent HT. As displayed in figure 3, patients
being followed-up in area 1 were more likely to receive HT
compared with those in area 2 (area 1: 29/731 vs area 2: 5/648)
with a cumulative proportion of 3.4%±1.8% vs 0.7%±0.8% at

10 years and 6.8%±3.0% vs 1.2%±1.4% at 20 years
(p=0.002). Multivariable Cox regression analysis of the 1369
Fontan patients demonstrated that patients living in area 1 were
more likely to undergo HT (HR 4.7, 95% CI 1.7 to 13.5,
p=0.003).

Comparison of patients followed-up in Australia (n=1080)
versus New Zealand (n=289) showed similar rates of freedom
from Fontan failure (Australia: 75%±4.3% vs New Zealand:
69%±9.4% at 20 years, p=0.45) and Fontan failure after exclu-
sion of conversion, takedown and transplantation (80%±4.1%
vs 79%±7.6% at 20 years, p=0.86). The cumulative rates of
transplantation at 20 years were also similar between the two
countries (Australia: 3.2%±1.6% vs New Zealand: 2.3%
±2.2%, p=0.68). There were no associations between country
with Fontan failure or transplantation on multivariable analyses.

Table 1 Characteristics at the time of Fontan procedure compared
between areas of follow-up

Area 1
(n=721)

Area 2
(n=648) p Value

Male 425 (59) 359 (55) 0.19
Median age at Fontan in years
Median (IQR)*

4.6 (3.5–6.2) 4.8 (3.8–6.4) 0.034

Fontan type
AP 124 (17) 81 (13) 0.015
LT 132 (18) 146 (23) 0.06
ECC 458 (64) 415 (64) 0.87
Unknown 7 (1) 6 (1) >0.99

Time period
1975–1989 112 (16) 74 (11) 0.028
1990–1999 183 (25) 155 (24) 0.57
2000–2009 264 (37) 247 (38) 0.58
2010–2015 162 (22) 172 (27) 0.089

Morphology
LV 405 (56) 347 (54) 0.36
RV 216 (30) 189 (29) 0.77
Biventricular/indeterminate 100 (14) 112 (17) 0.086

HLHS 80 (11) 81 (13) 0.45
Palliations prior to Fontan—mean
(SD)†

2.0 (1.1) 1.8 (1.0) 0.001

BCPC prior to Fontan 413 (57) 384 (59) 0.48
Mean follow-up time—mean (SD)
years†

11 (8) 10 (8) 0.046

No follow-up available 31 (4) 36 (6) 0.32
No follow-up available in previous
3 years

103 (14) 134 (21) 0.002

*Compared using non-parametric statistical testing.
†Compared using parametric statistical testing.
AP, atriopulmonary; BCPC, bi-directional cavo-pulmonary connection;
ECC, extracardiac conduit; HLHS, hypoplastic left heart syndrome; IQR, interquartile
range; LT, lateral tunnel; LV, left ventricle; RV, right ventricle.

Figure 2 (A) Freedom from documented failure of Fontan circulation;
(B) freedom from documented failure of Fontan circulation after
excluding Fontan conversion, takedown and heart transplantation.

Figure 3 Cumulative proportion of heart transplantation in two
catchment areas for 1369 patients with Fontan circulation in Australia
and New Zealand. (Generated using the Kaplan–Meier method.)

1122 Shi WY, et al. Heart 2016;102:1120–1126. doi:10.1136/heartjnl-2015-308848

Congenital heart disease

 on 18 M
ay 2019 by guest. Protected by copyright.

http://heart.bm
j.com

/
H

eart: first published as 10.1136/heartjnl-2015-308848 on 21 M
arch 2016. D

ow
nloaded from

 



Appendix 

 

 

XVI 

 

 
 

 

Patients with a Fontan circulation undergoing HT
All 34 heart transplants in patients with a Fontan circulation
were performed at four out of a total of six transplant centres in
Australia and New Zealand. Their characteristics are displayed
in table 2. The age distribution was as follows: 0–6 years (n=3),
6–12 years (n=5), 12–18 years (n=10) and > 18 years (n=16).
The indications for HTwere chronic heart failure (79%, 27/34),
intractable supraventricular arrhythmia (12%, 4/34) and PLE
(9%, 3/34).

Two patients were bridged to transplantation with a ventricu-
lar assist device. A Berlin Heart EXCOR device was used in a
5-year old with hypoplastic left heart syndrome. A Thoratec
paracorporeal device was used in a 26-year old patient with
repaired double-inlet LV. The mean number of prior cardiac pro-
cedures was 2.7±1.1 (median 3, range 1–5) and 62% (21/34) of
patients had three or more prior cardiac procedures. All five
patients with hypoplastic left heart syndrome had undergone
the Norwood procedure followed by a bidirectional cavopul-
monary shunt and Fontan completion.

Operative details are presented in table 3. Reconstruction of
the aortic arch was required in 9% (3/34) patients while pul-
monary artery reconstruction was performed in 53% (18/34).
The mean cardiopulmonary bypass time was 282±99 min while
the mean donor heart ischaemic time was 291±91 min.

Operative mortality was 5.8% (2/34). Two patients died due
to sepsis (at 5 and 38 days postoperative). One patient who died
in hospital was supported on extracorporeal membrane oxygen-
ation (ECMO) for septic shock despite intact ventricular func-
tion. Primary graft failure occurred in 12% (4/34) patients, all
of whom were supported with ECMO and recovered.
Post-transplant renal impairment occurred in 29% (10/34). Of
these, seven required haemofiltration or haemodialysis, one
patient required peritoneal dialysis and two were managed con-
servatively. No patient required permanent dialysis.

Mean follow-up was 7.0±6.0 years (median 4.7, range 0.1–
21 years). Follow-up was 100% complete. There were six late
mortalities. One patient was readmitted 38 days post-transplant
and died of sepsis. Other patients died of cardiac allograft vas-
culopathy (n=2), renal failure (n=1), PLE (n=1), which
recurred 2 years after transplantation in a patient with preopera-
tive PLE. The cause of death is unknown in one patient. Aside
from the aforementioned patient who died of PLE, the other
four patients had complete resolution of PLE. Kaplan–Meier
survival is demonstrated in figure 4. Post-transplant survival at
1, 5 and 10 years was 91%, 78% and 71%, respectively.

Comparison with patients with other forms of CHD
identified by the ANZCOTR
Of the 2479 heart transplants recorded in the ANZCOTR
across six transplant centres, 139 had a diagnosis of CHD. Of
those 139 patients, we identified 34 patients with a Fontan cir-
culation and 87 patients without a Fontan circulation (27 uni-
ventricular, 60 biventricular) who underwent HT at the same
four centres. The characteristics and outcomes of these patients
are presented in table 3. A greater proportion of HT for Fontan
patients occurred after January 2000 compared with those
transplanted before this point (36% (25/70) vs 18% (9/51),
p=0.04). Fontan patients had longer cardiopulmonary bypass
and donor ischaemic times. Survival analysis between Fontan
patients and those with other CHD is presented in figure 4.
Long-term survival after HT in patients with Fontan circulation
was similar to survival after HT in other patients with CHD.

DISCUSSION
The number of patients living with a Fontan circulation is
expected to grow.1 Data from the Australian and New Zealand
Fontan Registry demonstrated survival of 76% at 25 years for the
AP, 90% at 20 years for LT and 97% at 13 years for ECC
Fontan.1 Nevertheless, the Fontan circulation will eventually fail
in a significant number of patients. In more recent years, a
greater proportion of patients with CHD referred for HT have a
Fontan circulation.9 Similarly, in the current study the proportion
of patients with a Fontan circulation was greater after 2000.

Differences in rates of HT for patients with a Fontan
circulation
While previous studies have investigated factors associated with
mortality for Fontan patients on transplant waiting lists,10 no
study has specifically examined the differences in transplantation
rates in the Fontan population at a national level. Patients with a
failing Fontan circulation considered for HT often present with
co-morbidities that place them at higher risk of postoperative mor-
bidity and mortality such as hepatic and renal dysfunction, PLE

Table 2 Characteristics of patients with a Fontan circulation
(n=34) undergoing heart transplantation

Fontan patients (n=34)

Age—median years (IQR) 17 (11–31), range 4–51
Blood group
O 17 (50)
A 10 (29)
B 4 (12)
AB 3 (9)

Ventricular morphology
LV dominant 19 (56)
RV dominant 15 (44)

Diagnoses
Atrioventricular septal defect 3 (9)
Double-inlet LV 6 (18)
Double-outlet RV 8 (24)
Hypoplastic left heart syndrome 5 (15)
Transposition of the great arteries 5 (15)
Tricuspid atresia 7 (21)

Dextrocardia 4 (12)
Situs inversus 1 (3)
Left atrial isomerism 2 (6)
Right atrial isomerism 1 (3)
Time since Fontan (years)—mean (SD) 11.5 (9.1), range: 0.23–33
Type of Fontan
ECC 16 (47)
AP 14 (41)
LT 4 (12)

Fenestration 10 (29)
Fenestration closure prior to Tx 3 (9)

Number of prior surgeries—mean (SD) 2.7 (1.1)
Bidirectional cavopulmonary connection 13 (38)
Blalock–Taussig shunt 5 (15)
Norwood procedure 5 (15)

PLE 5 (15)
Plastic bronchitis 1 (3)
Pulmonary AVM 1 (3)
History of atrial arrhythmia 8 (24)

AP, atriopulmonary Fontan; AVM, arteriovenous malformation; ECC, extracardiac
conduit; IQR, interquartile range; LT, lateral tunnel Fontan; LV, left ventricle; PLE,
protein-losing enteropathy; RV, right ventricle; Tx, transplantation.
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and plastic bronchitis.1 5 Reoperative cardiac surgery is inherently
risky. Difficult intraoperative dissection of distorted thoracic struc-
tures and reconstruction of the great vessels at the time of HTare
often required. This results in longer cardiopulmonary bypass and
donor ischaemic times which contribute towards perioperative
morbidity.5 11 Demanding perioperative management, coupled
with early reports of greater mortality after HT meant that
patients with Fontan circulation may have been perceived to be of
higher perioperative risk by transplantation programmes. All these
may have limited the general access of patients with a Fontan cir-
culation to HT, particularly in adult centres where recipient
numbers are larger than the potential donor pool.

To our knowledge, this study is the first to investigate the rates of
transplantation for patients with a Fontan circulation at a national
level. It appears from our study that patients living in areas which

refer to either a national paediatric HT programme or its associated
adult programme (area 1) are more likely to receive HT.

Despite regional variations in the rate of HT in the Fontan
population, the overall rate of HT is low in all areas. Even in
area 1, freedom from Fontan failure was 71% at 20 years, yet
the cumulative proportion transplanted at 20 years was only
6.8%. While not all patients with Fontan failure are suitable for
HT, a substantial portion of patients with Fontan failure none-
theless did not undergo HT.

Patients from area 1 were statistically more likely to have
Fontan failure compared with those in area 2. However, this
was due to the fact that more Fontan takedown, conversion and
HT procedures were performed in area 1. After exclusion of
these procedures there was no association between the area and
likelihood of Fontan failure.

Table 3 Perioperative characteristics and early outcomes in patients with Fontan circulation compared with those with other forms of
congenital heart disease

Patients’ details Fontan (n=34) Other univentricular (n=27) * Biventricular (n=60) † ‡ p Value

Age—median years, (IQR)§ 17 (11–31) 14 (5–24) 0.065 20 (14–41) 0.26 0.011 0.042
Weight median kg (IQR)§ 58 (26–73) 32 (15–65) 0.054 60 (38–74) 0.45 0.005 0.007
Univentricular
LV dominant 19 (56) 14 (52) >0.99 – – – >0.99
RV dominant 15 (44) 13 (48) >0.99 – – – >0.99
Hypoplastic left heart syndrome 6 (18) 7 (26) 0.53 – – – 0.53

Biventricular
TGA – – – 14 (23) – – –

ccTGA – – – 10 (17) – – –

TOF – – – 7 (12) – – –

Ebstein’s anomaly – – – 4 (7) – – –

Aortic stenosis – – – 4 (7) – – –

Mitral regurgitation – – – 3 (5) – – –

AVSD – – – 4 (7) – – –

VSD – – – 9 (15) – – –

Others¶ – – – 5 (8) – – –

Days on waiting list—median (IQR)§ 179 (112–499) 130 (72–290) 0.24 133 (62–307) 0.087 0.79 0.89
Previous cardiac surgery 34 (100) 24 (89) 0.081 52 (87) 0.047 >0.99 0.089
Number of prior surgeries—mean (SD)** 2.7 (1.1) 2.4 (1.7) >0.99 1.9 (1.2) 0.006 0.18 0.006
Preoperative inotropes 4 (12) 3 (11) >0.99 7 (12) >0.99 >0.99 >0.99
Preoperative VAD 2 (6) 0 (0) 0.13 8 (13) 0.32 0.054 0.094
Preoperative creatinine (μmol/L)—mean (SD)** 78 (42) 56 (27) 0.11 79 (51) >0.99 0.043 0.038
Operative
Cardiopulmonary bypass time—mean min (SD)** 282 (99) 209 (82) 0.012 207 (93) 0.001 >0.99 0.001
Ischaemic time—mean min (SD)** 291 (91) 230 (92) 0.064 233 (100) 0.022 >0.99 0.016
Great artery reconstruction 19 (56) 10 (37) 0.20 0 (0) <0.001 <0.001 <0.001
Aortic arch reconstruction 3 (9) 3 (11) >0.99 0 (0) 0.045 0.035 0.041
Pulmonary artery repair/reconstruction 18 (53) 7 (26) 0.04 0 (0) <0.001 <0.001 <0.0001

Early outcomes
In-hospital mortality 2 (6) 4 (15) 0.39 5 (8) >0.99 0.45 0.46
Primary graft failure 4 (12) 4 (15) >0.99 10 (17) 0.76 >0.99 0.81
Stroke 1 (3) 1 (4) >0.99 3 (5) >0.99 >0.99 0.88
Renal impairment 11 (32) 5 (19) 0.25 14 (23) 0.35 0.78 0.43
Post-transplant ECMO 5 (15)†† 3 (11) >0.99 8 (13) >0.99 >0.99 0.92
Post-transplant IABP 3 (9) 2 (7) >0.99 7 (12) 0.74 0.71 0.80

Categorical variables displayed as number (percentage).
*Comparison between Fontan and other univentricular repairs.
†Comparison between Fontan and biventricular repairs.‡Comparison between other univentricular and biventricular repairs.
§Compared using non-parametric statistical testing.
**Compared using parametric statistical testing.
¶Others: these five patients had: truncus arteriosus, tricuspid dysplasia, VSD with partial Uhl’s anomaly, partial anomalous pulmonary venous drainage, anomalous left main coronary
artery.
††One patient was placed on ECMO due to septic shock despite intact graft function.
AVSD, atrioventricular septal defect; ECMO, extracorporeal membrane oxygenation; IABP, intra-aortic balloon pump; IQR, interquartile range; LV: left ventricle; RV: right ventricle; TGA,
transposition of the great arteries; ccTGA, congenitally corrected TGA; TOF, tetralogy of Fallot; VAD, ventricular assist device; VSD, ventricular septal defect;.
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Results of HT in patients with a Fontan circulation
In a multicentre study of 488 who underwent HT from 1990 to
2002, Lamour et al3 compared 107 patients with a Fontan cir-
culation undergoing cardiac transplantation with 381 patients
with other forms of CHD and found that patients with a
Fontan circulation were 8.6 times more likely to die after HT.
Five-year survival was 60% in the Fontan group compared with
74% in the other CHD group. Other groups have also reported
similar results.9 12 These findings initially raised concerns
regarding HT in these patients.

Recently, individual centres have reported more favourable
early results (operative mortality of ≤15%) in HT for patients
with a failing Fontan.5 13 14 The relatively low operative mortal-
ity (6%) seen in our study may be related to several factors.
There was a small number of patients with PLE (15%) com-
pared with higher proportions of up to 50% in other
studies.5 12 15 Only one of the patients in our series underwent
transplantation within the first year for early Fontan failure. Of
the 1369 patients in the Fontan Registry, the 34 who underwent
HT may represent a selected, robust group who were deemed
more appropriate for HT. We did not have detailed information
on the number of patients who were diagnosed with Fontan
failure and were managed conservatively or palliated.

Kovach et al,2 using the Paediatric Heart Transplant Study
database, analysed HT performed for CHD at 32 institutions
from 1992 to 2008. Patients with a Fontan circulation (n=194)
were compared with those who had undergone a Glenn shunt
(n=189) and those with other forms of CHD (n=421). They
found similar long-term survival after HT between the groups.
This was consistent with our study. While these results are
encouraging, differences in survival after HT may nevertheless
reflect selection bias. Patients with a Fontan circulation who are
the most critically ill may not have been referred for or survived
to HT.

Strategies in HT for patients with Fontan circulation
Given the foreseeable growth in the number of patients with a
Fontan circulation referred for HT,9 we believe that transplant
teams should adjust their practice to deal with these complex
patients. We typically transfer patients with a Fontan circulation
to the operating room at least 4 h prior to the donor heart’s esti-
mated arrival. This time is usually necessary to perform exten-
sive dissection and reconstruction of the great vessels.11 The
coordination with the heart retrieval team must be precise to
minimise unnecessary donor ischaemic time. Surgeons who
perform HT in patients with CHD must have a thorough under-
standing of the relevant anatomy, in particular the distorted

intrathoracic structures that exist following multiple univentricu-
lar palliation procedures.

LIMITATIONS
This study is limited by its retrospective nature. This study
involved a long study period, with perioperative strategies chan-
ging over time. Furthermore, we may not have complete infor-
mation on the patients who were diagnosed with Fontan failure
and were palliated without referral to HT.

CONCLUSION
Although HT after the Fontan procedure can be achieved with
excellent outcomes, most patients with Fontan failure do not
undergo HT. Significant regional differences in rates of HT in
Fontan patients exist.

Key messages

What is already known on this subject?
A proportion of patients living with a Fontan circulation will
require heart transplantation (HT). Such patients are often
perceived to be of higher operative risk compared with other
potential transplant candidates with congenital heart disease
(CHD).

What might this study add?
This study is the first to investigate the rates and outcomes of
transplantation for patients with a Fontan circulation at a
national level. Patients living in areas which refer to either a
national paediatric HT programme or its affiliated adult
programme are more likely to undergo HT. The overall rate of
HT for Fontan patients is low in all areas. A substantial portion
of patients with Fontan failure do not undergo HT.

How might this impact on clinical practice?
Our study suggests that a centralised programme with unified
indications for HT and expertise in surgical management of
heart failure in CHD may result in greater access to
transplantation for patients with failing Fontan circulation of
all ages.
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Outcomes of ventricular assist device implantation in children and
young adults: the Melbourne experience
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Abstract

Background: We evaluated our experience with ventricular assist device (VAD)
implantation in children and young adults.
Methods: A total of 64 patients underwent VAD implantation in two centres. The
mean age was 15 ± 7.2 years. Thirty-five (55%) patients were under 18 years of age.
Devices implanted included the Thoratec Paracorporeal in 30 (47%) patients, Berlin
Heart EXCOR in 11 (17%) and VentrAssist in 14 (22%). The diagnosis was cardio-
myopathy in 53, congenital heart disease in 11, and graft failure in four patients.
Results: There were 10 (16%) in-hospital deaths. Mortality was higher in patients
<18 years of age (26% compared with 3.4% for those ≥18 years, P = 0.02). The use of
extracorporeal membrane oxygenation prior to VAD implantation was associated with
higher mortality (P = 0.006). Seventeen (27%) patients experienced stroke. Nine
patients (14%) required change of VAD because of thrombosis. Transplantation was
performed in 44 patients after a mean of 131 ± 141 days on VAD, 11 patients died
without transplantation and three patients currently await transplantation. The VAD
was explanted in six patients because of recovery. Overall survival from VAD implan-
tation was 69% and 61% at 5 and 10 years, respectively. The 5-year post-transplant
survival for those bridged with VAD support was 91% and was comparable with a
cohort of patients who did not receive a pre-transplant VAD.
Conclusions: Children requiring pre-transplant VAD support have a higher mortality
and morbidity compared with young adults. Survival after heart transplantation those
supported with VADs was similar to patients of similar age who did not require
pre-transplant support.

Introduction

In adults, ventricular assist devices (VAD) have been widely used as
a bridge to transplantation.1 Applying VAD technology to younger
patients, however, has been challenging.2–4 Children bridged to heart
transplantation with VADs are increasingly younger and smaller.5

Although the outcomes of heart transplantation in children bridged
with VAD are comparable with unsupported patients,5,6 children less
than 10 kg still have higher complication rates.5,7 Furthermore, there
is also relatively limited experience with VAD use in young adults,
especially locally. With the city of Melbourne being the site of the

national paediatric heart transplantation centre in Australia, we
sought to review our experience of VAD implantation in children
and young adults.

Methods

The study was approved by the Human Research and Ethics Com-
mittee of the Royal Children’s Hospital and Alfred Hospital in
Melbourne. Using our centres’ respective databases, we identified
all patients receiving VADs who were under the age of 25.
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We defined hospital mortality as that occurring prior to discharge
from hospital. We also examined the endpoints of stroke, peripheral
thrombosis, re-exploration for bleeding, device thrombosis, device
change and sepsis.

We also compared survival between patients who received a VAD
as a bridge to transplantation to those who did not.

Statistical analysis

Analyses were performed using IBM SPSS Statistics for Windows,
Version 21.0 (IBM Corp., Armonk, NY, USA) and R Statistics
Package Version 3.1.0 (www.R-project.org). Kaplan–Meier method
was used for survival and the log-rank test used for inter-group
comparison. Cumulative incidence curves were constructed to
examine the occurrence of four competing events occurring at a
given time point: (1) transplantation, (2) death, (3) explant of VAD
due to recovery of cardiac function or (4) remaining on VAD
support.

Results

Patient population

From 1990 to 2014, 64 patients underwent VAD implantation across
two centres in Melbourne, namely, the Royal Children’s Hospital (n
= 27) from 2005 to 2014 and the Alfred Hospital (n = 37) from 1990
to 2014. Mean age was 15 ± 7.2 (range 14 days to 25 years) with a
mean body surface area of 1.5 ± 0.6 m2. Preoperative and operative
details are summarized in Table 1. Thirty-five (55%) patients were
under 18 years of age and 15 (23%) under 10 years of age. The

diagnosis was cardiomyopathy in 53 (83%) and congenital heart
disease (CHD) in 11 (17%). Fifty-six patients (88%) were on preop-
erative inotropes.

Diagnoses

Of the 53 patients with cardiomyopathy, four had myocarditis, two
had post-partum cardiomyopathy, two had hypertrophic cardiomyo-
pathy and two had chemotherapy-induced cardiomyopathy; the
remaining 43 patients had idiopathic dilated cardiomyopathy. Of the
11 patients with CHD, five patients had univentricular physiology
(hypoplastic left heart syndrome (n = 2), double outlet right ventricle
(n = 2), hypoplastic right ventricle (n = 1)), three of whom had
previously undergone Fontan procedure. Others had congenitally
corrected transposition of the great vessels (n = 2), congenital aortic
stenosis (n = 2), Ebstein’s anomaly (n = 1) and double-outlet right
ventricle (n = 1).

Sixteen (25%) patients had undergone a prior cardiac operation,
including four patients, who had prior heart transplantation. Of the
four transplanted patients, three had cardiomyopathy and one prior
repair of an atrioventricular septal defect and hypoplastic aortic arch.

Devices

The most common devices were Thoratec Para-corporeal VAD
(Thoratec Corp, Pleasanton, CA, USA) in 30 (47%) patients, Berlin
Heart EXCOR (Berlin Heart Meditechnik GmbH, Berlin, Germany)
in 11 (17%), VentrAssist (Ventracor Ltd, Chatswood, NSW, Aus-
tralia) in 14 (22%). Additional models included the Medos (Medos
Medizintechnik GmbH, Stolberg, Germany; n = 2), HeartWare

Table 1 Preoperative and operative variables

Variable All
(n = 64)

<18 years
(n = 35)

18–25 years
(n = 29)

P value

Age (years) 15 ± 7 10 ± 6 21 ± 2 <0.001
Male 46 (72) 23 (66) 23 (79) 0.27
Diagnosis

Cardiomyopathy 53 (83) 28 (80) 25 (86)
Congenital 11 (17) 7 (20) 4 (14) 0.74
Univentricular 5 (8) 2 (6) 3 (10) 0.65
Fontan circulation 3 (5) 1 (3)† 2 (7) 0.59

Previous cardiac surgery 16 (25) 11 (31) 5 (17) 0.25
Previous cardiac transplant 4 (6) 1 (3) 3 (10) 0.32

BSA (m2) 1.5 ± 0.6 1.2 ± 0.6 1.9 ± 0.2 <0.001
Preoperative ECMO 22 (34) 15 (43) 7 (24) 0.19

ECMO at implantation 15 (23) 10 (29) 5 (17) 0.38
ECMO duration (days) 8.6 ± 4.3 8.3 ± 4.6 9.3 ± 3.8 0.61
Preoperative inotropes 56 (88) 31 (89) 25 (86) >0.99
VAD Model

Thoratec 30 (47) 16 (46) 14 (48)
VentrAssist 14 (22) 2 (6) 12 (41)
Berlin Heart EXCOR 11 (17) 11 (31) 0 (0)
HeartWare 3 (5) 0 (0) 3 (10)
Medos 2 (3) 2 (6) 0 (0)
Novacor 2 (3) 2 (6) 0 (0) <0.001

Jostra/Berlin cannula 10 (16) 10 (29) 0 (0) 0.001
LVAD 58 (91) 33 (94) 25 (86)
BiVAD† 9 (14) 5 (14) 4 (14) >0.99
Concomitant procedures 7 (11) 3 (9) 4 (14) 0.25

†Three patients required delayed post-op RVAD because of RV failure. ECMO, extracorporeal membrane oxygenation. Percentages are expressed in parentheses.

2 Shi et al.
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(HeartWare, Inc., Framingham, MA, USA; n = 3) and the Novacor
(World Heart Corp., Oakland, CA, USA; n = 2).

The Jostra Rotaflow (Maquet Getinge Group, Rastatt, Germany)
device was used in combination with the Berlin Heart cannulae in 10
children. Once any bleeding was controlled, the Jostra pump was
changed to the Berlin Heart device. Thus, eight patients were con-
verted from Jostra to Berlin Heart after a mean of 6.3 ± 2.5 days
(range 2–10 days). The remaining two patients died before conver-
sion to the Berlin Heart device could be performed: haemorrhagic
stroke (n = 1) and respiratory failure (n = 1).

Nine patients had bi-ventricular VAD (BiVAD) insertion. Six of
them had a right VAD (RVAD) implanted at the time of left VAD
implantation and three patients received an RVAD after left VAD
implantation. Of these nine patients, four were younger than 18
years of age. The Thoratec was used in four, VentrAssist in three and
the Berlin Heart in two patients.

Preoperative extracorporeal membrane
oxygenation (ECMO)

ECMO prior to VAD implantation was required in 22 (34%)
patients. Indications for use of ECMO were circulatory collapse or
progressive end-organ dysfunction caused by low cardiac output. Of
these, 15 were converted directly from ECMO to VAD at the time of
implantation. The mean duration of preoperative ECMO was 8.6 ±
4.3 days.

Operative details

At implantation, mean cardiopulmonary bypass time was 126 ±
64 min. The aorta was cross clamped in 19 patients, with a mean
clamp time of 43 ± 20 min. Concomitant procedures were performed
during VAD implantation in seven (11%) patients. These included
patent foramen ovale closure (n = 6, one with aortic valve repair),
ventricular septal defect and tricuspid valve repair (n = 1), and
closure fenestration of the extra-cardiac Fontan conduit (n = 1).

Mortality

Hospital mortality was 16% (10/64). The causes of death were
intracranial haemorrhage (n= 4), respiratory failure (n= 2), sepsis (n
= 2), liver and renal failure (n = 1), ischaemic stroke (n = 1). One

additional patient died 561 days after VAD implantation of intrac-
ranial haemorrhage. Thus, 11 patients died prior to transplantation.
Nine of these occurred in patients under 18 compared with two
among those >18 years of age (P = 0.093).

Of the 11 pre-transplant deaths, eight occurred in those with
cardiomyopathy and three in patients with congenital heart disease.
Three deaths occurred in patients with BSA <0.6 m2, compared with
eight in patients with a BSA≥0.6 m2. Among those <18 years of age,
mortality prior to transplantation was 50% (4/8) for those weighing
less than 15 kg versus 19% (5/27) in those >15 kg (P = 0.16).

The 11 patients who died pre-transplant were on VAD support for
76 ± 163 days versus 131 ± 141 days in the 44 successfully bridged
to transplant (P = 0.27).

Patients on preoperative ECMO

In the 15 patients on ECMO support at the time of VAD implanta-
tion, five died in the hospital after VAD implantation compared with
five deaths among 49 patients not on ECMO support (P = 0.046).

Of the 15 patients on ECMO, five patients who died in the hospital
were on support for a mean of 11 ± 6 days compared with 8 ± 3 days
in the 10 patients who survived to discharge (P = 0.37).

Morbidity

Morbidities are displayed in Table 2. Thromboembolic stroke
occurred in 14 and intracranial haemorrhage occurred in three
patients. Re-exploration for bleeding was required in 19 (30%)
patients. Peripheral thrombosis occurred in three (5%) patients, with
two experiencing popliteal artery embolism requiring surgery and
one patient undergoing laparotomy for bowel ischaemia.

Sepsis occurred in 28 (44%) patients. Device thrombosis occurred
in 11 (17%) patients. These involved the Berlin Heart in three cases,
the Thoratec in two, the VentrAssist in two, the Novacor in one and
the Jostra in one. Nine patients – all under 18 years of age – required
change of VAD a mean of 3 ± 3 times (median 1, range 1–8). Three
patients required implantation of RVAD post-operatively. One
patient underwent implantation of Berlin Heart VAD, while the other
two received the Jostra device. Of the latter, one patient subse-
quently underwent implantation of a HeartWare right VAD while the
other died while being supported with the Jostra device.

Table 2 Early outcomes

Variable All
(n = 64)

<18 years
(n = 35)

18–25 years
(n = 29)

P value

30-day mortality 7 (11)† 7 (20) 0 (0) 0.013
In-hospital mortality 10 (16) 9 (26) 1 (3) 0.017
Mortality before transplant† 11 (17) 9 (26) 2 (7)† 0.093
Stroke 17 (27) 11 (31) 6 (21) 0.40

Thromboembolic 14 (22) 8 (23) 6 (21) >0.99
Haemorrhagic 3 (5) 3 (9) 0 (0) 0.25

Peripheral thrombosis 3 (9) 1 (3) 2 (7) >0.99
Re-exploration for bleeding 19 (30) 10 (29) 9 (31) >0.99
Device thrombosis 11 (17) 10 (29) 1 (3) 0.009
Device change 9 (14) 9 (26) 0 (0) 0.003
Sepsis 28 (44) 10 (29) 18 (62) 0.011
Time to transplant (days) 131 ± 141 78 ± 65 189 ± 177 0.012

†Includes one patient (aged 19) who died 561 days after VAD implantation because of intracranial haemorrhage before transplantation. Percentages are expressed
in parentheses.
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Follow-up

Follow-up was 100% complete at a mean of 4.2 ± 3.9 years (range
1 day–17 years). Forty-four of 60 (73%) were successfully bridged
to transplantation at mean of 131 ± 141 days, including a 3 kg
newborn infant who was transplanted after 7 months. The time from
VAD implantation to transplantation was shorter in patients <18
years of age (Table 2). Of five patients with uni-ventricular physi-
ology, four were successfully bridged to transplantation. In six
patients (myocarditis, n= 5 and post-partum cardiomyopathy, n= 1),
VAD was explanted at a mean of 154 ± 137 days because of recovery
of cardiac function. Seven patients died awaiting transplantation.
Three patients were still awaiting transplantation at the time of
writing.

Actuarial survival was 69% and 61% at 5 and 10 years, respec-
tively, and was not significantly different between age groups
(Fig. 1). Patients (n = 44) who underwent transplantation experi-
enced 81% survival at 5 years (Fig. 2).

We identified 119 patients across our two centres between the ages
of 14 days and 25 years undergoing cardiac transplantation during
the same time period. Hospital mortality was 2.3% (1/44) in those
supported with VAD and 6.7% (8/119) in non-VAD patients (P =
0.45). There was no difference in 10-year survival between those
with and without VAD support (VAD: 74 ± 7.8% versus non-VAD:
63 ± 5.4%, P = 0.40; Fig. 2). Cumulative incidence curves for
competing events for patients on VAD are presented in Figure 3.

Discussion
Bleeding, infection, thromboembolic and cerebrovascular events are
more common in patients on ECMO beyond the second week of
support.8,9 Furthermore, patients on ECMO are confined to the inten-
sive care unit. This makes it ill-suited for intermediate to long-term
support especially in younger patients.

Long-term VADs have been utilized as a bridge to transplantation
and destination therapy in adults10,11 with more recent data suggesting
VAD confers improved outcomes compared with ECMO in children
awaiting heart transplantation. Jeewa and colleagues found that –
compared with ECMO – those supported with VAD had reduced
waitlist mortality (ECMO 38% versus VAD 13%) as well as improved
survival after transplantation (ECMO 80% versus VAD 92%).4

Our findings were consistent with previously published
series,4,7,12,13 reporting a 60–70% success in bridging to transplanta-
tion, yet a substantial morbidity because of bleeding and thrombo-
embolism. Of note in our series, patients <18 years of age experienced
a shorter waiting period to transplantation and more often required
preoperative inotropes. The shorter time to transplantation in younger
patients may reflect a sicker group of patients, who were listed for
transplantation immediately after VAD implantation.

Patients with single ventricle physiology present a particular chal-
lenge. Weinstein and colleagues13 reported outcomes of 26 patients
with single ventricle physiology supported with the Berlin Heart
EXCOR device between 2007 and 2011, of whom 15 had

Fig. 1. Actuarial survival of (a) all 64
patients and (b) patients stratified by
age group.

Fig. 2. Comparison of survival after heart transplantation between VAD-supported (n = 44) and non-supported (n = 119) patients among (a) all ages,
(b) patients <18 years of age and (c) patients ≥18 years of age.

4 Shi et al.
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hypoplastic left heart syndrome. Only 42% of patients were success-
fully bridged to transplantation compared with 69% patients with
biventricular hearts.

Reinhartz and colleagues14,15 studied 209 patients under the age
of 18 (mean age 14.5 years) supported with Thoratec paracorporeal
VADs between 1982 and 2005. Of 186 patients available for
follow-up, 55% had been transplanted, 10% were weaned while
5% were still on support.14 An earlier report from the same group
quoted a 27% rate of neurological complications during support
with the Thoratec.15 Experience using the HeartWare in children is
still limited, although initial reports have been promising.16

Consistent with previous studies, our patients supported by a VAD
as a bridge to heart transplantation had similar survival to those who
were not supported.5,7 Of note, one study by Marasco and col-
leagues17 examined 342 heart transplants (215 orthotopic, 27 hetero-
topic) performed between 1997 and 2012 and compared them with
124 patients receiving VADs as a bridge to transplantation. The
authors found that support on a continuous-flow VAD (VentrAssist,
HeartWare, HeartMate II) followed by orthotopic heart transplanta-
tion resulted in superior survival compared with either heterotopic
heart transplantation or support with a pulsatile VAD (Thoratec,
Novacor). In our current practice, our preference is to use a
continuous-flow VAD whenever a patient is of sufficient body
weight.

Limitations

The relatively small sample size and heterogeneous age negated any
multivariable analyses. In addition, the heterogeneous range of VAD
models precludes outcomes to be studied for any particular device.

Conclusions

Children requiring VAD support have experience higher pre-
transplantation mortality and morbidity compared with young
adults. Children also required VAD exchange more often. Survival
after heart transplantation in children and young adults supported
with a VAD was similar to patients of a similar age who did not
require pre-transplant support.
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Increasing Complexity of Heart Transplantation
in Patients With Congenital Heart Disease
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Owing to improved surgical results, there is a growing population of patients
with repaired congenital heart disease (CHD) requiring heart transplantation.
The objective of the study was to review our experience in these patients.
A retrospective review of the outcomes of heart transplantation in patients
with CHD (n¼ 77) between 1988 and 2014 was performed. Outcomes of early
(1988-1999) and late (2000-2014) eras were compared. In results, the mean
age was 18 ! 14 years (range: 16 days-58 years). Seventy (91%) patients
underwent a mean of 2.6 ! 1.3 (range: 1-6) cardiac operations before
transplantation, whereas 7 were primary transplants. Univentricular palliation
had been performed in 44 (57%) patients. Patients with CHD in the later era
had longer mean cardiopulmonary bypass time (early: 190 ! 70 minute vs
late: 271! 115 minute; Po 0.001), ischemic times (early: 222! 98 minute vs
late: 275! 102 minute; P¼ 0.039), and more often required reconstruction of
the great arteries at the time of transplantation (8% vs 28%; P ¼ 0.036). In
those with prior univentricular palliations, the ratio of ischemic to cardiopul-
monary bypass time decreased in the later era (early: 1.41! 0.60 vs late: 0.99
! 0.37; P ¼ 0.016), reflecting increased intraoperative complexity. Following
transplantation, hospital mortality was 13% (10/77; 7 due to primary graft
failure). There was no difference in inhospital mortality between the 2 eras
(P ¼ 0.52); however, patients in the later era more often required postoperative
extracorporeal membrane oxygenation (early: 8%, 3/38 vs late: 28%, 11/39;
P¼ 0.036). In patients with prior univentricular palliations, those in the late era

were more likely
to experience
postoperative
renal impairment
(early: 1/21, 5%
vs late: 9/23, 39%; P ¼ 0.01). Patients with CHD had
higher 30-day mortality (CHD: n ¼ 8, 10% vs non-
CHD: n ¼ 17, 3.8%; P ¼ 0.021), but similar survival at
10 years (67% ! 12% vs 70% ! 4.7%; P ¼ 0.87)
compared to those without CHD. In conclusion,
patients with CHD undergoing cardiac transplantation
in the recent era were more complex. They had a
greater number of prior cardiac operations, and more
often underwent complex vascular reconstructions
and required more prolonged intraoperative pre-
paration.
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Aortic and pulmonary artery reconstruction during
cardiac transplantation.

Central Message

Patients with CHD undergoing cardiac trans-
plantation in the recent era were more com-
plex. They had a greater number of prior
cardiac operations, and more often under-
went complex vascular reconstructions and
required more prolonged intraoperative
preparation.

Perspective

Patients with CHD represent an increasing pro-
portion of heart transplant recipients. Judging
from the trends identified in our study and the
foreseeable growth in the number of CHD
patients with end-stage heart failure, it is essential
that surgeons adjust their transplantation practice
to deal with these complex patients.

See Editorial Commentary pages 498-499.
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INTRODUCTION
Patients with congenital heart disease (CHD)

represent an increasing proportion of heart trans-
plant recipients.1,2 Data from the United Network of
Organ Sharing demonstrated that the frequency of
cardiac transplantation among adults with CHD had
increased from 5.6%-10.5% in the recent decade.1

When compared with non-CHD patients, patients
with CHD are generally younger and have fewer
comorbidities.3 However, these patients continue to
have inferior early outcomes when compared with
non-CHD patients.1,3-5

Prior surgical procedures, prolonged ischemic
times, complex anatomy, and pulmonary vascular
abnormalities, as well as immune sensitization from
the use of blood products have been described as
contributors to mortality.2,4,6,7 The complexity of
this patient group is increasing as more patients with
CHD are surviving after multiple cardiac operations.
We describe the changing spectrum of complexity
and the outcomes of patients with CHD undergoing
heart transplantation.

METHODS
From April 1988 to January 2014, 817 patients

underwent orthotopic heart transplantation in Mel-
bourne, Australia, including 125 (43%; n = 54 with
CHD) patients at the Royal Children’s Hospital and
692 (3.3%; n = 23 with CHD) at the Alfred Hospital.
Altogether, there were 77 patients with CHD.

The study was approved by Human Research
Ethics committees of both hospitals. As patients with
heart failure reached 18 years, their care was
transitioned from the Royal Children’s Hospital to
the Alfred Hospital. Follow-up was 100% complete
with a mean of 7.5 ! 7.3 years (range: 1.0-22.5
years) up to February 1, 2015. Patients with CHD
(n = 77) were compared to 442 patients without
CHD of the same age range and undergoing cardiac
transplantation during the same time period.

Definitions
Outcomes of transplantation were reviewed for 2

arbitrarily defined eras: early (1988-1999) and late
(2000-2014). Hospital mortality was defined as
death before hospital discharge or within 30 days
of surgery. Primary graft dysfunction was defined as
evidence of ventricular dysfunction with hemody-
namic instability requiring high-dose inotropic sup-
port, a mechanical-assist device within 24 hours after
transplantation. Stroke was defined as a focal neuro-
logic deficit of central origin that persisted beyond
24 hours, which was associated with positive

imaging findings. Renal impairment was identified
by pretransplant or posttransplant serum creatinine
of greater than 100 mmol/L. Post-operative renal
failure was defined as the need for dialysis or
doubling of pretransplant serum creatinine levels.
A composite end point of “any postoperative

event” encompassing in-hospital death, stroke,
renal failure, primary graft failure, postoperative
extracorporeal membrane oxygenation (ECMO), and
postoperative intra-aortic balloon pump was also
analyzed.

Statistical Analysis
Data were analyzed using IBM SPSS Statistics for

Windows Version 21.0 (Armonik, NY) and R stat-
istical package (R Core Team, www.R-project.org).
Descriptive statistics for continuous variables were
expressed as a mean ! standard deviation and
compared using the independent t-test and Wil-
coxon sum-rank test. Binary variables were summar-
ized as frequencies and percentages and comparisons
were made using the chi-squared test. The Kaplan-
Meier method was used to analyze and compare
survival between patients with and without CHD.
The log-rank test was used to determine statistical
significance between Kaplan-Meier curves. Univari-
ate and multivariate logistic regressions were per-
formed to identify predictors of inhospital outcomes.
We also performed regression on the year of surgery
to identify temporal trends. We calculated the ratio
of ischemic time to bypass time to evaluate duration
of bypass in relation to ischemic time. Locally
weighted scatter plot smoothing (Loess smooth
curves) was constructed for selected factors at
intervals of 5 years to graphically evaluate temporal
trends. All tests were 2 tailed and P o0.05 were
considered significant.

RESULTS

Outcomes of Transplantation in Patients With
CHD
Of the 77 patients with CHD, the mean age was 18

! 14 years (range: 14 days-58 years). There were 48
(62%) males and 29 (38%) females. Preoperative and
intraoperative data are presented in Table 1. Patient
characteristics that were associated with later year of
surgery on logistic regression are shown in Table 2.
Most (91%, 70/77) patients underwent a mean

number of 2.6 ! 1.3 (range: 1-6) cardiac operations
before transplantation. Only 7 patients underwent
primary transplantation.
Univentricular physiology was present in 44

(57%) patients. Most of these 44 patients with
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Table 1. Preoperative and Intraoperative Patient Profile and Postoperative Outcomes Compared Across
Study Eras for Patients With Congenital Heart Disease

Variable Early Era (1988-1999),
n ¼ 38

Late Era (2000-2014),
n ¼ 39

P Value

Age (years) 15.4 ! 21.4 21.4 ! 14.5 0.063
Male 23 (61) 25 (64) 0.82

Diagnosis
Univentricular 21 (55) 23 (59) 0.82
LV dominant 13 9 0.23
RV dominant 8 14 0.23

Hypoplastic left heart syndrome 4 7 0.52
Biventricular 17 (45) 16 (41) 0.82
TGA 5 2 0.40
ccTGA 2 4 0.40
TOF 3 2 40.99
Ebstein’s anomaly 2 2 40.99
Other 5 6 0.72

Number of previous procedures for all patients 2.1 ! 1.4 2.7 ! 1.4 0.09
More than 2 previous procedures 14 (37) 21 (54) 0.11
Number of previous procedure for patients
with a univentricular circulation

2.3 ! 1.6 3.2 ! 1.3 0.042

Previous Fontan 7 (18) 15 (38) 0.077
Preoperative inotropes 3 (8) 10 (26) 0.065
Preoperative renal failure 4 (11) 6 (15) 0.74
Time on the waiting list (days) 279 ! 449 202 ! 163 0.32
Weight at transplant (kg) 36 ! 23 53 ! 24 0.003
Weight 450 kg at transplant 12 (32) 24 (62) 0.012
Ventricular-assist device 1 (3) 7 (18) 0.056
CPB time (minute) 190 ! 70 271 ! 115 o0.001
CPB time 43 hours 15 (39) 31 (79) 0.001
CBP time (minute)—univentricular 176 ! 65 302 ! 94 o0.001
CPB time (minute)—biventricular 207 ! 77 226 ! 126 0.92
Ischemic time (minute) 222 ! 98 275 ! 102 0.039
Ischemic time 42 hour 28 (74) 37 (95) 0.013
Ischemic time (minute)—univentricular 237 ! 94 286 ! 100 0.15
Ischemic time (minute)—biventricular 210 ! 103 261 ! 106 0.17
Ischemic:bypass time ratio 1.27 ! 0.63 1.16 ! 0.63 0.34
Ischemic:bypass time ratio—univentricular 1.41 ! 0.60 0.99 ! 0.37 0.016
Ischemic:bypass time ratio—biventricular 1.14 ! 0.64 1.40 ! 0.85 0.34
Great artery reconstruction* 3(8) 11(28) 0.036
Aortic arch reconstruction 0 (0) 4 (10) 0.12
Pulmonary artery reconstruction 3 (8) 10 (26) 0.065

Inhospital outcome
Inhospital death 6 (16) 4 (10) 0.52
Stroke 1 (2.6) 2 (5) 40.99
Renal failure 5 (13) 13 (33) 0.058
Primary graft failure 6 (16) 9 (23) 0.57
Posttransplantation ECMO 3 (8) 11 (28) 0.036
Posttransplantation IABP 3 (8) 8 (21) 0.19
Any postoperative event † 14 (37) 21 (54) 0.11
CPB, cardiopulmonary bypass; IABP, intra-aortic balloon pump; LV, left ventricle; RV, right ventricle; TGA, transposition of
great arteries; TOF, Tetralogy of Fallot.
*Great artery reconstruction includes aortic arch or pulmonary artery reconstruction or both.
†Any postoperative event includes inhospital death, stroke, renal failure, primary graft failure, postoperative ECMO, and
postoperative IABP.
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univentricular circulation underwent transplantation
at the Royal Children’s Hospital (n ¼ 33). Of these,
22 had previously undergone a Fontan procedure.

Among the 44 patients with a univentricular
circulation, those undergoing transplantation in the
later era had undergone a greater mean number of
prior cardiac procedures (P ¼ 0.042) (Table 1 and
Fig. 1A) There were 11 (14%) patients with hypo-
plastic left heart syndrome (HLHS). Of these patients
with HLHS, 4 underwent transplantation in the early
era—2 patients had transplantation as a first oper-
ation (at 14 and 50 days of age) and 2 others had
transplantation after bidirectional cavopulmonary
shunt and after Fontan.

Waiting time from listing to transplantation (early:
279 ! 449 days vs late: 202 ! 163 days; P ¼ 0.33)
and the proportion of prior univentricular palliative
procedures (early: 53%, 20/38 vs late: 59%, 23/39;
P ¼ 0.65) were comparable between eras. However,
there was a trend toward patients in the later era
being older (early: 15 ! 14 years; range: 14 days-55
years vs late: 21 ! 15 years; range: 8 months-58
years; P ¼ 0.06) (Table 1).

Transplantation occurred at a mean of 7.7 ! 8.4
years from the patient’s most recent heart surgery.
Of the 7 patients who had heart transplantation as
their first operation, 5 received it during the early
study era (1988-1999) and 2 in the later era (2000-
2014), P ¼ 0.43. In the early era, apart from the 2
aforementioned patients with HLHS (who underwent
transplantation as their first surgery), 3 patients had
Ebstein’s anomaly, double-inlet left ventricle, and

congenitally corrected transposition of the great
arteries (ccTGA). In the later era, 1 patient with
Tetralogy of Fallot and 1 patient with ccTGA had
transplantation as their first operation.
Preoperatively, 10% (8/77) patients were sup-

ported with a left ventricular-assist device (Thoratec
Paracorporeal ventricular-assist device, n¼ 5; Heart-
Ware, n ¼ 1; Berlin Heart EXCOR, n ¼ 2).
In the later era, recipients with CHD had longer

mean cardiopulmonary bypass (CPB) times (early:
190 ! 70 minute vs late: 271 ! 115 minute; P o
0.001), longer donor ischemic times (early: 222 !
98 minute vs late: 275 ! 102 minute; P ¼ 0.039),
and more often required reconstruction of the great
arteries at the time of transplantation (8% vs 28%;
P ¼ 0.036) (Table 1 and Fig. 1B-D). Statistically
significant associations on logistic regression
between year of surgery and patient characteristics
are presented in Table 2.
For the 77 patients with CHD, the ischemic to

bypass time ratio was similar (early: 1.27 ! 0.63 vs
late: 1.16! 0.6; P ¼ 0.63) across eras. However, for
patients with a univentricular repair, the ischemic to
bypass time ratio decreased in the later era (early:
1.41 ! 0.60 vs late: 0.99 ! 0.37; P ¼ 0.016)
although it did not change significantly in patients
with a biventricular repair (1.14 ! 0.64 vs 1.40 !
0.85; P ¼ 0.34) (Table 1 and Fig. 1E).
Pulmonary artery (PA) reconstruction was per-

formed in 13 patients, all of whom had univentric-
ular physiology. In 5 cases, a hilum-to-hilum
reconstruction was performed. This was

Table 2. Statistically Significant Associations on Logistic Regression in Patients With Congenital Heart
Disease

OR 95% CI Lower 95% CI Upper P Value

(A) Associations with later year of surgery
More than 2 prior cardiac surgical procedures 1.08 1.01 1.15 0.028
Pretransplantation VAD 1.16 1.03 1.30 0.018
Weight 450 kg 1.10 1.03 1.18 0.005
Reconstruction of great arteries 1.10 1.01 1.19 0.031
Bypass time 4180 min 1.10 1.02 1.18 0.009
Ischemic time 4120 min 1.14 1.02 1.28 0.018
Posttransplant ECMO 1.19 1.00 1.42 0.047

(B) Associations with any postoperative event*

Longer bypass time 1.01 1.00 1.01 0.005
Hypoplastic left heart syndrome 7.30 1.42 37.60 0.018

(C) Associations with postoperative ECMO
Longer ischemic time 1.01 1.00 1.01 0.033
Longer bypass time 1.01 1.00 1.01 0.030
Later year of transplant 1.19 1.00 1.42 0.047
VAD, ventricular-assist device.
*Any postoperative event encompasses inhospital death, stroke, renal failure, primary graft failure, postoperative ECMO,
and postoperative IABP.
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accomplished with a Goretex patch (W.L. Gore and
Associates, AZ) in 4 cases; whereas in 1 patient, the
donor central PAs were anastomosed to the branch
PA within each hilum. In 2 cases, reconstruction
of the central PA was performed with the donor
bifurcation; and in 1 case, a homograft was used to
reconstruct the main PA. In the remaining 5 patients,
a patch reconstruction was performed. The 4
patients who required aortic arch reconstruction
had all previously undergone the Norwood proce-
dure for HLHS. The entire arch was replaced with a
vascular prosthesis in 3 cases. In the remaining
patient, the aortic arch was replaced by that of the

donor. The technique of great vessel reconstruction
is illustrated in Figure 2.
Postoperatively, there were 10 (13%) inhospital

deaths (Table 1) with 8 (10%) of these occurring
within 30 days. Of these, 3 patients died of sepsis
whereas primary graft failure was the cause of death
in 7. Of these 7 patients, 5 underwent transplant in
the early era. Only 1 patient, with ccTGA, had not
undergone a prior cardiac surgical procedure. The
other 6 patients had all undergone a prior operation
(range: 1-4 operations). A total of 5 patients received
a donor heart with an ischemic time of greater than 4
hours; the other 2 patients had ischemic times of 3

Figure 1. Scatter plots and Loess trendlines for temporal trends in patient characteristics: (A) number of prior
cardiac surgical procedures (mean), (B) great artery reconstruction (%), (C) cardiopulmonary bypass (CPB)
time (mean), (D) myocardial ischemia to CPB time ratio, and (E) ischemic time to bypass time ratio (mean).
(Color version of figure is available online.)
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hours 44 minutes and 3 hours 17 minutes. None of
the 7 patients required reconstruction of the great
arteries; 6 were supported with ECMO before death.
The patient who was not supported with ECMO had
undergone transplantation at the Royal Children’s
Hospital in 1988, before the introduction of the
ECMO program in 1989. Of the 44 patients with
univentricular hearts, 5 (11%) patients died in
hospital compared with 5 of 33 (15%) patients with
biventricular hearts (P ¼ 0.74). In addition, 2 of the
22 (9%) Fontan patients died in hospital compared
with 8 of 55 (15%) non-Fontan patients (P ¼ 0.72).
Hospital mortality was not statistically different
between the 2 eras (early: 16%, 6/38 vs late: 10%,
4/39; P¼ 0.52) (Table 1 and Fig. 3A). We detected a
trend toward more patients in the late era with
postoperative renal impairment (P ¼ 0.058). This
was driven by the greater proportion of renal impair-
ment in the late era in the univentricular patients
(early: 1/21, 5% vs late: 9/23, 39%; P ¼ 0.01)
(Fig. 3B).

Postoperative ECMO was required in 14 patients,
and it was more often required for patients in the
later era (Table 1 and Fig. 3C). The indication for
ECMO in all patients was heart failure. In 11
patients, ECMO cannulation was performed in the
operating room after transplantation owing to inabil-
ity to wean from CPB. In 3 patients, ECMO support
was commenced within 48 hours after surgery due to
low cardiac output. Patients who required posttrans-
plantion ECMO had longer CPB time (mean: 291 !
128 vs 218 ! 93 minute; P ¼ 0.018) and longer
ischemic times (304! 89 vs 239! 103 minute; P¼
0.027) compared with those who did not require
posttransplantion ECMO. Patients were supported on

ECMO for a mean of 6! 2 days (range: 3-9 days). Of
the 14 patients requiring ECMO, 7 died in hospital.
Univariate predictors of postoperative ECMO were
longer ischemic time, longer bypass time, and later
year of surgery (Table 2). There were no multivariable
predictors identified.
Statistically significant associations on logistic

regression between year of surgery and inhospital
outcomes are presented in Table 2. On multivariable
regression, longer CPB time (odds ratio ¼ 1.01; 95%
CI: 1.00-1.01; P ¼ 0.009) and HLHS (odds ratio ¼
4.92; 95% CI: 1.00-24.4; P¼ 0.05) were predictors of
the composite end point of any adverse event. There
were no other predictors of any inhospital outcomes
on multivariable regression. There was a trend toward
an increase in the proportion of any adverse event in
patients with univenticular palliations (Fig. 3D) but
this was not statistically significant (Table 1).
Actuarial survival for patients with CHD at 90 days

and 5, 10, and 15 years was 88%, 79%, 67%, and
58%, respectively (Fig. 4A). There were 16 late deaths
that occurred at a mean of 7.8 ! 5.0 years after
transplantation. Causes of death in these patients were
rejection in 5, coronary artery disease in 5, lymphoma
in 1, sepsis in 2, and unknown in 3. Univentricular
physiology did not have a statistically significant
effect on overall survival (P ¼ 0.60) (Fig. 4B). At
5 and 12 years after initial transplantation, 2 patients
underwent retransplantation for chronic rejection. The
first patient died of coronary artery disease 4 years after
retransplantation. The second patient was alive at the
last follow-up at 4 years after retransplantation. Survival
was not statistically different between the 2 eras
(Fig. 4C). In the 67 patients discharged from the
hospital, 10-year survival was 77% ! 12% and was

Figure 2. Aortic and pulmonary artery reconstruction after Fontan procedure for hypoplastic left heart syndrome. (A) An enlarged
aortic root caused compression of the left pulmonary artery, with the latter previously requiring stenting, making anatomical
dissection before heart transplantation impossible. (B) Under circulatory arrest, the aortic arch with the adherent central
pulmonary arteries were resected and replaced with vascular prosthetic grafts. A smaller caliber vascular graft was used for the
left pulmonary artery to enable size matching with the branch pulmonary arteries. (C) Following reconstruction of the great
arteries, the donor heart was transplanted. (Color version of figure is available online.)
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similar between patients with biventricular (78% !
19%) and univentricular (77% ! 15%) physiology
(P¼ 0.81) and also between the eras (early: 74%! 15%
vs late: 81% ! 22%; P ¼ 0.84).

Comparison of Patients With and Without
CHD

We identified 442 patients within the same age range
undergoing transplantation for non-CHD. In this com-
parison group, 135 had ischemic cardiomyopathy, 238
had dilated cardiomyopathy and 69 were diagnosed
with miscellaneous cardiac pathologies. The proportion
of patients with and without CHD remained unchanged
across the study eras (15%, 38/261 in 1988-1999 and
15%, 39/258 in 2000-2014; P ¼ 0.90).

Recipients with CHD waited longer for trans-
plantation (CHD: 240 ! 336 days vs non-CHD:
152 ! 222 days; P ¼ 0.028), had longer mean CPB
times (CHD: 232! 103 minute vs non-CHD: 130!
52 minute; P o 0.001), and longer donor heart
ischemic times (CHD: 249 ! 103 minute vs non-
CHD: 223! 92 minute; P¼ 0.026). Compared with

the non-CHD group, patients with CHD had higher
30-day mortality (CHD: n ¼ 8, 10% vs non-CHD:
n ¼ 17, 3.8%; P ¼ 0.021). However, there was no
difference (P¼ 0.87) in survival after transplantation
at 5 (CHD: 79%! 4.8% vs non-CHD 81%! 1.9%),
10 (67% ! 12% vs 70% ! 4.7%), and 15 years
(58% ! 14% vs 57% ! 5.8%) (Fig. 4A).

DISCUSSION
Improvements in the diagnosis and management

of patients with CHD have resulted in a significant
increase in the number of children surviving to
adulthood.8 A proportion of these patients will
develop heart failure and will require cardiac
transplantation.9

Patients with CHD often have complex anatomy
which poses a challenge during transplantation.10,11

The spectrum of complexity is changing as more
patients with severe CHD are surviving after multiple
cardiac operations, especially those who have under-
gone palliation for univentricular hearts, and ulti-
mately requiring transplantation for heart failure. In
our study, among patients with univentricular

Figure 3. Scatter plots and Loess trendlines for temporal trends in inhospital outcomes. (A) Inhospital mortality
(%), (B) postoperative renal failure (%), (C) postoperative ECMO (%), and (D) any event (%). (Color version of
figure is available online.)
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circulation, those in the later era had undergone a
greater number of prior cardiac procedures com-
pared with those in the early era. Patients with CHD

in the later era also had longer CPB and ischemic
times, which might be reflected in the greater
proportion requiring postoperative ECMO. Aside
from complexity of transplantation, the longer
ischemic times may also reflect more liberal use of
donors over time.
In patients with univentricular physiology, the

ischemic to bypass time ratio decreased in the later
era, suggesting that a greater proportion of the
transplant procedure became dedicated to dissection
and reconstruction of structures supported with
CPB. In contrast, the ischemic to bypass time ratio
remained similar over time in patients with biven-
tricular physiology. The longer period on CPB likely
resulted in the greater proportion of renal failure that
ocurred in the late era in patients with univentricular
circulation.
Our study demonstrated no significant change in

hospital mortality over the 2 eras (early: 16% vs late:
10%; P = 0.52). The lack of improvement of
outcomes with time was similarly described by
Davies et al.3 This may be partly explained by the
greater complexity of patients operated in the later
study era.
In the HLHS group, of the 4 patients undergoing

transplantation before 1999, 2 neonates underwent
transplantation as a primary operation. In contrast,
patients operated after 2000 underwent multistage
palliative operations with several reaching Fontan
completion and 4 requiring concomitant aortic arch
replacement at transplantation. It is anticipitated that
with time, as the Fontan population expands and
transitions into adulthood, more patients would
require complex reconstructive procedures.
For posttransplantation patients with CHD under-

going transplantation, the current literature reports
30-day survival of 70%-90%, 1-year survival of 70%-
85%, and 5-year survival of 60%-85%.1,3-5,12-17

These results are consistent with our study. In
particular, we noted a pattern of higher early mortal-
ity in patients with CHD. After the initial 30-day
period, long-term survival becomes similar to that of
non-CHD patients. A similar observation has been
made by others. Lamour et al16 observed that
patients with CHD had lower survival at 3 months
(86% compared with 91% survival in adults with
cardiomyopathy and 95% survival in children with
cardiomyopathy). However, patients who survived
the initial 3 months after transplantation had no
statistically significant difference in survival there-
after.16 Davies et al3 reported that early mortality
among patients with CHD was higher than in non-
CHD patients, but at 10 years, overall survival was
similar (53.8% vs 53.6%). In a multivariable analysis,
CHD as an indication for transplantation was a

Figure 4. Survival after heart transplantation.
(A) Long-term survival of patients with CHD (and
compared with non-CHD patients). (B) Effect of
univentricular physiology on long-term survival after
heart transplantation. (C) Effect of study era on long-
term survival after heart transplantation. (Color
version of figure is available online.)
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predictor of increased risk of early mortality,1 yet it
was protective against late mortality.3 Karamlou
et al1 found that transplant recipients with CHD
had reduced early survival compared with that of
non-CHD at 1 year (87% vs 76%; P ¼ 0.003).

Consistent with other reports,2,5 primary graft
failure was the most common cause of early mortal-
ity in our patients with CHD. Complications asso-
ciated with CHD such as protein-losing
enteropathy, arteriovenous and venovenous collat-
erals, and preoperative renal and hepatic dysfunc-
tion may further contribute to perioperative
mortality and morbidity in patients with univen-
tricular physiology.18 Davies et al3 found that
patients with CHD were more likely to have a body
mass index less than 18.5 at the time of trans-
plantation and this may occur because of poor
nutritional status or heart failure. In our centers,
patients with CHD often wait longer for trans-
plantation than those without CHD and this pro-
longed waiting period may lead to further
deconditioning. Furthermore, patients with CHD
are more likely to be allosensitized given the
exposure to blood products during prior cardiac
surgery and the use of homograft material.18

Although information regarding panel-reactive anti-
body levels was not available in our study, other
authors have found elevated levels exceeding 10% to
be associated with worse outcome.19 Our finding of
a patient with CHD experiencing higher 30-day
mortality compared with non-CHD patients may
also reflect recipient candidacy becoming more
liberal over time, especially as experience with
palliated complex congenital malformations grew.

Data from the International Society of Heart and
Lung Transplantation demonstrate that CHD was a
predictor of 1-year mortality after transplantation in
adults and CHD was associated with improved
survival at 10 years, independent of age.20 Burchill
et al2 similarly described superior long-term survival
(415 years) in the CHD group. They attributed this
to the younger age and the significantly lower rates of
infection and malignancy-related mortality in the
patients with CHD.2 In addition, these findings
likely reflect the younger age and lack of extracardiac
comorbities within the CHD group.3 In our study,
the patients with and without CHD achieved similar
overall survival at 15 years. Of the late 16 deaths,
only 2 were related to sepsis and 1 to malignancy.

Single ventricle physiology appears to have a
detrimental effect on outcome. In a multicentre
study, Karamlou et al18 reviewed 509 adults (143
patients with univentricular repair and 366 patients
with biventricular repair) with CHD undergoing
heart transplantation. They found that following

heart transplantation, patients with univentricular
repair had higher inhospital mortality compared
with patients with biventricular repair (23% vs 8%;
P o 0.001).18 Outcomes of transplantation in
patients with biventricular CHD and those without
CHD were similar.18 Lamour et al16 reported 5-year
posttransplantation survival of 60% in Fontan
patients and 74% in non-Fontan patients.16 On
multivariable analysis, having a previous Fontan
operation was associated with death to a relative
risk of 8.6.16 In contrast, 2 smaller single-institution
studies did not identify univentricular physiology to
be a risk factor for mortality.4,21 Similarly, we did not
observe any difference in short- and long-term
outcomes between patients with univentricular and
biventricular physiology. This finding may reflect
patient selection and the additional resources allo-
cated to more complex patients.
Judging from the trends identified in our study

and the forseeable growth in the number of patients
with with CHD and end-stage heart failure, partic-
ularly those with prior univenticular palliations, it is
essential that surgeons adjust their transplantation
practice to deal with these complex patients.10 We
transfer the patient with a univentricular heart with
multiple prior surgeries to the operating room at
least 4 hours before the estimated arrival time of
donor’s heart. This time is necessary to perform
extensive dissection and reconstruction of the great
vessels. The coordination with the heart retrieval
team must be precise to minimize the ischemic time
of the heart. Surgeons who perform heart trans-
plantation in patients with CHD must have a
thorough understanding of the relevant anatomy,
particularly the distorted intrathoracic anatomy fol-
lowing multiple surgeries for univentricular pallia-
tions. We believe that referral of these complex
patients to a team with combined expertise in CHD
and transplantation is essential.

LIMITATIONS
This study was limited by its retrospective nature.

Perioperative management has varied during the
long study period. Multivariate logistic regression
analysis was limited by a relatively small number of
patients.

CONCLUSIONS
Patients with CHD undergoing cardiac transplan-

tation in the recent era became more complex.
They had a greater number of prior cardiac oper-
ations, more often underwent complex vascular
reconstructions, and required more prolonged intra-
operative preparation.
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APPENDIX

Table E1. Preoperative and Intraoperative Patient Profile and Postoperative Outcomes for Patients With
Congenital Heart Disease

Variable Biventricular (n ¼ 33) Univentricular (n ¼ 44) P Value

Age (years) 21 ! 15 17 ! 14 0.20
Male 23 (70) 25 (57) 0.34

Diagnosis
Univentricular 44
LV dominant 22
RV dominant 22
Hypoplastic left heart syndrome 11
Biventricular 33
TGA 7
ccTGA 6
Tetralogy of Fallot 5
Ebstein’s anomaly 4
Aortic stenosis 3
Mitral regurgitation 1
AVSD 3
Coarctation, VSD 1
VSD, tricuspid regurgitation 1
PAPVD 1
Truncus arteriosus 1

Previous surgical procedures 2.0 ! 1.2 2.7 ! 1.5 0.035
Previous Fontan 0 (0) 22 (50) n/a
Pretransplantation inotropes 5 (15) 8 (18) 40.99
Pretransplantation renal failure 3 (9) 7 (16) 0.50
Referral to transplant time interval (days) 220 ! 273 255 ! 379 0.66
Weight at transplant (kg) 49 ! 24 42 ! 26 0.21
Ventricular-assist device 6 (18) 2 (5) 0.068
CPB time (min) 215 ! 104 244 ! 103 0.24
Ischemic time (min) 231 ! 107 263 ! 99 0.19
Great artery reconstruction* 0 (0) 14 (32) o0.001
Aortic arch reconstruction 0 (0) 4 (9) 0.13
PA reconstruction 0 (0) 13 (30) o0.001

Inhospital outcome Biventricular (n ¼ 33) Univentricular (n ¼ 44) P
Inhospital death 5 (15) 5 (11) 0.74
Stroke 1 (3) 2 (5) 40.99
Renal failure 8 (24) 10 (23) 40.99
Primary graft failure 8 (24) 7 (16) 0.40
Posttransplant ECMO 7 (21) 7 (16) 0.57
IABP 6 (18) 5 (11) 0.52
Any postoperative event 17 (52) 18 (41) 0.37
AVSD, atrioventricular septal defect; IABP, intra-aortic balloon pump; LV, left ventricle; PA, pulmonary artery; PAPVD, partial
anomalous pulmonary venous drainage; RV, right ventricle; TGA, transposition of great arteries; VSD, ventricular septal defect.
*Great artery reconstruction encompasses aortic arch or pulmonary artery reconstruction or both.
*Any postoperative event encompasses inhospital death, stroke, renal failure, primary graft failure, postoperative ECMO, and
postoperative intra-aortic balloon pump.
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Outcomes of Truncus Arteriosus Repair in
Children: 35 Years of Experience From a Single
Institution
Phillip S. Naimo, MD,*,† Tyson A. Fricke, MBBS,*,† Matthew S. Yong, MBBS,*
Yves d'Udekem, MD, PhD,*,†,‡ Andrew Kelly, MBBS,§ Dorothy J. Radford, MD,║

Andrew Bullock, MBBS,¶ Robert G. Weintraub, MBBS,*,†,‡ Christian P. Brizard, MD,*,†,‡ and
Igor E. Konstantinov, MD, PhD*,†,‡

We evaluated the long-term outcomes following repair of truncus arteriosus (TA)
from a single institution. We conducted a retrospective review of children (n¼ 171)
who underwent TA repair between 1979 and 2014. Early mortality rate was 11.7%
(20/171). There were 19 late deaths. Most deaths (74%, 29/39) occurred within the
first year following surgery. The 1-year mortality rate in 1979-2004 was 18% (25/
136) and decreased to 11% (4/35) in 2005-2014. The overall survival rate was
73.6% at 30 years. Multivariate analysis identified postoperative extracorporeal
membrane oxygenation (P ¼ 0.003), operative weight o2.5 kg (P ¼ 0.012), prior
surgical intervention (P ¼ 0.018), and coronary artery anomaly (P ¼ 0.037) as risk
factors for early mortality. A Cox regression model identified DiGeorge syndrome
(P¼ 0.008) as a risk factor for late mortality. Freedom from right ventricular outflow
tract reoperation was 4.6% at 20 years. Concomitant truncal valve (TV) repair or
replacement was undertaken in 20 patients. Additionally, 14 patients underwent late
TV repair or replacement. The overall survival rate in patients who underwent TV
operationwas 76.9%at 20 years. A total of 19 patients had concomitant interrupted
aortic arch with a survival rate of 89.5% at 20 years.Median follow-upwas 19 years
(mean ¼ 17 years, range: 1-34 years). All patients were in New York Heart
Association Class I/II at last follow-up. Following repair of TA, patients had good
long-term functional status but had high reoperation rates. Repair of interrupted
aortic arch and TV were not risk factors for mortality. Postoperative extracorporeal
membrane oxygenation, operative weight o2.5 kg, prior surgical intervention, and
coronary artery anomaly were risk factors for early death. DiGeorge syndrome was
associated with late death, most commonly from infection.
Semin Thoracic Surg 28:500–511Crown CopyrightI 2016 Published by Elsevier
Inc. All rights reserved.
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truncus
arteriosus,
common arterial
trunk,
conotruncal, surgery, congenital heart disease

INTRODUCTION
Truncus arteriosus (TA) is a rare anomaly in which a

common arterial trunk supplies both systemic and pulmonary
circulations.1,2 Large single-institution studies with long-term
follow-up are limited. We aimed to determine the mortality,
morbidity, and risk factors for adverse outcomes in patients
after TA repair at a single institution.
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Kaplan-Meier overall survival following truncus arter-
iosus repair.

Central Message

Postoperative extracorporeal membrane oxyge-
nation, operative weighto2.5kg, prior surgical
intervention, and coronary artery anomaly were
risk factors for early death. Truncal valve repair
and interrupted aortic arch are no longer risk
factors for death.

Perspective

Postoperative ECMO, weight of less than 2.5 kg
at the time of TA repair, surgical intervention
prior to TA repair and coronary artery anomalies
were risk factors for early death. Truncal valve
surgery and interrupted aortic arch repair were
not risk factors for mortality. Patients with
DiGeorge syndrome require long-term follow-
up to prevent post-infection complications that
may result in late death.

See Editorial Commentary on pages 512-513.
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METHODS

Patients
The Human Research Ethics Committee at the

Royal Children's Hospital approved the study.
Between 1979 and 2014, 171 patients underwent
repair of TA. Data were obtained retrospectively by
review of medical records from initial admission
until last cardiology follow-up.

Definitions
Earlymortality was defined as death occurring within

30 days of surgery or before hospital discharge. All
other deaths were considered late. A modified Van
Praagh classification for TA was used3: Type 1: TA with
a main pulmonary artery (PA) giving rise to the branch
PAs. Type 2: TA with separate PA orifices. Type 3: TA
with one PA originating from the TA and a ductal or
aortic origin of the other PA, or dual ductal origins of
the PAs. Type 4 of the Van Praagh classification was
described into the 3 types mentioned and the types of
interrupted aortic arch (IAA) specified. The presence
(type A) or absence (type B) of a ventricular septal defect
(VSD) was also specified. As a VSD is commonly a part
of the TA complex, it was not considered a concomitant
anomaly. A coronary artery anomaly (CAA) was defined
as an abnormal coronary origin or course with or
without the CA crossing the right ventricular (RV)
outflow tract (RVOT).

Operative Technique
Surgery was performed with cardiopulmonary

bypass in all patients. The PAs were detached from
the TA and subsequently connected to the RVOT.
Continuity between the RV and the PA was estab-
lished by a conduit or direct anastomosis of the main
PA to the RVOT with or without a monocusp valve.
The remaining defect in the TA was closed directly
(n ¼ 169) or with a patch (n ¼ 2). The VSD was
closed directly (n ¼ 4) or with a patch (n ¼ 165).
Single-staged repair of concomitant anomalies was
undertaken in most patients.

Data Analysis
Data were analyzed using Stata version 12 (Stata-

Corp LP, College Station, TX). Continuous data were
expressed as means ! standard deviations (range),
and skewed continuous data are expressed as
medians (interquartile range). Categorical data were
summarized as frequencies and percentages. Univari-
ate and multivariate logistic regression and Cox
proportional hazard modeling were used to deter-
mine risk factors for mortality and reoperation.
Kaplan-Meier actuarial survival curves were used to

analyze and plot time-related end points. Non-
normally distributed data were log transformed before
analysis. Statistical significance was set at P o 0.05.

RESULTS
Median age at surgery decreased from 67 days (1979-

2004; n ¼ 136) to 20 days (2005-2014; n ¼ 35).
Patient characteristics and operative data are summar-
ized in Tables 1 and 2. Continuity between the RV and
the PA was established using a conduit in 160 patients
and direct RV-PA anastomosis in 11 patients without (n
¼ 7) and with Gore-Tex (n ¼ 2) or autologous
pericardial (n ¼ 2) monocusp valves. Patients who
underwent direct RV-PA anastomosis underwent type 1
TA repair. One patient underwent TA repair with
truncal valve (TV) replacement and VSD closure with
fenestrated patch owing to hypoplastic PAs. One patient
had TA with intact ventricular septum, mitral atresia,
hypoplastic left ventricle, and an IAA and underwent a
univentricular staged repair that resulted in the Fontan
operation and was doing well 4 years after the Fontan
operation.
Surgical interventions before TA repair were

performed in 17 patients. Most staged procedures
(13 of 17 patients) occurred before 1990. Before this
period, PA banding was performed for failure to
thrive (n ¼ 5). The only remaining PA banding was
done in a patient on extracorporeal membrane
oxygenation (ECMO) (n ¼ 1) in 2010. A modified
Blalock-Taussig shunt was done in 2 patients with
hypoplastic branch PAs. Other prior repairs were PA
reconstruction (n ¼ 5), major aortopulmonary
collateral artery ligation (n ¼ 2), repair of esophageal
atresia with tracheoesophageal fistula (n ¼ 2), and
IAA repair (n ¼ 1).

Mortality
The early mortality rate was 11.7% (20/171).

There were 19 late deaths (12.6%, 19/151). Most
deaths (74%, 29/39) occurred within the first year
following surgery. The 1-year mortality rate in 1979-
2004 was 18% (25/136) and decreased to 11% (4/
35) in 2005-2014, although this trend did not reach
statistical significance (P ¼ 0.15). Excluding patients
who required postoperative ECMO, the highest
overall mortality occurred in patients with CAA
(Fig. 1). One patient with CAA required postoperative
ECMO. The Kaplan-Meier overall survival rate was
80.4! 3.1% (95% CI: 73.6-85.6) at 10 years and 73.6
! 4.0% (95% CI: 64.8-80.5) at 30 years (Fig. 2).
Risk factors for early and late mortality are

summarized in Table 3. A total of 14 patients
required ECMO for a mean of 5 days after TA repair,
71% (10/14) of them died. Weight ofo2.5 kg at the
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time of TA repair and surgical intervention before TA
repair were risk factors for early mortality. CAA
(Fig. 3) was associated with increased early mortality
(Table 4). It is noteworthy that a CA crossed the
RVOT in 4 patients—of whom, 3 died and 1 was
doing well at 2 years of follow-up.

DiGeorge syndrome was clinically diagnosed in 30
patients. Diagnosis was confirmed with fluorescence
in situ hybridization in 70% (21/30) of patients.
DiGeorge syndrome was a risk factor for late mortality.
There were 8 late deaths in this subgroup of patients: 5
patients with DiGeorge syndrome died of infection
(respiratory failure due to respiratory virus, n ¼ 2;

disseminated fungal osteomyelitis, n ¼ 1; methicillin-
resistant Staphylococcus aureus sepsis, n ¼ 1; and
pneumonia, n ¼ 1), 1 patient died of arrhythmia, and
the cause of death was unknown in 2 patients.

Reoperations
There have been 207 reoperations in 114 patients.

Freedom from any reoperation was 23.3 ! 3.7%
(95% CI: 16.3-31.0) at 10 years and 3.2! 1.8% (95%
CI: 0.9-8.2) at 20 years. Freedom from reoperation for
RVOT obstruction, aortic arch obstruction, and TV
insufficiency is shown in Figure 4.

Table 1. Patient Characteristics

Variable

Total patients n ¼ 171
Neonates 29.8% (51/171)
Male 52% (89/171)
Median age at repair 52 days (range 1 day to 8.7 years)
Median weight at repair 3.62 kg (range: 1.70-23.0 kg)

Classification
Type A1 30.4% (52/171)
Type A2 61.4% (105/171)
Type A3 7.6% (13/171)
Type B3 0.6% (1/171)

Truncal valve insufficiency
Mild 34.5% (59/171)
Moderate-to-severe 10.5% (18/171)

Truncal valve stenosis
Mild 4.7% (8/171)
Moderate-to-severe 3.5% (6/171)

Tricuspid regurgitation† 8.8% (15/171)
Mitral regurgitation† 5.8% (10/171)
DiGeorge syndrome 17.5% (30/171)
Other syndromes 5.8% (10/171)

VATER syndrome 2.3% (4/171)
Pierre Robin syndrome 1.2% (2/171)
Goldenhar syndrome 0.6% (1/171)
Holt-Oram syndrome 0.6% (1/171)
Klinefelter syndrome 0.6% (1/171)
Triple X syndrome 0.6% (1/171)

Concomitant anomalies 48.5% (83/171)*

ASD 52.6% (90/171)
IAA 11.1% (19/171)
CAA 7.0% (12/171)
Hypoplastic PA 4.7% (8/171)
PDA 2.9% (5/171)
MAPCA 2.3% (4/171)
CoA 1.2% (2/171)

ASD, atrial septal defect; CAA, coronary artery anomaly; CoA, coarctation of aorta; IAA, interrupted aortic arch; MAPCA,
major aortopulmonary collateral artery; PA, pulmonary artery; PDA, patent ductus arteriosus; TA, truncus arteriosus; VATER,
syndrome involving vertebral anomalies, imperforate anus, tracheoesophageal fistula with esophageal atresia, cardiac
anomalies, renal dysplasia, and limb defects; VSD, ventricular septal defect.
*Excluding ventricular septal defects.
†Mitral and tricuspid regurgitation rated as moderate or severe.
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Table 2. Operative Data

Variable

Mean CPB duration 139 ! 67min (33-417min)
Mean aortic cross-clamp time 77 ! 37min (31-263min)
Mean circulatory arrest time 13 ! 17min (1-85min)
Direct RV-PA anastomosis 6.4% (11/171)
RV-PA conduit 93.6% (160/171)

Conduit type
Aortic homograft 31.9% (51/160)
Hancock 26.9% (43/160)
Pulmonary homograft 19.4% (31/160)
Contegra 6.8% (11/160)
Tascon 6.3% (10/160)
Gore-Tex 5.0% (8/160)
Dacron 3.8% (6/160)

Median size of conduit 12mm (range: 5-20mm)

Concomitant truncal valve operation
Truncal valve repair 11.1% (19/171)
Truncal valve replacement 0.6% (1/171)

Concomitant repairs
VSD closure 99.4% (170/171)
ASD closure 50.3% (86/171)
PA reconstruction 12.3% (21/171)
Aortic arch reconstruction 11.7% (20/171)
PDA ligation 2.9% (5/171)
MAPCA ligation 2.3% (4/171)
Right pneumonectomy 0.6% (1/171)

ASD, atrial septal defect; CPB, cardiopulmonary bypass; MAPCA, major aortopulmonary collateral artery; PA, pulmonary
artery; PDA, patent ductus arteriosus; RV, right ventricle; RVOT, right ventricular outflow tract; VSD, ventricular septal
defect.

Figure 1. Outcomes of patients with and without coronary artery anomalies and aortic arch obstruction.
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Figure 2. Kaplan-Meier overall survival following truncus arteriosus repair.

Table 3. Risk Factors for Mortality

Early Mortality

Variable Mortality (%) Univariate Multivariate Regression

OR (95% CI) P value OR (95% CI) P value

Moderate-to-severe TVI 22% (4/18) 2.44 (0.71-8.33) 0.153 NS
IAA 14% (3/21) 1.30 (0.34-4.89) 0.694 NS
Initial truncal valve repair 20% (4/20) 2.10 (0.63-7.09) 0.227 NS
Coronary artery anomaly 33% (4/12) 4.46 (1.21-16.51) 0.025 5.27 (1.11-25.07) 0.037
DiGeorge syndrome 17% (5/30) 1.68 (0.56-5.04) 0.355 NS
Prior surgical intervention 29% (5/17) 3.86 (1.20-12.46) 0.024 5.31 (1.33-21.11) 0.018
Neonate at repair 22% (11/51) 3.39 (1.31-8.79) 0.032 NS
Operative weight o 2.5 kg 33% (4/12) 4.46 (1.21-16.51) 0.025 6.95 (1.52-31.61) 0.012
Postoperative ECMO 50% (7/14) 11.08 (3.36-36.47) o0.001 11.01 (2.90-41.76) 0.003

Late mortality

Variable Mortality (%) Univariate Cox proportional hazard

HR (95% CI) P value HR (95% CI) P value

Moderate-to-severe TVI 14% (2/14) 1.43 (0.33-6.29) 0.630 NS
IAA 0% (0/18) Inestimable Inestimable NS
Initial truncal valve repair 13% (2/16) 1.12 (0.26-4.90) 0.879 NS
Coronary artery anomaly 38% (3/8) 4.10 (1.18-14.26) 0.026 NS
DiGeorge syndrome 32% (8/25) 5.02 (1.99-12.68) 0.001 3.72 (1.40-9.84) 0.008
Prior surgical intervention 8% (1/12) 0.53 (0.07-4.03) 0.544 NS
Neonate at repair 10% (4/40) 0.81 (0.27-2.44) 0.702 NS
Operative weight o2.5 kg 13% (1/8) 1.04 (0.14-7.80) 0.969 NS
Postoperative ECMO 43% (3/7) 5.20 (1.46-18.43) 0.011 NS
CI, confidence interval; ECMO, extracorporeal membrane oxygenation; HR, hazard ratio; IAA, interrupted aortic arch;
NS, not significant; OR, odds ratio; RVOT, right ventricular outflow tract; TVI, truncal valve insufficiency.
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RVOT Reoperation
There have been 156 RVOT reoperations in 106

patients, which included conduit insertion for 3 patients
who had direct RV-PA repair. Of these reoperations, 45
patients have had at least 2 conduit replacements, and 7
patients have had 3 conduit replacements. Median time
to RVOT reoperation was 4.25 years (2.1-8.1 years).
Freedom from RVOT reoperation was 29.2 ! 4.4%
(95% CI: 20.9-38.0) at 10 years and 4.6! 2.4% (95%
CI: 1.4-10.9) at 20 years (Fig. 4). Cox regression models
identified a conduit size of less than 16 mm (hazard ratio
[HR] ¼ 2.14; 95% CI: 1.23-3.75; P ¼ 0.007) as a risk
factor for early RVOT reoperation. Freedom from RVOT
reoperation in patients who underwent direct RV-PA
anastomosis was 70.7! 14.3% (95% CI: 33.7-89.5) at
5 years and 47.1 ! 21.5% (95% CI: 8.5-79.5) at 10
years. Most conduit insertions (n ¼ 3) in these patients
occurred within 1 month of TA repair; an additional
patient underwent conduit insertion at 6.5 years.
Catheter-based interventions were 33 in the conduit
group (21%, 33/160) and 2 in the direct RV-to-PA
anastomosis group (18%, 2/11). There was no statisti-
cally significant difference in reoperation or catheter-
based reintervention rates between patients who under-
went conduit repair and those who underwent direct
RV-PA anastomosis.

Aortic Arch Obstruction
A total of 19 patients had a TA with concomitant

IAA. The IAA was type A in 3 patients, type B in 15
patients, and type C in 1 patient. IAA repairs were
performed by end-to-side anastomosis in 15

patients, patch augmentation in 2 patients, and
implantation of an aortic homograft and Gore-Tex
graft in 1 patient. One patient underwent IAA repair
before TA repair. There were 2 early deaths and no
late deaths in these patients. The overall survival rate
of patients with TA-IAA was 89.5!7.0% (95% CI:
64.1-97.3) at 20 years (Fig. 2).
An additional 2 patients underwent aortic arch

patch augmentation repair because of coarcta-
tion of the aorta. One of these patients died on
postoperative day 4 due to cardiac failure, and the
other is currently alive and well after 4 years of
follow-up.
Overall, 5 patients underwent 9 aortic reopera-

tions. Freedom from aortic reoperation was 70.1 !
11.5% (95% CI: 41.5-86.7) at 10 and 20 years
(Fig. 4). Of these reoperations, 3 patients underwent
aortic reoperations during their initial hospital stay.
These were an implantation of an 8-mm Gore-Tex
interposition graft into the aorta to relieve left
bronchial compression by reconstructed aortic arch
in 2 patients and pericardial patch enlargement of
residual aortic arch obstruction in 1 patient. There
were 5 late aortic reoperations in 4 patients. These
were replacement of the aforementioned 8-mm
Gore-Tex interposition graft with 18-mm Gore-Tex
grafts in 2 patients and aortic arch reconstructions
for reobstruction in 3 patients.

TV Operation
Initial TV operation was undertaken in 20 patients

(repair, n¼ 19 and replacement with a 10-mm aortic

Figure 3. Coronary artery anomalies. Most patients had normal coronary anatomy (A). Most common coronary anomaly was a
single coronary orifice (B-D, F, and G). One patient had narrow coronary ostia immediately on top of the commissures of a
bicuspid truncal valve (E). In 1 patient, the right coronary artery originated from the left pulmonary artery (H). LAD, left anterior
descending; LCA, left coronary artery; LCx, left circumflex artery; LPA, left pulmonary artery; RCA, right coronary artery; RPA,
right pulmonary artery; RVOT, right ventricular outflow tract. (Color version of figure is available online at http://www.
semthorcardiovascsurg.com.)
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homograft, n ¼ 1). There were 6 deaths (4 early and
2 late) in this group of patients. Overall, 9 patients
underwent TV reoperation (repair, n ¼ 4 and
replacement with bileaflet mechanical prostheses,
n ¼ 5) at a median time of 2.0 years (235 days to 5.6
years). Freedom from TV reoperation was 51.4 !
12.2% (95% CI: 25.8-72.3) at 10 years and 25.8 !
19.1% (95% CI: 1.8-62.9) at 20 years (Fig. 5).

Of the remaining 151 patients, 14 underwent TV
surgery (repair, n ¼ 6 and replacement with bileaflet
mechanical prosthesis, n ¼ 8) at a median time of

7.1 years (4.7-13.2 years) (Fig. 5). One patient
underwent 2 TV replacements. Overall freedom from
any late TV operation was 92.6 ! 2.4% (95% CI:
85.9-96.3) at 10 years and 86.5 ! 3.6% (95% CI:
77.5-93.0) at 20 years.
There have been 7 deaths in the 34 patients who

have undergone TV operation (4 early deaths and 3
late deaths). The overall survival rate in patients who
underwent TV operation was 82.4! 6.5% (95% CI:
64.9-91.7) at 10 years and 76.9 ! 8.7% (95%
CI: 63.9-91.4) at 20 years (Fig. 2). Neither TV

Figure 4. Freedom from reoperation following truncus arteriosus repair.

Figure 5. Freedom from truncal valve operation in those (n ¼ 20) who had concomitant truncal valve repair
during the initial complete repair of the truncus (dashed line) and those (n ¼ 151) who did not (solid line).
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operation nor TV insufficiency was a risk factor for
mortality.

Long-term TV status in surviving patients who
did not undergo TV operation was good, with
79.0% (83/115) of patients having no or trivial TV
insufficiency. In those 115 patients, preoperative
TV insufficiency severity had decreased in 38
patients. However, there was newly developed
TV insufficiency in 12 patients (mild TV insuffi-
ciency, n ¼ 10 and moderate-to-severe insuffi-
ciency, n ¼ 2).

Follow-up Status
Follow-up was 98.5% (130/132) complete for

survivors; 2 patients were lost to follow-up. Median
follow-up was 19 years (mean ¼ 17 years, range: 1-
34 years). At last follow-up, all patients were in New
York Heart Association Class I/II. Follow-up charac-
teristics are summarized in Table 5.

DISCUSSION

Mortality
To our knowledge, this is the largest study of

children who underwent TA repair in a single
institution. It is now accepted that a complete surgical
repair of TA should be performed within the first
months of life, including single-staged repair of con-
comitant anomalies.4-8 Currently, we perform single-
staged repair of concomitant cardiovascular anomalies.
Postoperative ECMO was a risk factor for early
mortality. Of all patients requiring ECMO, 50% (7/
14) died before hospital discharge. ECMO was elec-
tively used in only 3 patients, whereas the remaining
patients required emergent ECMO cannulation.
DiGeorge syndrome was a risk factor for late mortality.
Of operative survivors with DiGeorge syndrome, 32%
(8/25) died late and 6 of them died of infection. The
proportion of late deaths due to infection in this cohort
may be because of lymphopenia associated with
DiGeorge syndrome. Thus, these patients must have
an ongoing immunology follow-up.
We have previously described outcomes of TA repair

between 1979 and 1995 with a policy of elective TA
repair between 2 and 3 months of age.8 Over that
period, median age at operation was 71 days and the
early mortality rate was 13.4% (11/82) and the late
mortality rate was 15.5% (11/71).8 Over the most
recent decade, the median age at repair decreased to 20
days, with an early mortality rate of 11.8% (4/35) and a
late mortality rate of 6.5% (2/31). Overall, the early
mortality rate was 11.7% (20/171) in 171 children who
underwent TA repair and the late mortality rate was
12.5% (19/151). Interestingly, 52.6% (10/19) of late
deaths occurred within the first year of TA repair.
Rajasinghe et al9 also noted that 56% (13/23) of late
deaths occurred within the first year following repair.
Similarly, Tlaskal et al6 reported 8 late deaths, 7 of
them occurring within the first year after TA repair. We
observed a decrease in the 1-year mortality rate over the
study period from 18% (25/136) in 1979-2004 to 11%
(4/35) in 2005-2014. Surgical outcomes of previous
studies are summarized in Table 6.

Coronary Artery Anomalies
CAAs are reported in approximately 5%-20% of

patients with TA10-12 and have been associated with a
high mortality rate following TA repair.13-15 Schreiber
et al13 reported on 106 patients with TA between 1976
and 1998, with 13 patients having a CAA. They
concluded that a CAA was associated with poorer
surgical outcomes, with 5 early deaths and 2 late deaths
being related to compression or distortion of the
anomalous CA.13 Danton et al14 described their expe-
rience with 61 patients with TA between 1988 and

Table 5. Follow-up Characteristics of Late Survivors

Variable

RV function
Normal 81.1% (107/132)
Mildly reduced 17.4% (23/132)
Unknown 1.5% (2/132)

RVOT characteristics
Mean maximum velocity 2.8 m/s
Mean maximum gradient 44.2 mmHg
Mean gradient 21.3 mmHg

Degree of obstruction
None 27.3% (36/132)
Mild 49.2% (65/132)
Moderate 15.2% (20/132)
Severe 6.8% (9/132)
Unknown 1.5% (2/132)

Pulmonary valve regurgitation
None 61.4% (81/132)
Mild 22.0% (29/132)
Moderate 6.1% (8/132)
Severe 15.2% (20/132)
Unknown 1.5% (2/132)

Truncal valve stenosis or insufficiency
Mean maximum velocity 2.2 m/s
Mean maximum gradient 24.9 mmHg

Degree of insufficiency
None or trivial 74.2% (98/132)
Mild 22.7% (30/132)
Moderate-to-severe 1.5% (2/132)
Unknown 1.5% (2/132)

RV, right ventricle; RVOT, right ventricular outflow tract.
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2000, 9 of whom had a CAA that included intramural
CA (n ¼ 3), major branch CA crossing the RVOT (n ¼
3), and abnormally positioned coronary ostia (n ¼ 3).
Among these patients, 2 deaths were directly associated
with a CA injury, and it was concluded that the
presence of a CAA was a risk factor for death.14 The
study by Brown et al15 of 60 patients with TA
conducted between 1978 and 2000 identified 6 patients
with a CAA, with a single death. Though a CAAwas not
statistically significant, they suggested that owing to the
variable pattern of the CAs in patients with TA, it must
be considered a risk factor.15

A major CA crossed the RVOT in 4 patients, of
whom 3 died and 1 was well at 2 years of follow-up.
A major branch CA crossing the RVOT is of
particular importance, as this exposes the CA to
damage during a right ventriculotomy, as well as
postoperative compression from the conduit.10,11

Particular attention must be given to conduit posi-
tion so as to allow it to bridge over the anomalous CA
without causing compression.

This study demonstrated that a CAA carries signifi-
cant risk for death after repair of TA. Over the recent
decade (2005-2014), a CAA did not emerge as a risk
factor for death. However, it must be noted that there
have only been 4 patients with CAA over this time,
with 1 early death, and importantly, none of these
patients had a CA that crossed the RVOT. Preoperative
multidetector computed tomography is helpful in
precise delineation of the coronary arteries.

TA Associated With IAA
Several studies demonstrated that patients with

TA and IAA have high mortality and reoperation
rate.2,9,15-18 The Congenital Heart Surgeons Society
study reported on 50 patients with TA-IAA operated
between 1987 and 1997; 34 deaths occurred and the
overall survival rate in patients with TA-IAA was
31% at 10 years.4 Furthermore, at 5 years after TA-
IAA repair, only 28% were alive without reoperation.
Russell et al2 suggested that IAA was the single
greatest risk factor for mortality in patients with TA.
The highest mortality rate in patients with TA-IAA
was in those with concomitant TV insufficiency, and
it approached 68%.2,4 In contrast to these reports,
our results with TA-IAA were favorable. The pres-
ence of an IAA was not a risk factor for mortality. We
have previously reported our experience with TA-
IAA, which described 2 early deaths in 16
patients.8,19 In this study, we report an additional
3 patients with TA-IAA, 2 of whom have survived
single-staged repair of the TA-IAA and were doing
very well. The third patient initially underwent repair
of the IAA, followed by TA repair 5 months later.
This patient has undergone 3 RV-to-PA conduit
replacements and has not needed any aortic arch
reoperations and was well at 31 years after initial TA
repair.
There is potential for recurrence of aortic arch

obstruction in patients with IAA. Aortic arch reop-
eration rate in the Congenital Heart Surgeons Society

Table 6. Reported Outcomes of Truncus Arteriosus Repair

Study Year Study
Period

Patients
(n)

Age at Repair
(Median, d)

Early
Mortality

Late Mortality Follow-up
(Mean, y)

Lacour-Gayet et al28 1996 1988-1995 56 41 16% (9/56) 4.3% (2/47) 3.2
Rajasinghe et al9 1997 1975-1995 165 106 Not reported 13.9% (23/165) 10.5†

Urban et al8 1998 1987-1997 46 62 4.3% (2/46) 2.3% (1/44) 3
Williams et al29 1999 1953-1997 148 38 50% (74/148) 14.9% (11/74) Not reported
Jahangiri et al16 2000 1992-1998 50 14 4% (2/50) 0% (0/48) 1.9†

Schrieber et al13 2000 1976-1998 106 134 17.9% (19/106) 26.4% (23/87) 6
Alexiou et al30 2001 1974-1994 23 51 17.4% (4/23) 5.3% (1/19) 14.8
Brown et al15 2001 1978-2000 60 76* 16.7% (10/60) 2% (1/50) 9.4
Danton et al14 2001 1988-2000 61 34 13% (8/61) 15.1% (8/53) 4.2
Thompson et al25 2001 1992-1999 65 10 4.6% (3/65) 3.2% (2/62) 2.7†

Kalavrouziotis et al31 2006 1993-2005 29 28 3.4% (1/29) 3.6% (1/28) 6.2
Henaine et al32 2008 1986-2003 153 35 17.0% (26/153) 4.7% (6/127) 8.1
Raisky et al33 2009 2000-2006 32 74* 15.6% (5/32) 22.2% (6/27) 3.3
Hawkins et al24 2010 1999-2008 42 31 9.5% (4/42) 10.5% (4/38) 5
Tlaskal et al7 2010 1981-2009 83 54 23% (19/83) 12.5% (8/64) 10.9
Vohra et al23 2010 1964-2008 32 14 9.4% (3/32) 3.4% (1/29) 24.5†

Xu et al34 2010 2000-2006 23 350 8.7% (2/23) 0% (0/21) 4.1

Total 1953-2009 1174 16.3% (191/1174) 8.3% (98/983)
*Mean age at repair
†Median follow-up times.
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study was 13.2% (5/38). Brown et al15 reported that
23.1% of patients required aortic arch reoperation
after a mean of 29.1 months. We have previously
reported a freedom from aortic arch reoperation of
57.1% at 15 years.19 In this study, we observed
further improvement of freedom from aortic arch
reoperation to 68.8% at 20 years when compared
with our earlier study.19 Aortic arch repairs were
done using the end-to-side technique in 79% (15/19)
of patients, which in our hands, carried low mortal-
ity and aortic arch reoperation rates.19,20 As previ-
ously described, we resect all ductal tissue and
extensively mobilize the descending aorta to ensure
a tension-free anastomosis.21

TV Insufficiency
TV insufficiency occurs in approximately 25% of

patients.2,22,23 Some suggested that TV insufficiency
was well tolerated and not associated with mortal-
ity.6,24 However, others believed that lack of TV
competence was a risk factor for death and was one
of the most important factors influencing early
outcomes.2,4,6,25-27

Russell et al,2 who reviewed 23 TV operations in
572 patients with TA who were operated between
2000 and 2009, concluded that despite the higher
early mortality in concomitant TA and TV repair
than in TA alone (30% vs 10%, respectively), failure
to address significant TV insufficiency was associated
with poor outcomes. Others9,14 have reported that
moderate-to-severe TV insufficiency was a risk factor
for mortality. We identified TV insufficiency in 77
patients (59 mild and 18 moderate-to-severe), 18 of
whom underwent concomitant TV repair during TA
repair. There were 2 patients without TV insuffi-
ciency who underwent concomitant TV repair owing
to significant TV stenosis. Neither TV insufficiency
nor TV operation were risk for mortality.

Kaza et al27 performed concomitant truncal val-
vuloplasty in all patients with preoperative
moderate-to-severe TV insufficiency. They described
17 patients undergoing TV operation between 1995

and 2008 with no early deaths and 1 late death, and
only 5 of 17 patients required TV reoperation.27 At
our institution, 18 patients had moderate-to-severe
TV insufficiency. Before 2000, of 8 patients with
moderate-to-severe TV insufficiency, 1 underwent
TV repair and died (early); 7 patients did not
undergo concomitant TV repair, 3 of whom sub-
sequently required late TV repair or replacement
with 1 late death. Of the remaining 4 patients, 2 died
(1 early death and 1 late death) and 2 had trivial TV
insufficiency at last follow-up. After 2000, 9 patients
underwent concomitant TV surgery, with 2 deaths (1
early death and 1 late death), and 1 patient did not.
Therefore, only 27.3% (3/18) of patients with initial
moderate-to-severe TV insufficiency have survived
without TV operation. Although no statistical anal-
ysis is feasible because of small numbers, we
advocate TV surgery for TV insufficiency greater
than a moderate central jet.
Overall, the long-term outcomes of TV repair or

replacement have been good, with most patients
having none or trivial TV insufficiency. However,
concomitant TV repair was associated with a high
reoperation rate, with 11 patients requiring TV
reoperation.

LIMITATIONS
This study was limited by its retrospective nature.

Perioperative techniques have varied during the
study period. Some variables contained a relatively
small number of patients, thus limiting multivariate
analysis.

CONCLUSION
Following repair of TA, patients had good long-

term functional status but had high reoperation rate.
Repair of the TV and IAA was not a risk factor for
mortality. A CAA, low body weight, previous surgi-
cal intervention, and need for postoperative ECMO
were risk factors for early death. DiGeorge syndrome
was associated with late death, most commonly from
infection.
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Exosome signaling: A ubiquitous process in rejection
and regeneration?

Igor E. Konstantinov, MD, PhD, FRACS, and Matthew S. Yong, MBBS

Endomyocardial biopsy remains a gold standard for sur-
veillance of cellular rejection after heart transplantation.
A noninvasive blood test that can accurately predict
rejection would be of great benefit and may result in a
paradigm shift in clinical monitoring of rejection. Gene
expression-profiling assays of RNA and quantification of
circulation donor-derived cell-free DNA have been
studies for noninvasive monitoring of rejection.1-4

Although assessment of nucleic acids alone is promising
and may lead to noninvasive clinical prediction of
rejection, those tests have not yet replaced
endomyocardial biopsy.

A fascinating article by Habertheuer and colleagues5 is
published in this issue of the Journal. In their elegant and
insightful study, the authors demonstrated that quantifica-
tion of donor-specific exosomes in peripheral blood can
detect an early rejection with high accuracy in a murine
heterotopic heart transplantation model. The authors
found that donor heart releases a distinct pool of major
histocompatibility complex specific exosomes into the
recipient circulation. In acute rejection, there was an in-
crease in donor-specific exosome levels that correlated
well with each grade of cardiac allograft rejection. This
study highlights the ubiquitous processes underpinning
exosome signaling.

Exosomes are bilayered membrane-bound nanopar-
ticles (30-100 nm) (Figure 1)6,7 that are derived from
the luminal membrane of the multivesicular body and
released by fusion of the membrane of multivesicular
body with the cell surface membrane. Multiple cell
types, including stem cells, endothelial cells,
myocardial cells, and neuronal cells, secrete
exosomes.6,7 Exosomes have tissue-specific surface re-
ceptor profiles and can mediate intercellular communica-
tion by transfer of proteins, transcription factors, lipids,
messenger RNAs, and microRNAs.7 These products can

then induce differential gene expression in the target cells
and result in myocardial remodeling.8 This common
signaling process may be central to myocardial response
to any injury caused by infection, inflammation,
ischemia, or rejection. For instance, in myocardial re-
modeling (Figure 1), after an ischemia–reperfusion
injury, microRNA is altered and released from the injured
myocardium and carried locally and to distant organs via
exosomes.6,9 Cardiac exosomes are believed to then
reprogram the bone marrow to release progenitor cells
and induce myocardial repair6 or, in species with lost
ability to regenerate, remodeling of the myocardium by
hypertrophy and fibrosis.10 Similar process may occur
in heart transplantation. During rejection and injury to
transplanted heart, donor-specific exosomes are released
into the recipient circulation. Therefore, quantification
of exosomes with a donor-specific major histocompatibil-
ity complex or intra-exosomal contents forms the basis of
transplant rejection monitoring.5,11 Although the role of
exosomes in transplantation has not yet been clearly
identified, it appears that exosome signaling may play a
key role in rejection. Understanding the ubiquitous
process of exosome signaling may open new prospects
in the diagnosis and management of the whole
spectrum of cardiovascular disease from myocardial
regeneration to rejection of a transplanted heart.
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Central Message

Exosome signaling is a phenomenon of inter-
cellular communication. Quantification of exo-
somes may become a novel technique for
noninvasive detection of rejection after heart
transplantation.

See Article page 2479.
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FIGURE 1. Exosome signaling is a phenomenon that plays a key role in intercellular communication. Exosomes are nanovesicles that are released from

cells by exocytosis. In myocardial injury, the organ-specific surface receptors of the cell membrane, including major histocompatibility complex, are inter-

nalized into a multivesicular body. The exosome formation by inward budding of the cell membrane ensures that themembrane-bound receptors preserve the

same orientation on the exosomal membrane as those on the plasma membrane. The exosomes are filled with nucleic acids and proteins from the endo-

plasmic reticulum and Golgi complex and are released into the bloodstream. The exosomes induce mobilization of progenitor cells in the bone marrow

and their migration into the myocardium to induce regeneration or, in species with lost ability to regenerate, remodeling of the myocardium. In myocardial

rejection after heart transplantation, the donor heart releases a distinct pool of donor major histocompatibility complex–specific exosomes into the recipient

circulation that results in T-cell priming in the lymphatic system of the recipient. MHC, Major histocompatibility complex; MVB, multivesicular body.
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Case Report

An approach to successful slide tracheoplasty in the low birth weight
neonate with single lung

Matthew S. Yonga,b,c, Joanne Harrisonb,c,d, Robert G. Berkowitzb,e, Sarath Ranganathanb,c,d,
Igor E. Konstantinova,b,c,∗
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A B S T R A C T

The advent of the slide tracheoplasty technique and a multi-disciplinary approach has improved outcomes of
congenital tracheal stenosis. However, tracheal surgery in younger patients with pulmonary malformations,
especially low birth-weight neonates, has been associated with increased mortality. Patients with very low birth-
weight, pulmonary malformations and prematurity may be palliated prior to definitive tracheal surgery due to
the poor prognosis. We report a successful and unique approach of delaying tracheal reconstruction to allow
growth and development in the premature, very low birth-weight neonate (1046g) with left lung agenesis.

1. Introduction

The advent of the slide tracheoplasty technique and a multi-dis-
ciplinary approach has improved outcomes of tracheal stenosis [1–3].
Despite these improvements, tracheal surgery in low birth-weight
neonates has been associated with increased mortality [3]. Further-
more, patients with concomitant pulmonary malformations have a
higher mortality after slide tracheoplasty [4]. We report a successful
approach of delaying tracheal reconstruction to allow growth and de-
velopment in the premature, very low birth-weight neonate with left
lung agenesis.

2. Case report

A 15 day-old neonate born at 29-weeks gestation (1046g) with the
antenatal diagnosis of left lung agenesis was transferred to our in-
stitution. At the time of intubation for respiratory failure, the en-
dotracheal tube could not be advanced beyond mid-trachea.
Computerized tomography scan (Fig. 1) confirmed the diagnosis of mid
tracheal long-segmental (40%) narrowing with multiple focal stenosis
and left lung agenesis. The tip of endotracheal tube was at C6 vertebra
level. The first area of narrowing of 1.3mm in antero-posterior di-
mension occurred for a length of approximately 4mm (T1 vertebra).
The second narrowing of similar 1.3mm occurred at the level of T4

vertebra for a length of 3mm. A further narrowing of 1.6mm for a
length of 3mm occurred at the level of T7 vertebra in the distal trachea.

The decision of the multidisciplinary team was to postpone tra-
cheoplasty due to prematurity and low weight. Hence, the child re-
mained ventilated and commenced on nutritional support so that
treatment might be offered at the target weight of 2.5kg. At 2-months
from birth (corrected 2-weeks of age), the child underwent slide tra-
cheoplasty with extra-corporeal membrane oxygenator (ECMO) sup-
port. A midline sternotomy and central cannulation for ECMO was
performed. Slide tracheoplasty was performed over a 2cm segment.
Anastomosis was completed with 6/0 polydioxanone interrupted su-
tures. Tisseel (Baxter, Westlake Village, CA) was then applied over the
anastomosis.

Postoperatively, granulation tissue formation unresponsive to mul-
tiple balloon dilatation procedures occurred which necessitated the
placement of a custom made 7mm× 20mm biodegradable poly-
dioxanone stent (ELLA-CS Ltd., Hradec Kralove, Czech Republic).
Unfortunately the initial stent migrated proximally necessitating its
removal and replacement with a second biodegradable stent allowing
the child to be successfully extubated. Four weeks later the patient's
airway was again compromised by the development of significant
granulation tissue within the stent lumen that required balloon dilata-
tion. Sirolimus (3mg/m2 as a loading dose then 2mg/m2 daily) was
commenced to reduce granulation tissue. The child was discharged

https://doi.org/10.1016/j.ijporl.2018.02.026
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home 4 months after surgery. The stent resorbed 3 months after de-
ployment requiring reinsertion. Following the resorption of this stent,
the granulation tissue matured so that it was successfully managed with
balloon dilatations and sirolimus was discontinued. As a result of pro-
longed intubation and multiple instrumentations, the child developed
subglottic stenosis requiring laryngotracheoplasty. At follow-up 18
months after surgery, the patient is thriving and has no symptoms.
Bronchoscopy demonstrated stable airways with complete resorption of
the previously placed biodegradable stent.

3. Discussion

Surgery is recommended once diagnosis is made in symptomatic
patients with tracheal stenosis that cannot be weaned off from me-
chanical ventilation. However, these patients are in a critical state,
often have low birth-weights and associated congenital cardiac defects.
Hence operative intervention, even with the benefits of the slide tra-
cheoplasty technique, poses technical challenges and is associated with
a significant risk of death [3]. The use of balloon tracheoplasty in low
birth-weight (< 2.5kg) neonates as an initial treatment for sympto-
matic tracheal stenosis was reported in 5 children with varying success
[5]. Following balloon tracheoplasty, 2 patients were extubated, 1 ex-
tubated after surgical tracheoplasty, 1 remained in hospital with tra-
cheostomy and 1 patient died [5]. We describe a successful approach in
a neonate with single lung and low birth-weight who would otherwise
have been palliated. Our approach provides a useful strategy for clin-
icians when managing this difficult patient group.

Speggiorin et al. [6] describe an early mortality of 14% of slide
tracheoplasty in long-segment stenosis and single lung. In their study
[6], the median age at surgery was 5 months (range 39 days to 1 year)
with 6 patients (85%) requiring preoperative ventilation and 2 patients
requiring preoperative ECMO for medical stabilisation. However, in
their study, the gestational ages and the duration of preoperative ven-
tilation were not reported [6]. DeMarcantonio et al. [4] found that
patients with associated pulmonary malformations (lung agenesis and
hypoplasia) had increased early mortality. Amongst 130 patients,
mortality was 22% in patients with pulmonary malformations (n= 18)
compared to 3.6% in patients with normal pulmonary anatomy
(n=112) [4]. Patients in the pulmonary malformation group had a
median age at surgery of 2.8 months and 55.6% required preoperative
ventilation, though the specific duration was not reported [4]. Our case
demonstrates that, with optimal nutrition and ventilator support, tra-
cheal surgery for the critically unwell neonate with tracheal stenosis
and single lung can be delayed for 2 months. Delaying tracheal re-
construction allowed time for growth and cerebral and lung maturation
to minimize the risk of surgery. Our target weight of 2.5kg was selected

based on evidence that operating on patients with a lower gestational
age at birth and low birth weight has been associated with increased
mortality [7], especially with the neonates on ECMO [8]. Slide tra-
cheoplasty is our institution's technique of choice. This technique and a
multi-disciplinary approach have improved mortality and morbidity
outcomes of tracheal surgery [1–3]. Slide tracheoplasty has been con-
sidered to have fewer postoperative complications, in particular, the
need to reintervene for airway stenosis [3,9]. However, the patient we
report here encountered postoperative complications of granulation
tissue requiring multiple interventions and use of an im-
munosuppressive agents, as well as the development of subglottic ste-
nosis requiring surgical correction. This highlights a drawback to this
approach where the requirement for prolonged preoperative ventilation
may contribute to the development of post-tracheoplasty granulation
tissue. Likewise, DeMarcantonio et al. [4] found patients with pul-
monary malformations had increased rates of prolonged postoperative
ventilation and ECMO use. Our case also emphasises the importance of
a multi-disciplinary approach to optimise the management of these
complex patients.

4. Conclusion

Delaying tracheal reconstruction is a viable approach in the high-
risk neonate with tracheal stenosis, very low birth weight and lung
agenesis.
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INVITED COMMENTARY

Repair of a superior sinus venosus atrial septal defect and
partial anomalous pulmonary venous drainage (PAPVD)
to the superior vena cava (SVC) involves intra-atrial
baffling of the pulmonary veins to the left atrium.
Numerous strategies involving one patch, two-patch,
caval division, or a double-decker technique have been
described.1-3 Ensuring a nonobstructive systemic and
pulmonary venous pathway while avoiding disruption to
sinus nodal function is a cornerstone of repair. Pulmo-
nary veins draining into the cavoatrial junction or lower
SVC can be repaired with a single patch with a low risk of
SVC obstruction. If the pulmonary veins drain high into
the SVC, the Warden procedure (or two-patch technique)
has been described to avoid SVC narrowing. The two-
patch technique involves an incision across the cav-
oatrial junction and is associated with increased incidence
of sinus nodal dysfunction.4

In this issue of The Annals of Thoracic Surgery, a sur-
gical group from Chicago led by Dr Michel Ilbawi5

described excellent outcomes of 44 patients (mean age
10.3 years) who underwent a modified two-patch tech-
nique to repair a superior sinus venosus atrial septal
defect and PAPVD over a 15-year period. Their modi-
fied two-patch technique involves an L-shaped incision
across the right atrial appendage and superiorly along
the SVC. After baffling of the PAPVD using autologous
pericardium, the right atrial appendage was used to
augment the SVC. There was no operative mortality,
and 6 patients had an intermittent junctional rhythm. At
a mean follow-up of 46 months, all patients were alive
and in a normal sinus rhythm. There was no SVC or
pulmonary vein stenosis.

One key advantage of this technique is the avoidance of
an incision over the cavoatrial junction in the area of the
sinoatrial nodal artery. Furthermore, using the right atrial
appendage to augment the SVC avoids the use of xeno-
graft patches that can calcify and scar in the future.

There are a few limitations of this study. First, the study
numbers are small, and there were no comparison group
of patients undergoing other patch techniques or the
Warden procedure. Second, the follow-up period is short,
and it is unknown whether obstructive complications to
the SVC or pulmonary vein can occur as these children
enter adulthood. The high rate of transient sinus nodal
dysfunction in this study might be related to handling of
the tissue surrounding the conduction system. Similarly,
the Warden procedure has been observed to have no
pacemaker requirement or sinus node dysfunction.2

This modified two-patch technique5 appears to avoid
the complications of sinus nodal dysfunction or pulmo-
nary venous and SVC obstruction, at least until midterm
follow-up. This technique is useful in the armamentarium
of the congenital cardiac surgeon.
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Congenital tracheal stenosis (CTS) is a rare condition 
that often presents in infancy with respiratory failure and 
requires surgical intervention. Pulmonary artery (PA) 
sling is commonly associated with tracheal stenosis (1). 
Tracheal surgery has previously been associated with a 
high rate of mortality and morbidity (2). Over the past  
30 years, numerous surgical techniques have been proposed 
to correct this condition (3,4). In the recent decade, slide 
tracheoplasty has demonstrated widespread improvement 
in outcomes and has emerged as the technique of choice for 
CTS (5-10). 

This technique provides a vascularised graft with native 
respiratory epithelium and allows immediate tracheal 
stability (5). Slide tracheoplasty appears to reduce post-
operative ventilation time, granulation tissue formation and 
mortality (7,11). In large single-centre experiences, survival 
after slide tracheoplasty is excellent (7,12). Butler et al. (12) 
have reported an operative mortality rate of 6% in 101 
patients undergoing slide tracheoplasty. Similarly, Manning 
et al. (7) have reported a low operative mortality rate of 2.5% 
in 80 patients undergoing slide tracheoplasty. At the Royal 
Children’s Hospital, we have reported an improvement in 
early outcomes since the adoption of the slide tracheoplasty 
technique for CTS and a multi-disciplinary approach (13). 
Whilst much work has been done in understanding the 
outcomes after tracheal surgery, little has been reported on 

the anatomical abnormalities of CTS and the morphological 
changes after slide tracheoplasty. This is a key component 
in better understanding the disease process and the effects 
of surgery.

In this context, we read with interest a recent paper by 
Chen et al. (14) published in the Annals of Thoracic Surgery, 
which provides an analysis on the morphological changes 
after tracheal surgery. This study is unique as it is the first 
to thoroughly examine these anatomical changes after slide 
tracheoplasty with the use of computerized tomography 
(CT). Between 2003 and 2018, 23 children (mean age  
3.6 months) underwent slide tracheoplasty. These patients 
underwent CT scans before and after surgery. There was a 
control group comprising of 36 patients with normal airway 
and cardiovascular anatomy on CT scans.

The authors measured the intra-thoracic tracheal length 
and carinal angle from CT scans. The intra-thoracic 
tracheal length was divided by the length of the thorax 
to obtain an indexed ratio that accounted for patient size. 
There were two groups comprising of patients with upper 
(n=2) and lower tracheal stenosis (n=21). In the later group, 
the indexed trachea-thoracic ratio was approximately one-
third larger than control subjects, implying a longer trachea. 
After surgery, the trachea-thoracic ratio became similar 
to control subjects. The carina angle was also wider when 
compared to the control subjects (121 versus 86 degrees, 
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respectively). After slide tracheoplasty, this was restored 
close to an anatomically normal angle. 

There are several limitations of the study. Due to the 
rarity of this condition, the sample size was small and this 
therefore limited a detailed statistical analysis. The CT 
scans did not examine the extra-thoracic portion of the 
trachea. Hence, the entire length of the trachea is unknown 
in each patient. The impact of the size of the left atrium 
and timing of the respiration cycle on the carina were not 
accounted for. Finally, the follow-up period was short with 
the CT scans performed at a mean of 1 year after surgery. It 
is unknown if there is a corresponding increase in the length 
and size of the trachea with somatic growth of the patient.

Nevertheless, this is an important study as it provides 
insight into the anatomical abnormalities associated 
with CTS and the changes after slide tracheoplasty. The 
mechanism for the longer trachea in patients with CTS 
affecting the lower trachea has not yet been defined. 
The authors speculate that there is a mismatch in the 
longitudinal growth of the trachea compared to the patient, 
hence, as the trachea elongates, the lumen narrows (14). 
As the trachea elongates, it may displace the primitive 
bronchial buds more distally, hence, widening the carinal 
angle (14). When performing a tracheoplasty over a 
long segment of CTS, the concern is excessive tension 
on a shortened trachea that may result in anastomotic 
breakdown, recurrent granulation tissue and subsequent 
tracheal narrowing. An interesting finding of this study (14) 
is that in patients with CTS, the excessive tracheal length 
could compensate for the reduction in tracheal length after 
slide tracheoplasty. Chen et al. (14) suggested that slide 
tracheoplasty can be performed for up to approximately 
two-thirds of the intrathoracic trachea, beyond this, tension 
relieving manoeuvres may be required. These findings 
provide a guide for surgeons when planning the extent of 
tracheal resection and reconstruction. 

The normalisation of the carinal angle after slide 
tracheoplasty is an interesting finding. The clinical 
implications are unclear but the angle acuity may have 
impact on airflow mechanics, in particular, airflow resistance 
(14,15). As the number of patients surviving into childhood 
and adulthood increases, the focus has shifted towards 
understanding the functional implications of tracheal 
surgery. A recent paper from our group examined the 
outcomes of PA sling and tracheal surgery in children (16). 
Pulmonary function testing was performed in 9 of the 11 
eligible patients after tracheal surgery. The median age at 
pulmonary function testing was 10.4 years. All patients had 

been operated on during infancy. Compared to matched 
predicted values (based on age, gender, height), the median 
forced expiratory volume in one second (FEV1) was reduced 
at 48%, the median forced vital capacity (FVC) was reduced 
at 74% and the median FEV1/FVC ratio was 0.69 (16). 
These findings indicated a pattern of airflow obstruction. 
Though the patients in the study were asymptomatic, 
the long-term consequences remain undetermined. The 
observation of airflow obstruction may be due to intrinsic 
abnormalities of the trachea or a limitation in growth after 
surgery. Unfortunately, our study did not have anatomical 
imaging at long-term follow-up. Though Chen et al. (14) 
suggest that slide tracheoplasty restores tracheobronchial 
morphology (length and carina angle) to an anatomically 
normal state, these results are only limited in the short-
term and do not guarantee ongoing tracheal growth. 
Speggiorin et al. (17) demonstrated growth of the trachea 
after tracheoplasty up to 2 years after surgery. However, 
the long-term growth and status of the trachea as patients 
approach late childhood and adulthood is unknown. Hence, 
it is important that future large-scale multi-centre studies 
are conducted to assess the morphology and growth of the 
trachea in the long-term and to correlate it with functional 
testing.
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