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Abstract: Background: There is scarce research on large cohorts with tetralogy of Fallot (TOF) from China. The database in Fuwai Hospital was reviewed to ascertain current trends in the management of TOF and to determine the prevalence of various surgical techniques and the optimal early outcome. Methods: This cross-sectional study included 1861 patients who underwent surgery between 2012 and 2017 and were aged 0-18 years old with a primary diagnosis of TOF. A total of 1760 eligible patients were included in the analyses. Results: A total of 1683 patients underwent repair of TOF as a one-stage operation (primary repair). Sixty-one patients underwent repair of TOF after prior palliation. Of patients who underwent one-stage repair (n = 1683): 858 were 6 months to 1 year old, 421 were 1 to 2 years old, 251 were 2-18 years old, and 145 were 3 to 6 months old. Of patients who underwent repair following prior palliation (n = 61), 58 (95.1%) were older than 1 year of age. Of 1744 complete repairs, 986 (56.0%) had annulus-sparing (AS) repair. Total in-hospital mortality was 15 of 1744 (0.9%) for complete repair (including one-stage and staged repairs). The total incidence of the optimal early outcome was 78.2% in terms of a composite of the absence of death in the first year, significant right ventricular outflow tract obstruction, significant pulmonary valve insufficiency, or catheter or surgical reintervention. Conclusions: Surgical correction in patients with TOF can achieve an acceptable outcome in terms of death and reintervention. Primary repair at 6 months to 1 year of age is the most prevalent strategy in our centre. However, the relatively high incidence of early undesirable surgical adequacy of the pulmonary valve (PV) represents a wake-up call.
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1  Introduction

Tetralogy of Fallot (TOF) is the most common cyanotic congenital heart disease, with a large body of literature having described the diagnosis, treatment, and prognosis since it was first defined in 1888 [1] and first surgically treated in 1944 [2]. As the negative effects of long-standing pulmonary valve insufficiency, in terms of ventricular dimensions and function, exercise capacity, arrhythmias, heart failure, and sudden cardiac death, became clear, focus has shifted towards preserving pulmonary valve function [3,4]. However, after nearly 76 years, despite all of the accumulated knowledge and experience, the optimal timing and strategy of repair remain controversial [5]. The persistent uncertainty reflects ambiguity regarding the concept of treatment and divergent opinions when discussing the roles of annular preservation versus transannular patch enlargement and how best to accomplish pulmonary valve function preservation, as well as lack of consensus about end points. The recent report of Jeon and colleagues [6] introduced more reasonable approaches, including the redefinition of confusing concepts and the proposal of new end points, termed the optimal early outcome in TOF repair for neonates.

Against this backdrop, this study aims to describe the prevalence of various types of operative strategies used in the contemporary management of TOF in one of the largest heart centres in China. Although reports from individual institutions reflect several schools of thought about optimal timing, technique of repair, and the role of palliation, data from a large cohort reveal overall trends. Consideration of these data in relation to previously reported patterns of practice could answer questions of whether contemporary awareness of the late sequelae of chronic pulmonary regurgitation (PR) has affected the relative prevalence of various surgical techniques and whether contemporary treatment strategies yield similar early results in China.

2  Material and Methods

2.1 Study Design

This study was a cross-sectional study. The protocol for this study was reviewed and approved by the Medical Ethics Review Committee of Fuwai Hospital (2020–1318). Informed consent was waived. The study was supported by the National Key R&D Programme of China (2017YFC1308100) and Central Public-interest Scientific Institution Basal Research Fund (2019XK320050). This study was registered at www.chictr.org.cn (ChiCTR2000033234).

2.2 Data Source

Clinical data were collected from the hospital database and extracted from the medical records and from the outpatient records at the available follow-up, including basic demographic information, preoperative factors, intraoperative details, surgical procedure performed, postoperative complications, in-hospital mortality and post-discharge surgical outcomes. The postoperative information of some patients was followed up by telephone call.

2.3 Inclusionary Criteria

Patients who met all of the following criteria were included in the analysis.

1.    The operation occurred from 2012 to 2017 inclusive.

2.    The primary diagnosis was TOF.

3.    The primary procedure was any of the choices, including one-stage repair, staged repair or palliation, listed in Tab. 1.

2.4 Exclusionary Criteria

The analysis excluded patients who met any of the following criteria.

1.    The patient had a primary diagnosis or secondary diagnosis that was any of the complicated cardiac malformations demonstrated in Fig. 1.

2.    Critical information for patients was missing.

3.    The patient was not involved in any surgical repair.
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Figure 1: Patient flowchart

2.5 Age Groupings

For this analysis, age groups were defined as follows:

1.    Age in days 0 to 30   0 to 30 Days

2.    Age in days 31 to 90  >30 Days to 3 Months

3.    Age in days 91 to 180    >3 Months to 6 Months

4.    Age in days 181 to 365   >6 Months to 1 Year

5.    Age in days 366 to 730   >1 Year to 2 Years

6.    Age in days 731 to 6574  >2 Years to 18 Years

2.6 Definitions

Echocardiographic reports were obtained using standard views recommended by the published guidelines [7] and were reviewed for the degree of pulmonary regurgitation (PR) and peak annular gradient (APG). The pulmonary valve annulus (PVA) Z-score was calculated according to the previous equation [7]. Morphological features of the preoperative pulmonary valve (PV), which was investigated with preoperative echocardiography and intraoperative assessment, included unicuspid, bicuspid and tricuspid. One-stage repair was defined as patients who underwent primary repair of TOF as the initial operation. Double channel repair (DCR) was defined as complete repair followed by RV-PA connection with a conduit. Staged repair was defined as patients who underwent primary repair of TOF followed by prior palliation. Palliative surgery included modified Blalock-Taussig shunt (MBTS), central shunt (from aorta or to main pulmonary artery), RV-PA connection, main pulmonary artery stent implantation or right ventricular outflow tract (RVOT) muscle resection. Annulus-sparing (AS) repair was defined as uncut PVA [6]. We adopted a PV-specific technical performance score (TPS) as reported [8] to evaluate surgical adequacy by echo reports. We defined PV TPS as class 1 (peak annular gradient <20 mm Hg or none/trivial PR), class 2 (peak annular gradient 20–40 mm Hg or mild/mild to moderate PR), or class 3 (peak annular gradient >40 mm Hg or moderate or greater PR) [8]. The optimal early outcome was defined as a composite of the absence in the first year of death, significant right ventricular outflow tract obstruction (> 40 mmHg, TPS for peak annular gradient as class 3), significant pulmonary valve insufficiency (moderate or greater PR, TPS for PR as class 3), or catheter or surgical reintervention, as previously reported [6].

2.7 Statistical Analysis

Categorical variables were presented as frequencies and percentages, continuous variables as the means and standard deviations or medians and ranges, where appropriate. The clinical characteristics of the patients and control subjects were compared with the use of the Mann-Whitney test for continuous variables and the chi-square test for categorical variables. The Kaplan-Meier method was used to determine cumulative probabilities of the early primary outcome defined as a composite of significant right ventricular outflow tract obstruction (> 40 mmHg, TPS for peak annular gradient as class 3) and significant pulmonary valve insufficiency (moderate or greater PR, TPS for PR as class 3). To explore the relationship between risk factors and the early primary outcome, variables at admission that had a P value < 0.05 in univariate Cox proportional-hazards analyses were introduced as covariates in a multivariate model with a stepwise forward method. All of the analyses were performed with the statistical software packages R (http://www.R-project.org, The R Foundation) and EmpowerStats (http://www.empowerstats.com, X&Y Solution, Inc., Boston, MA, USA).

3  Results

3.1 Operation Types and Age at Operation

From January 2012 to December 2017, 1760 included patents (1064 male, 60.5%) underwent surgical repair of TOF at a median age of 318 days old (range: 18-6497 days) and a median weight of 8.9 kg (range: 2.1–80.0 kg). Detailed patient characteristics are depicted in Tab. 1. The inclusion and exclusion of patients are shown by a flow chart in Figs. 1 and 2 depicts the relationship between the type of procedure and age at operation. Beyond the neonatal period, one-stage repair (primary repair) was by far the most prevalent approach. The largest number of repairs with one-stage repair (primary repair) was within the 6-month to 1-year age category followed by the 1-year to 2-year category. The largest number of complete repairs after previous palliative repair was in the 2-year to 18-year age category, with 27.9% of complete repairs performed within 1 year after a previous palliative repair. Tab. 2 depicts the relationship between the specific type of procedure and the age at surgery for all instances of TOF palliation. Palliative RVOT muscle resection was the most prevalent palliative procedure in all age categories. Tab. 3 depicts the relationship between the type of procedure and PVA Z-score in complete repairs. TAPE was the most prevalent procedure in all age categories with PVA Z-score < −2, while AS was often used for PVA Z-score ≥ −2.

Table 1: Main characteristics of the study population
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Table 2: Type of palliation
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Table 3: The relationship between type of procedure and PVA z-score in complete repairs
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Figure 2: The relationship between type of procedure and age at operation

3.2 Selection of Intraoperative Patch Materials

Fig. 3 demonstrates the selection of patch materials to relieve any part of the obstruction or stenosis in patients with AS repair and to enlarge the RVOT-MPA connection in TAPE repair. Glutaraldehyde-treated autologous pericardium was often used for PA enlargement, and autologous pericardium lined with a Dacron patch was often used for RVOT enlargement in AS repair. In the TAPE cohort, the Valved Bovine Jugular Vein patch was often used for reconstruction.
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Figure 3: Selection of patch materials in AS and TAPE repair

3.3 Early Clinical Outcomes

Tab. 4 displays clinical outcomes for complete repair. The in-hospital mortality rate was 0.9%, and there were no deaths or reinterventions in the first year after the operations. The total incidence of adverse composite outcomes was 21.8% in terms of severe valvular dysfunction at an early stage, due to peak annular gradient (APG) > 40 mm Hg, moderate or greater PR, or both. In unadjusted Kaplan-Meier estimates, the early primary outcome was similar between female and male (see the Appendix A in the Appendix). In univariate Cox proportional-hazards analyses for factors at admission, patients with lower saturation, smaller PVA, smaller PVA Z-score, TAPE, secondary procedure, RVOT incision, transatrial approach, LPA enlargement and PV palsty had a higher risk of the early primary outcome. Detailed results of univariate analyses are shown in (Appendix B). According to the multivariate Cox model, TAPE was associated with the higher risk for the early primary outcome.

Table 4: Clinical outcomes for complete repair
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4  Discussion

Our current review of available data describing contemporary practice at a single centre in China suggests that primary repair in infancy remains the most prevalent therapeutic approach. More than half of the included patients received AS repair, while TAPE was the most prevalent procedure in all age categories with PVA Z-score < −2. These findings demonstrated that repair by means of right ventriculostomy with patched reconstruction of RVOT was the most prevalent surgical technique. Repair without ventriculostomy accounted for only 2.6% of complete repair. Surgical correction in patients with TOF can achieve an acceptable outcome with an in-hospital mortality of 0.9%. However, there are still some early potential adverse outcomes that must be treated with caution.

In palliative repair for TOF, systemic-to-pulmonary artery shunt and muscle resection and patch enlargement of RVOT have been commonly used worldwide since they were first introduced by Blalock in 1944 and Lillehei in 1954 [9]. For at least 2 decades, initial palliation followed by reparative operation later in childhood was the most prevalent strategy. By the early 1980s, primary repair in early infancy had been performed by Castaneda [10] and had gained wide acceptance. Thereafter, the concept of early primary repair was extended to symptomatic neonates, and low operative mortality was achieved [11]. Over time, mortality, progressive RV dilation, biventricular dysfunction, ventricular arrhythmias, and sudden cardiac death have been well recognized as late sequelae of chronic PR in patients with repaired TOF, leading some surgeons to advocate for approaches aimed at the preservation of pulmonary valve integrity to the extent possible. These recent surgical efforts have focused on PV structural integrity preservation, including valvoplasty with autologous pericardium after TAPE [12], pulmonary arterioplasty and valvular sinus plasty with an autologous pantaloon pericardial patch [13], pulmonary valve cusp plasty [14], pulmonary root enlargement [15], and AS repairs with intraoperative balloon dilation and delamination plasty [16–19], emphasizing valve-sparing or annulus-sparing repair. Other techniques include transatrial/transpulmonary artery approaches, avoidance of disrupting the pulmonary annulus to the extent possible, and palliative shunting (rather than primary repair) for symptomatic neonates and some infants in the hope that growth of the pulmonary annulus and maturation of the valve will lead to the reduced likelihood of transannular incision and patching at the time of eventual repair. These latter approaches also emphasize minimizing the length of transannular ventriculostomy incisions in those instances when they are unavoidable [13,20].

In our cohort, early complete repair could be carried out safely, and early mortality of the total cohort in our centre was lower than the pooled estimate of early mortality, which is as high as 2.84% [5]. However, despite all of the previously accumulated knowledge and experience, the timing of repair and these strategies adopted varied from our centre to others. The included patients who were completely repaired were slightly older than those typically encountered in North America [21], with the largest proportion of patients at 6 months to 1 year old as high as 49.2%, similar to a recent pooled estimate [5]. In case TAPE was used, monocusp reconstruction was applied in 79.7%, with the Valved Bovine Jugular Vein patch. There was no significant correlation between repair of all age categories and TAPE. In early smaller TOF cohorts, safe execution with sufficient reduction in RV to left ventricle pressure ratios has been described in patients with AS repair with a PVA Z-score < –5 [15], but our minimum value was −4.19. Additionally, we rarely adopted PV plasty as previously reported during this period [12,13,17,18]. Furthermore, despite many studies suggesting that the “classic” transventricular repair, with its large ventricular incision, should give way to newer transatrial/transpulmonary techniques focusing on preserving PV competency whenever possible and limiting the insult to the ventricle [20,22], we adopted RVOT incision for most RVOT muscle resections.

We introduced the early optimal outcome, as previously reported by Jeon and colleagues [6], to comprehensively estimate surgical effects, and it demonstrated early potential PV dysfunction, which could remind us of paying more attention to these types of patients earlier.

4.1 Strengths and Limitations

We presented the first largest, single-centre TOF cohort in China, to the best of our knowledge, on contemporary patterns of management and the early optimal outcome. The results presented here could help members of other congenital heart teams understand the current strategies.

Our study has several limitations. First, the study was retrospective and descriptive, with treatment decided by surgical judgement. The study design did not enable a determination of the extent to which choices of treatment strategies were determined by surgeon philosophies and preferences or were ordained by specific features of the cardiac morphology and the clinical status of the individual patient. A prospective, protocolized approach based on PVA Z-score would have perhaps avoided ‘‘inappropriate’’ treatment assignments. Second, the study was limited by long-term follow-up, so the observational incidence of death and reintervention was low. Therefore, we must follow up the cohort further. Third, our data only reflect the treatment patterns of congenital cardiac centres with relatively high medical levels in China but not the patterns of hospitals at different levels. Accordingly, multicentre TOF cohorts must be incorporated. Fourth, during this period, we lacked data on neonatal surgery, which will be made up for in the future.

This study was only a small part of the ambispective cohort study (ChiCTR2000033234). Under contemporary treatment patterns, more questions will be answered in future research.

5  Conclusions

A review of data pertaining to 1862 instances of palliation or repair of TOF from 2012 to 2017 suggested that primary repair at 6 months to 1 year old is the most prevalent strategy in our centre. AS repair has become the most prevalent technique due to contemporary awareness of the late consequences of pulmonary sufficiency. TAPE repair was more likely to be used in patients with pulmonary valve annulus (PVA) Z-scores < −2, both for primary repair and for repair following palliation. Surgical correction in patients with TOF could achieve an acceptable outcome in terms of death and reintervention. However, the data highlight the shortcomings of early repair, and the relatively high incidence of early undesirable adequacy of the pulmonary valve (PV) requires a wake-up call.

This study was intended to be descriptive of current practice in our centre. In this context, we are not advocating for any of the specific treatment strategies for the management of patients with TOF. To answer important questions about the effects of various initial treatment strategies on long-term adverse events, such as deterioration of ventricular function, decreasing exercise capacity, arrhythmias, heart failure, and sudden cardiac death, will likely require prospective investigation by further follow-up.
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Appendix A: Kaplan-Meier curves for the early primary outcome. Unadjusted Kaplan-Meier estimates for the probability of freedom from the early primary outcome

Appendix B: The early optimal outcome for TOF patients undergoing complete repair with RVOT incision, analyzed by Cox regression
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Optimal early outcome, No. (%) 1363 (78.2) 820 (77.9) 543 (78.6) 0.726

Data are presented as n (%), mean =+ standard deviation, or median (min-max). ECMO, corporeal membrane oxygenation; ICU, intensive care unit;
postop, postoperative; TPS, technical performance score; PR, pulmonary regurgitation; PS, pulmonary stenosis; Other abbreviations as above.
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1 Was associated with Tricuspid Valve Dysplasia
16 Were lack of critical information
51 Did not undergo surgery
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Sex

Female, No. (%)
Male, No. (%)
Age/days
Weight/kg

Sa02 (%)
PVA/mm

PVA Z score
RVOT gradient/mmHg
PV morphology
1, No. (%)

2, No. (%)

3, No. (%)

TAPE

No, No. (%)

Yes, No. (%)
DCR, No. (%)
Secondary procedure
No, No. (%)

Yes, No. (%)
RVOT incision
No, No. (%)

Yes, No. (%)
Trans-TV

No, No. (%)

Yes, No. (%)
MPA enlargement
No, No. (%)

Yes, No. (%)
LPA enlargement
No, No. (%)

Yes, No. (%)
RPA enlargement
No, No. (%)

Yes, No. (%)

PV palsty

No, No. (%)

Yes, No. (%)

1.0
1.07 (0.87-1.32) P = 0.5093
1.00 (1.00-1.00) P = 0.7976
1.00 (0.98-1.02) P = 0.9403
0.99 (0.98-1.00) P = 0.0044
0.86 (0.82-0.90) P < 0.0001
0.69 (0.62-0.77) P < 0.0001
1.00 (1.00-1.01) P = 0.1242

1.0
1.08 (0.45-2.61) P = 0.8650
0.48 (0.18-1.27) P = 0.1387

1.0
2.55 (2.06-3.15) P < 0.0001
2.33 (0.74-7.31) P = 0.1484

1.0
1.95 (1.28-2.98) P = 0.0019

1.0
5.11 (1.27-20.51) P = 0.0214

1.0
0.20 (0.05-0.78) P = 0.0212

1.0
2.41 (1.91-3.02) P < 0.0001

1.0
1.82 (1.41-2.35) P < 0.0001

1.0
1.57 (1.00-2.47) P = 0.0505

1.0
1.83 (1.03-3.25) P = 0.0399

1.0
1.16 (0.93-1.43) P = 0.1809
1.00 (1.00-1.00) P = 0.6775
1.03 (0.98-1.09) P = 0.2606
0.99 (0.98-1.00) P = 0.1496
0.89 (0.77-1.03) P = 0.1059
1.14 (0.83-1.57) P = 0.4228
1.00 (1.00-1.01) P = 0.1509

1.0
1.41 (0.52-3.83) P = 0.5044
0.94 (0.32-2.77) P = 0.9049

1.0
1.63 (1.21-2.21) P = 0.0015
1.63 (0.51-5.20) P = 0.4096

1.0
1.48 (0.93-2.36) P = 0.0950

1.0
0.47 (0.00-99228.00) P = 0.9044

1.0
0.14 (0.00—-29609.70) P = 0.7541

1.0
1.32 (0.97-1.82) P = 0.0816

1.0
1.18 (0.88-1.56) P = 0.2639

1.0
1.04 (0.64—1.68) P = 0.8782

1.0
1.35 (0.75-2.44) P = 0.3179

Data are presented as n (%), mean = standard deviation, or median (min-max). TAPE, transannular patch enlargement; PVA, pulmonary valve annulus;
PVAD, pulmonary valve annulus diameter; RVOT, right ventricular outflow tract; MPA, main pulmonary artery; LPA, left pulmonary artery; RPA,
right pulmonary artery; Trans-TA, transatrial; Trans-P, transpulmonary; CI, confidence interval; HR, hazard ratio.

*The primary outcome was a composite of death or TPS = Class 3 (APG > 40 mmHg, moderate or greater PR, or both).

**Double channel repair was defined as complete repair followed by RV-PA connection with a conduit.
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Group All Male Female P-value
N N = 1760 N =1064 N = 696

Age, days 318 (18-6497) 310 (18-6417) 336 (54-6497)  0.006
Weight, kg 8.9 (2.1-80.0) 9.0 (2.1-80.0) 8.5 (3.7-51.7) <0.001
Preoperative Sa0,, % 83.6 £ 9.0 83.6 £ 9.0 83.7+9.0 0.844
PVAD, mm 87+25 88 +25 8.6 £2.6 0.160
PVA z-score -2.2(-4.6-2.5) 22 (-4.5-25) —-22(-4.6-25) 0378
Associated Condition

ASD, no. (%) 494 (28.0) 274 (25.8) 220 (31.6) 0.007
PDA, no. (%) 183 (10.4) 92 (8.7) 91 (13.1) 0.003
Pre-op RVOT peak gradient, mmHg 73.7 = 17.1 73.6 £17.1 73.8 £17.1 1.000
Morphology of PV 0.156
Unicuspid, no. (%) 20 (1.2) 8 (0.8) 12 (1.7)

Bicuspid, no. (%) 1526 (87.5) 928 (88.2) 598 (86.5)

Tricuspid, no. (%) 198 (11.3) 117 (11.1) 81 (11.7)

Operations

One-stage repair, no. (%) 1683 (95.6) 1023 (96.1) 660 (94.7) 0.638
Staged repair, no. (%) 61 (3.5) 30 (2.8) 31 (4.5) 0.067
Palliation, no. (%) 16 (0.9) 11 (1.0) 5(0.7) 0.459
AS repair 986 (56.0) 611 (57.3) 375 (53.9) 0.186
TAPE repair 747 (42.4) 434 (40.8) 313 (45.0) 0.186
Double channel repair 11 (0.6) 8 (0.8) 3(04) 0.186
Additional procedures

MPA plasty, no. (%) 943 (54.1) 561 (53.3) 382 (55.3) 0411
LPA plasty, no. (%) 227 (13.0) 133 (12.6) 94 (13.6) 0.555
RPA plasty, no. (%) 52 (3.0) 20 (1.9) 32 (4.6) 0.001
PV plasty, no. (%) 26 (1.49) 15 (1.4) 11 (1.6) 0.778
MAPCASs closure, no. (%) 99 (5.6) 59 (5.6) 40 (5.8) 0.859
RVOT Incision, no. (%) 1694 (97.4) 1015 (96.8) 679 (98.3) 0.056
Trans-TA/ Trans-P, no. (%) 46 (2.6) 35 (3.3) 11 (1.6) 0.027

Data are presented as n (%), mean =+ standard deviation, or median (min-max). AS, annular-sparing; TAPE, transannular patch enlargement; Pre-op,
preoperative; PVA, pulmonary valve annulus; PVAD, pulmonary valve annulus diameter; ASD, atrial septal defect; PDA, patent ductus arteriosus;
RVOT, right ventricular outflow tract; MPA, main pulmonary artery; LPA, left pulmonary artery; RPA, right pulmonary artery; MAPACs, major
aortopulmonary collateral arteries; Trans-TA, transatrial; Trans-P, transpulmonary.





