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Abstract: Background: Limited data are available regarding intermediate and long-term outcomes of transcatheter closure (TCC) of coronary cameral fistulas (CCFs) in the pediatric patients. Methods: All pediatric patients diagnosed with CCFs who were scheduled to undergo TCC between 2005 and 2019 were retrospectively enrolled in the study. Results: A total of 66 patients (median age: 3.93 years, median weight: 15 kg) underwent attempted TCC of CCFs. Immediate successful device implantation was achieved in 62 patients, and immediate complete occlusion was achieved in 44 patients (44/62%, 71.0%). The closure procedure was waived in 2 patients due to anatomical factors. A total of 6 periprocedural complications occurred in 5 patients, including acute myocardial infarction (n = 3), procedure-related death (n = 1), device embolization (n = 1), and rupture of tricuspid chordae tendineae (n = 1). The acute procedural success rate was 89.4% (59/66), while the acute complication rate was 9.1% (6/66). Follow-up data were collected for 58 (93.5%) out of 62 patients at a median of 9.3 years (range: 3.0–15.7 years). 10 adverse events occurred in 9 patients, including 5 follow-up complications (1 aortic valve perforation, 1 coronary thrombosis, 1 progressive aneurysmal dilation after reintervention, and 2 cases of new-onset tricuspid valve prolapse with significant regurgitation), and 5 closure failure with large residual shunts. The intermediate and long-term adverse event rate was 17.2% (10/58). The anatomical features associated with both acute and follow-up adverse events were large CCFs (p = 0.005), and giant coronary artery aneurysms (CAAs) (p = 0.029). Conclusions: TCC of CCFs in infants and children appears to be effective and is associated with a relatively low complication rate. Large CCFs and giant CAAs represent a higher risk of both acute and intermediate and long-term adverse events after closure.
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1  Introduction

Congenital coronary artery fistulas (CCAFs) are rare abnormal connections between coronary arteries and either a chamber of the heart or any segment of the systemic or pulmonary circulation without a capillary junction [1]. Fistulas between coronary arteries and cardiac chambers are defined as coronary cameral fistulas (CCFs) [2]. The incidence of CCFs is rare, ranging from 0.1% to 0.2% in patients undergoing diagnostic coronary angiography [3]. The majority of CCFs originate from the right coronary artery (RCA), and >90% of cases drain to the right side of the heart, with the right ventricle (RV) accounting for the most common drainage site [4].

Clinical presentation generally depends on the hemodynamic significance of CCFs. A CCF that drains to the right cardiac chambers creates a left-to-right shunt, which can lead to volume overload and congestive heart failure [5]. A CCF that drains to the left ventricle (LV) produces hemodynamic changes similar to those of aortic regurgitation, and a CCF that drains to the left atrium (LA) results in volume overload similar to that of mitral regurgitation [6]. If left untreated, CCFs may result in clinical complications, such as myocardial ischemia [7], ventricular dysfunction [8], aneurysmal formation [9], and infective endocarditis [10].

Transcatheter intervention has been considered to be an effective treatment strategy for anatomically suitable CCAFs in pediatric and adult patients [11,12]. However, few studies have reported on long-term outcomes of transcatheter closure (TCC) of CCFs, especially in pediatric patients, and current evidence of its potential benefit is still very weak due to the limited cases in the prior study cohorts [13–15]. The present study describes our experience with TCC of CCFs in a large cohort of pediatric patients, focusing on technical aspects of the closure procedure and intermediate and long-term follow-up.

2  Materials and Method

This retrospective study was conducted at the Department of Pediatric Cardiology, Guangdong Provincial People’s Hospital, Guangzhou, China. All children (<18 years old) diagnosed with medium or large size CCFs who underwent attempted TCC between January 2005 and December 2019 were included in the study. Data were collected from medical records and included demographic characteristics, clinical symptoms, indications for procedure, hemodynamic and angiographic findings, procedural details, post-procedure therapy, and follow-up data. Patients with concomitant cardiac lesions requiring surgical treatment were excluded. The study protocol was conducted in accordance with the Helsinki Declaration and was approved by the Ethics Committee of the hospital. Informed consent for the procedure and clinical record review was obtained from all patients or their legal guardians.

2.1 Definitions

A CCF was classified into a proximal or distal type based on its origin. Briefly, a proximal type of a CCF arises near the origin of a major coronary artery without significant coronary branches supplying the myocardium from the fistula itself. A distal type of a CCF originates from the distal end of a main coronary artery, with the conduit coronary artery proximal to the fistula giving rise to normal coronary branches supplying the myocardium [16,17]. A coronary artery aneurysm (CAA) is defined as a coronary dilatation with a diameter that is greater than 1.5 times that of the adjacent normal arterial segment or the largest coronary artery, and a CAA with a diameter of >20 mm is called a giant CAA [18]. The sizes of CCFs were categorized as medium or large based on the descriptions provided in a previous study [19]. Large CCFs were defined as fistulas larger than 2 times the largest diameter of the coronary vessel not feeding the coronary fistulas. Medium size CCFs were defined as fistulas with diameters 1 to 2 times the largest diameter of the coronary vessel not feeding the coronary fistulas [19].

2.2 Transcatheter Closure

The closure procedure was performed under general anesthesia in all patients. Access was obtained through femoral arterial and venous catheters. Intravenous heparin (100 IU/kg) and prophylactic antibiotics (cefazolin 50 mg/kg) were administered. Diagnostic catheterization was carried out for a hemodynamic evaluation. Ascending aortogram and selective coronary angiography were performed to determine CCF anatomy, type, size, origin, and drainage site. TCC of CCFs was attempted in cases with suitable anatomy. Diagnostic coronary catheters, guidewires, microcatheters, and coronary guidewires were used to access the fistulas and create a transarterial approach, arterio‑venous loop (A‑V loop) or arterio-arterial loop (A-A loop). Devices were deployed via the antegrade venous/arterial or retrograde arterial approach after an A-V loop/A-A loop, and retrograde arterial approach at the optimal occlusion site. The size of the occluder other than coils was at least 50% larger than the diameter of fistula at the occlusion site [19]. As for coils, the first coil deployed was at least 30% larger than the vessel diameter [19].

Twelve‑lead electrocardiography (ECG) was used to monitor the patient for 10–15 min after device deployment as an occlusion test. Repeat selective coronary angiography was performed to evaluate the presence of acute coronary occlusion and residual shunts immediately after device deployment. After implantation, all patients were treated with antiplatelet therapy that included aspirin at a dose of 3–5 mg/kg per day for at least 6 months, as well as clopidogrel at a dose of 1 mg/kg per day for 1–3 months. Anticoagulation with warfarin after closure was recommended in some patients with dilated, tortuous, and aneurysmal conduit coronary arteries.

2.3 Devices

Occlusion devices used in the study included the following: coils (Cook Medical, Bloomington, IN, USA), Amplatzer duct occluder II (ADO II; Abbott Vascular, Saint Paul, Minnesota, USA), Amplatzer vascular plug/plug II (AVP/AVP II; Abbott Vascular), domestic vascular plug (Starway Medical Technology, Beijing, China), ventricular septal defect occluder (VSD occluder, Lifetech Scientific, Shenzhen, China), atrial septal defect occluder (ASD occluder, Lifetech Scientific), and patent ductus arteriosus occluder (PDA occluder, Lifetech Scientific).

2.4 Follow-Up and Outcomes

Within 24 h after the procedure, all patients underwent transthoracic echocardiography (TTE) and ECG to confirm the correct device position and exclude device embolization, thrombus formation, residual shunts, valvular regurgitation, pericardial effusion, myocardial ischemia or infarction, and cardiac arrhythmia. The same evaluations were repeated at 1, 3, 6, and 12 months post procedure and annually thereafter. In addition, follow-up coronary angiography and cardiac computed tomography (CT) were performed in selected patients to further evaluate potential coronary occlusion or thromboembolization. Primary outcomes were a composite of acute procedural success, including no/small residual shunts upon immediate post-deployment coronary angiography, and no periprocedural complications. Secondary outcomes included complications, survival, and degree of residual shunts for patients who received regular follow-ups after successful device closure. Residual shunt status was categorized as [20]: (1) trivial, which was defined as a residual shunt with minimal or insignificant amount of residual flow; (2) small, which was defined as a residual shunt that was less than 50% of the original fistula size; (3) large, which was defined as a residual shunt that was larger than 50% of the original fistula size. Closure with either complete occlusion or trivial/small residual shunts is defined as closure success. Adverse events included complications and large residual shunts, both acute and during follow-up.

2.5 Statistical Analysis

Continuous variables with a normal distribution were expressed as mean ± standard deviation (SD) and median (minimum, maximum) for those that were not normally distributed. Categorical variables were summarized using frequencies and percentages. For comparison between groups, a student’s t-test for normally distributed continuous data or Wilcoxon rank-sum test for non-normally distributed continuous data were performed. Chi-square test or Fisher’s exact test were used for categorical variables. Statistical significance was claimed if a two-sided test obtained a p value of <0.05. The data were analyzed using GraphPad Prism 9.0 and SPSS 23.0.

3  Results

3.1 Patient Characteristics

A total of 81 patients (42 males, median age: 3.24 years) were enrolled in the study. Overall, 76 patients (93.8%) were diagnosed with isolated CCFs, whereas 5 patients (6.2%) were found to have concomitant congenital heart diseases, including mild pulmonary stenosis (n = 3), PDA (n = 1), mitral valve prolapse and regurgitation (n = 1). At diagnosis, 60 patients (74.0%) were asymptomatic with a continuous cardiac murmur during physical examination, and 15 patients (18.5%) had a recurrent respiratory infection. Clinical manifestations such as congestive heart failure and growth retardation were detected in 5 patients (6.2%). TTE revealed ventricular enlargement in 57 patients (70.4%). Further patient demographics are detailed in Table 1.
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3.2 CCF Characteristics

All of the 81 patients underwent diagnostic coronary angiography. The angiographic CCF characteristics are summarized in Table 2. 1 patient had multiple fistulas originating from both coronary arteries and draining into the RV, and the remaining 80 patients presented with a single fistula. Most of the CCFs originated from the RCA (61.73%), and most of them drained into the right atrium (RA) (54.3%). The fistula origin was proximal in 61 patients (75.3%), and distal in 20 patients (24.7%). The CCFs were deemed large in 37 (45.7%) and medium in 44 (54.3%) patients. CAAs were observed in 45 cases (55.5%), 17 of which were identified as giant CAAs.
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3.3 Procedure Details and Immediate Outcomes

TCC were attempted in 66 patients and successful device implantation was achieved in 62 patients (Fig. 1). The median patient age at the time of TCC was 3.93 years (range: 0.58–17.99 years), and the median weight was 15 kg (range: 6.8–64 kg). The fistulas were considered not suitable for device closure in the remaining 15 patients. These 15 patients then underwent successful surgical closure. The anatomical differences between patients who underwent TCC and patients who underwent surgical closure are shown in Fig. 2. The majority of patients who underwent TCC had proximal type CCFs that mainly drained into the RA (63.6%, 42/66), while most of the patients who underwent surgical closure had distal type CCFs draining into the RV (60%, 9/15).
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Figure 1: Patient flow chart
Notes: TCC: transcatheter closure; MI: myocardial infarction; RS: residual shunt.
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Figure 2: The anatomical differences between patients who underwent TCC and those who underwent surgical closure
Notes: TCC: transcatheter closure; CCF: coronary cameral fistula; RA: right atrium; RV; right ventricle.

Details of TCC are summarized in Table 3. During procedure, antegrade venous/arterial or retrograde arterial approach after the A-V/A-A loops was used in 53 cases (80.3%), and retrograde arterial approach was used in 13 cases (19.7%, Fig. 3). The CCFs were occluded at the proximal site in 22 patients (33.33%), at the distal site in 42 patients (63.64%), and at both sites in 2 patients (3.03%, Fig. 4). Types of devices used in the closure procedure are presented in Table 3. PDA occluder was most commonly used (27.3%), followed by AVP II (22.7%), and VSD occluder (mainly muscular VSD occluder) (16.7%).
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Figure 3: TCC of CCFs using different approaches. A, B: Ascending aortogram in RAO 30° projection demonstrated an RCA-to-RA fistula. An 8 mm VSD occluder was deployed through the antegrade venous approach via an A‑V loop. C, D: Ascending aortogram in LAO 45° projection demonstrated an LCX-to-LV fistula. A 12 mm AVP II was deployed through the antegrade arterial approach via an A-A loop. E, F: Ascending aortogram in RAO 45° projection demonstrated an RCA-to-RA fistula. A 9 mm AVP II was deployed through the retrograde arterial approach via an A-V loop. G, H: Ascending aortogram in LAO 90° projection demonstrated an RCA-to-RA fistula with a giant CAA. A 5/6 mm ADO II was deployed through the retrograde arterial approach
Notes: TCC: transcatheter closure; CCF: coronary cameral fistula; RAO: right anterior oblique; RCA: right coronary artery; RA: right atrium; VSD: ventricular septal defect; A-V loop: arterio-venous loop; LAO: left anterior oblique; LCX: left circumflex coronary artery; LV: left ventricle; A-A loop: arterio-arterial loop; AVP II: Amplatzer vascular plug II; CAA: coronary artery aneurysm; ADO II: Amplatzer duct occluder II
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Figure 4: TCC of CCFs with different occlusion sites. A, B: Selective left coronary angiogram in anterior and caudal LAO projections demonstrated an LCA-to-RA fistula. A 10 mm AVP (red arrow) was deployed at the proximal site near the fistula origin. C, D: Ascending aortogram in anterior projection demonstrated an RCA-to-RA fistula. A 6/8 mm PDA occluder (red arrow) was deployed at the fistula orifice (distal site). E, F: Ascending aortogram in RAO 30° projection demonstrated an RCA-to-RA fistula with a giant CAA. A 12 mm domestic vascular plug (red arrow) was deployed at the proximal site near the CAA inlet. G, H: Ascending aortogram in anterior projection demonstrated an RCA-to-RV fistula with a giant CAA. A 10/12 mm PDA occluder (red arrow) was deployed at the distal site near the CAA outlet. I, J: Ascending aortogram in anterior projection demonstrated an LCA-to-RV fistula. A 10/12 mm PDA occluder (white arrow) was deployed at the distal site near the CAA outlet, and a 12 mm domestic vascular plug (red arrow) was deployed at the proximal site near the CAA inlet
Notes: TCC: transcatheter closure; CCF: coronary cameral fistula; LAO: right anterior oblique; LCA: left coronary artery; RA: right atrium; AVP: Amplatzer vascular plug. RCA: right coronary artery; PDA: patent ductus arteriosus; CAA: coronary artery aneurysm; RV: right ventricle.

4 procedures were aborted, 2 due to procedural complications (Supplementary Table 1), and 2 because of anatomical factors (the presence of side branches close to fistula orifice, and extreme tortuosity of the fistulas). In the first patient (Patient No. 1) with a large proximal RCA-to-RA fistula, complete RCA occlusion occurred immediately after a 5/6 mm ADO II was released. Thrombus formation was detected within the occluded RCA, and acute inferior myocardial infarction (MI) was confirmed by ECG. The ADO II was then snared and retrieved into an 8-Fr long sheath, and thrombus aspiration of RCA was performed. A repeat coronary angiography demonstrated successful RCA recanalization. The patient was prescribed low molecular weight heparin for 3 days, followed by dual antiplatelet therapy with aspirin and clopidogrel for 1 month. The patient was in good condition and was expecting another TCC. In the second patient (Patient No. 2) with a large proximal RCA-to-RV fistula who suffered from recurrent respiratory infection and heart failure, right heart catheterization revealed severe pulmonary hypertension (pulmonary artery systolic pressure: 63 mmHg, mean pulmonary artery pressure: 47 mmHg). After a 12/14 mm PDA occluder was deployed, the patient suffered third-degree atrioventricular (A-V) block accompanied by hypotension and hypoxemia. Although the occluder was immediately removed, the patient died on the same day due to refractory bradycardia and hypotension.

For the 62 patients with device implantation, immediate post-deployment angiography demonstrated that successful closure was achieved in all patients, including 44 with complete occlusion (71.0%), 15 (24.2%) with trivial residual shunts, and 3 (4.8%) with small residual shunts. ECG during the procedure showed transient third-degree A-V block in 1 patient, and atrioventricular junctional tachycardia in another patient. Both of these cases returned to normal ECG at the end of the procedure.

3.4 In-Hospital Complications

4 periprocedural complications were observed in 3 patients within 24 h after procedure, including 1 device embolization, 1 rupture of tricuspid chordae tendineae, and 2 acute MI (Supplementary Table 1). 2 patients (Patients No. 3 and No. 4) underwent emergency surgical device removal and fistulas ligation. Patient No. 5, who was diagnosed with acute inferior MI, was managed conservatively with both anticoagulation (warfarin) and antiplatelet (aspirin) therapy. The reason of his MI was thought to be resulted from flow stasis in a large, tortuous LCA after closure with a 6/8 mm PDA occluder at the fistula drainage site.

The remaining 59 patients were free of symptoms and were discharged on the second day after the procedure. Overall, the acute procedural success rate was 89.4% (59/66), and the acute complication rate was 9.1% (6/66). After hospital discharge, medical treatment was based on the choice of referring cardiologist’s recommendations: 30 patients were treated with initial dual antiplatelet therapy with aspirin and clopidogrel, 1 patient was treated with warfarin and aspirin, 24 patients were treated with aspirin alone, and 4 patients were treated with clopidogrel alone.

3.5 Follow-Up

Of the 62 patients who had immediate successful device implantation, 58 patients were available for follow-up for a median of 9.3 years (range: 3.0–15.7 years). Among them, 7 patients (12.1%) completed 3-year follow-up, 24 patients (41.4%) completed 5-year follow-up, and 27 patients (46.5%) completed 10-year follow-up. 3 patients had coronary angiography, 3 patients had cardiac CT scan, and the rest of patients had TTE to evaluate fistula remodeling and residual shunts during follow-up. Complete closure of CCFs was achieved in 47 patients (81.0%) at the last visit. A total of 11 patients (19.0%) were reported to have residual shunts, and 5 (8.6%) of them had large residual shunts, which was considered as closure failure (Supplementary Table 1). 1 patient (Patient No. 6) with a large proximal LCA-to-RA fistula underwent a second TCC at the same occlusion site 2 years after the initial procedure due to significant recanalization. The remaining 4 patients (Patients No. 7–No. 10) with large residual shunts refused further intervention. For the rest of 6 patients with residual shunts, 2 had trivial residual shunts, and 4 had small residual shunts.

The patients were treated with antiplatelet and/or anticoagulation therapy for a median of 6 months (range: 6–48 months). No special treatment was prescribed for patients with residual shunts during the follow-up visits, and they remained asymptomatic.

During follow-up, 5 complications were reported, including aortic valve perforation (n = 1), coronary thrombosis (n = 1), progressive aneurysmal dilation after reintervention (n = 1), and new-onset tricuspid valve prolapse with significant regurgitation (n = 2; Supplementary Table 1). Patient No. 5, who experienced acute MI and received medical treatment, required surgical aortic valvuloplasty 4 years later because of progressive severe aortic regurgitation secondary to aortic valve perforation. In the patient (Patient No. 11) with a large RCA-to-RV fistula occluded distally with a PDA occluder, TTE at 1-month follow-up revealed thrombus formation within the large aneurysm proximal to the occluder. This patient was treated with aspirin for 2 years and has remained free from myocardial ischemia or infarction. Patient No. 6 experienced significant aneurysmal dilation 1 year after the second TCC and eventually underwent surgical ligation of the fistula and incision of the aneurysm. For the 58 patients who completed follow-up visits, 10 adverse events occurred in 9 patients, including 5 follow-up complications and 5 closure failure. The intermediate and long-term adverse event rate was 17.2% (10/58). In addition, for the 27 patients who completed 10-year follow-up visits, 8 adverse events occurred in 7 patients, whereas the remaining 20 patients were identified to have closure success. The anatomical features associated with both acute and intermediate and long-term adverse events of TCC of CCFs included large fistulas (p = 0.005), and giant CAAs (p = 0.029; Table 4).
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The relationship between the closure devices mainly used in the present study and prognosis of TCC of CCFs are depicted in Fig. 5. The adverse event (both acute and follow-up adverse event) rate was 6.7% for the AVP II group, 27.8% for the PDA occluder group, 9.1% for the VSD occluder group, 22.2% for the coil group, and 14.3% for the AVP group, respectively. The complete occlusion rate was 80% for the AVP II group, 61.6% for the PDA occluder group, 72.7% for the VSD occluder group, 66.7% for the coil group, and 42.8% for the AVP group, respectively. The AVP II and VSD occluder (mainly muscular VSD occluder) seem to be more appropriate devices for medium and large size CCFs to achieve successful TCC.
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Figure 5: Adverse event rate (A) and complete occlusion rate (B) using different occlusion devices for TCC of CCFs
Notes: AVP II: Amplatzer vascular plug II; PDA: patent ductus arteriosus; VSD: ventricular septal defect; AVP: Amplatzer vascular plug.

4  Discussion

TCC of CCAFs is an appropriate alternative therapeutic option for patients with suitable anatomical features and no concomitant need for surgery. Elective closure of CCAFs in children with clinical symptoms (class I indication) or with moderate or large fistulas without clinical symptoms (class IIa indication) has been advocated to prevent late-onset complications [11]. However, due to its rarity and heterogeneity, experience with TCC of CCFs in infants and children is poorly documented, and an ideal treatment approach is not well defined. To the best of our knowledge, the present study is the largest series evaluating intermediate and long-term efficacy and safety of TCC of CCFs in an exclusively selected cohort of pediatric patients. Our results demonstrated favorable intermediate and long-term effectiveness of TCC of CCFs as well as relatively low complication rate. Furthermore, the present study was the first to demonstrate that large CCFs and giant CAAs represented a higher risk of both acute and intermediate and long-term adverse events after TCC in pediatric populations.

The present study only included pediatric patients with medium or large size CCFs who intended to undergo the TCC treatment. Medium or larger size CCFs can enlarge over time and are usually associated with proximal coronary artery dilatation signifying high shunt flow over the years, especially in pediatric patients [19]. Most of the patients (74%) in the present study were asymptomatic. For these patients, TCC was indicated for those with chamber dilation, suggesting significant left-to right shunts, or due to the existence of CAAs or giant CAAs. In some of the cases with CAAs or giant CAAs, a significant left-to-right shunt was not indicated by a small Qp/Qs value and TCC was performed mainly to prevent potential complications such as progressive dilation of conduit coronary artery, aneurysm rupture, thrombosis, coronary steal phenomenon and myocardial ischemia [15,18].

4.1 Efficacy of TCC of CCFs

In the present study, complete occlusion was achieved in 81.0% (47/58) of the patients at a median follow-up of 9.3 years, which was concordant with previously reported findings regarding complete closure rate (79%–86%) of transcatheter CCAF closure in adults, children and infants during medium or long-term follow-up [20–23].

The anatomical characteristics of CCFs and the strategy of device selection appeared to have a considerable impact on closure success in the study, as all 5 cases with significant residual shunts had large, tortuous, aneurysmal, proximal fistulas draining into the RA, and most of the fistulas were occluded by coils or AVP. Given the recent development of closure devices and techniques and improvement of clinical experience, more suitable occlusion devices such as PDA occluder, AVP II, and VSD occluder were used in the present study. Furthermore, our study demonstrated that AVP II and VSD occluder (mainly muscular VSD occluder) exhibited a relatively low adverse event rate and high complete occlusion rate compared to other devices. In addition, the favorable complete occlusion rate may have been associated with a relatively large device-to-fistula ratio with a median of 2.0 in our cases, which was similar to the data reported in prior studies [21]. Based upon these observations, we suggested that AVP II and muscular VSD occluder might be more optimal choices for moderate and large CCFs to achieve successful device closure. In addition, the device size should be 50%−100% larger than the diameter of occlusion site.

Only 1 of the patients with residual shunts underwent transcatheter reintervention to achieve complete occlusion. Interestingly, this patient experienced progressive aneurysm dilation after the second TCC, which eventually led to surgical treatment to prevent potential aneurysm rupture. The residual shunt has been demonstrated to not be associated with the risk of late complications after TCC of CCAFs [24]. Some researchers have suggested that the presence of a residual shunt may help reduce the incidence of thrombotic complications due to less blood stagnation [20]. More recently, Ponthier et al. [25] have demonstrated that reintervention of CCAFs occurred later in children, with 89% freedom from reintervention compared to 37.5% in adults at 6-year follow-up. This may help explain the low reintervention rate in the present study cohort, which consisted of infants and children. Although in a previous study by Jama et al. [26], reintervention was performed in all patients with large recanalization of fistulas (22%, 4/18), the present results indicate that the benefit of complete occlusion of residual shunts has yet to be shown. Although coronary angiography and cardiac CT scan are superior to TTE in delineating CCF morphology, unfortunately, most of the study patients only completed a follow-up TTE to define the degree of residual shunts. Since most of our patients were infants and young children, non-invasive and non-radioactive examinations such as TTE were more welcomed during the follow-up. This study limitation led to a lack of rigorous investigations of vessel remodeling and residual shunts after device closure.

4.2 Safety of TCC of CCFs

In the present study, the acute procedural success rate and the intermediate and long-term adverse event rate were 89.4% and 17.2%, respectively, suggesting a relatively high success rate and low overall morbidity for TCC of CCFs in selected pediatric patients. Notably, both the acute procedural success rate and the follow-up adverse event rate in our study were comparable to the values that have been reported in prior TCC studies with similar patient numbers [22,24]. Similar to prior studies [16–17,20,22], ischemic complications, including MI (n = 3) and coronary thrombosis (n = 1), represented one of the main risks during TCC of CCFs in our study.

Notably, large CCFs and giant CAAs represented a higher risk of acute and follow-up adverse events after TCC in the study cohort. Our results indicated that the success of TCC of CCFs and risk of complications remained dependent upon the CCF anatomy, which was in accordance with previous study findings [20,23]. Shah et al. [23] suggested that a large/giant CAF was one of the “high-risk features of CAF” for thrombotic complications. A possible explanation for this is that the larger of the fistula size, the greater the dilation of the proximal conduit coronary artery tends to have, and the higher the risk of flow stasis and thrombosis after closure [14]. Therefore, for a proximal large CAF, TCC should be performed as close to the coronary origin as possible [17,27], or be performed at both the inlet and outlet of the fistula to exclude the aneurysm in the presence of a CAA [28,29]. However, the CCF occlusion site was not a predictor of adverse events after TCC in the present study. Mechanisms contributing to the development of adverse events in these types of CCFs are still complex, and may be divided into several categories, including anatomical considerations, abrupt cessation of high volume coronary flow occurring after CCF occlusion, and underrecognized differences in procedural strategies of TCC [24].

A CCAF with a giant CAA is an extremely rare pathology, and whether TCC is beneficial in such cases remains uncertain. Although successful TCC cases of this type of fistulas have been reported [29–32], 7 patients with giant CAAs experienced adverse events in the present study cohort, suggesting that the decision to perform TCC for this type of CCFs should be made very cautiously, since CCFs with giant CAAs may be difficult to close using catheter techniques, and device closure could be associated with a relatively high incidence of complications and residual shunts.

Another important factor that affects the prognosis of TCC of CCFs is the optimal antithrombotic therapy post procedure. The antiplatelet/anticoagulation regimens in our series were just empirically administered because no standard antithrombotic therapy has been available, making a definitive recommendation difficult. Previous studies have suggested that long-term warfarin was recommended in patients with significantly dilated conduit coronary artery or residual coronary segment, and that a combination of warfarin and an antiplatelet agent was necessary in patients with a very large residual vascular structure and very high risk of flow stasis [6,17]. For patients without residual coronary dilatation after device closure, antiplatelet therapy for at least 1 year was recommended [17]. Similar to previous studies [20,23], dual antiplatelet therapy or aspirin/clopidogrel monotherapy were mainly used for at least 6 months in our study. After 6 months, in cases with thrombus formation or persistent dilation of the fistulas and the coronary arteries, dual or mono antiplatelet therapy was provided indefinitely. Although no recommendation can be given based on these observations, it makes sense that patients receive at least long-term treatment by an antiplatelet agent after TCC of CCFs.

In conclusion, in CCF cases with complex anatomical features, such as large CCFs or giant CAAs, TCC should be performed after thoroughly weighing the anticipated benefits, procedure risks, and potential adverse outcomes. Further collaborative prospective studies are necessary to assess the benefits after TCC of CCFs in pediatric patients, and long-term periodic evaluation is warranted.

5  Study Limitations

There are several limitations in the present study. First, it was a retrospective study and involved a group of selective pediatric patients from a single center, rendering the results susceptible to certain biases. Second, a follow-up coronary angiography or a cardiac CT scan was not performed in most of the study cases. Therefore, the occurrence of coronary thrombosis and the degree of residual shunts may have been underestimated due to the lack of detailed anatomical and functional evaluations of coronary arteries. Third, standard antithrombotic therapy after TCC of CCFs has not been well established, which may have had adverse effects on the follow‑up results.

6  Conclusion

TCC of CCFs in infants and children appears to be effective and is associated with a relatively low complication rate. Large CCFs and giant CAAs represent a higher risk of both acute and intermediate and long-term adverse events after TCC. Further multicenter studies are warranted to determine the optimal strategy for CCF closure in pediatric patients.
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Table 1: Baseline characteristics of patients with CCFs who underwent coronary angiography

Number of patients N=28I1

Sex

Male 42 (51.9)
Female 39 (48.1)
Patient age, yrs

Mean (SD) 4.56 (3.80)
Median (range) 3.24 (0.58-17.99)
Weight, kg

Mean (SD) 17.57 (15.36)
Median (range) 14 (6.8-64)
Concomitant congenital heart disease

None 76 (93.8)
Congenital 5(6.2)
Symptoms

None 60 (74.0)
Recurrent respiratory infection 15 (18.5)
Exertional dyspnea 2 (2.5)

Chest pain 2 (2.5)
Palpitation 2 (2.5)

Clinical signs

(Continued)
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Table 3: Patient demographics and procedural details of TCC

Patients who underwent TCC of CCFs N =66
Sex
Male 34 (51.5)

Patient age, yrs
Median (range)
Weight, kg
Median (range)
Origin site
RCA

LCA

Drainage site
RA

RV

LV

CCF type
Proximal
Distal

Aneurysm formation

CAAs
Giant CAAs

Closure approach
A-V loop or A-A loop
Retrograde arterial

Device*
Coils
ADO II
AVP
AVP 11

Domestic vascular plug

VSD occlude
ASD occlude
PDA occlude

Diameter of fistula at the occlusion site, mm

Median (range)

Diameter of occlusion device, mm

Median (range)

3.93 (0.58-17.99)

15 (6.8-64)

38 (57.6)
28 (42.4)

42 (63.64)
21 (31.82)
3 (4.54)

55 (83.3)
11 (16.7)

40 (60.6)
17 (25.7)

53 (80.3)
13 (19.7)

9 (13.6)
4 (6.1)

7 (10.6)
15 (22.7)
3 (4.5)
11 (16.7)
1 (1.5)
18 (27.3)

3.9 (2.0-7.0)

8 (4-16)

(Continued)
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Table 4: Clinical features of patients with and without adverse events

Patients with adverse events Patients without adverse events p

(N=13) (N=53)
Age, yrs 4.02 (0.69-10.65) 3.84 (0.58-17.99) 0.705
Gender
Male 7 (53.8) 27 (50.9) 1.000
Female 6 (46.2) 26 (49.1)
Weight, kg 15 (7-25) 15 (6.8-64) 0.141
Fistula size 0.005*
Large 11 (84.6) 21 (39.6)
Medium 2 (15.4) 32 (60.4)
CAA 11 (84.6) 29 (54.7) 0.061
Giant CAA 7 (53.8) 10 (18.9) 0.029%*
Fistula type 0.678
Proximal 12 (92.3) 43 (81.1)
Distal 1 (7.7) 10 (18.9)
Fistula origin 0.532
RCA 9 (69.2) 29 (54.7)
LCA 4 (30.8) 24 (45.3)
Drainage site 1.000
RA 9 (69.2) 33 (62.3)
RV 4 (30.8) 17 (32.1)
LV 0 3 (5.6)
Occlusion site 0.268
Proximal site 7 (53.8) 16 (30.2)
Distal site 6 (46.2) 35 (66.0)
Both sites 0 2 (3.8)
PAMP, mmHg 19 (13-47) 17 (10-36) 0.087
Qp/Qs 2.0 (1.4-4.9) 1.5 (1.1-4.1) 0.157

Notes: Values are presented as n (%) or median (range). CAA: coronary artery aneurysm; RCA: right coronary artery; LCA: left coronary artery; RA:
right atrium: RV: right ventricle: LV: left ventricle: PAMP: mean nulmonarv arterv nressure: On/Os: nulmonarv to svstemic blood flow ratio.
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Table 2: CCF characteristics by coronary angiography

Number of patients who underwent coronary N=28l1
angiography

Origin site

RCA 50 (61.73)
LCA 30 (37.04)
LMCA 16 (19.76)
LAD 7 (8.64)
LCX 7 (8.64)
Multiple origins 1 (1.23)
Drainage site

RA 44 (54.3)
RV 32 (39.5)
LV 5(6.2)
CCF type

Proximal 61 (75.3)

(Continued)
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Supplementary Table 1: Details of patients with acute or follow-up adverse events

Patient Age Weight Origin Drainage CCF CCF CAA Occlusion Device  Complications
No. (yrs) (kg) type size site
1 1.25 12 RCA RA Proximal Large  Yes, Proximal 5/6 mm  Acute inferior MI secondary
giant ADOII  to complete RCA occlusion
during procedure
2 0.58 7 RCA RA Proximal Large  Yes Proximal 12/ Died because of refractory
14 PDA  bradycardia and hypotension
occluder at the same day of procedure
3 3.12 16 LCX RA Proximal Large  Yes Distal 7 mm Device dislodgement into the
muscular left pulmonary artery the first
VSD day after procedure
occluder
4 1.08 9.5 RCA RV Distal Medium No  Distal 10mm  Acute inferior MI
AVPII
5 553 11.5 LAD RV Proximal Medium No  Distal 6/8 PDA Acute inferior MI; severe
occluder aortic regurgitation due to
aortic perforation since 1-year
follow-up and needed
surgical repair
6 1.92 9 LCX RA Proximal Large  Yes, Distal 6.5-5, Large residual shunt at 2-year
giant 6.5-5, follow-up and underwent
5.5- reintervention; significant
5 coil aneurysmal dilation 1 year
loops after the second intervention
and needed surgical repair
7 4.0 15 LMCA RA Proximal Large  Yes, Proximal 16mm  Large residual shunt at 3-
giant AVP month follow-up
8 225 10 RCA RA Proximal Large  Yes, Proximal 14mm  Large residual shunt at 3-
giant AVP month follow-up
9 6.8 20 RCA RA Proximal Large  Yes, Proximal 6 mm Large residual shunt at 3-
giant ASD month follow-up
occluder
10 8.84 22 RCA RA Proximal Large  Yes, Proximal 12mm  Large residual shunt at 1-year
giant domestic follow-up
vascular
plug
11 10.67 25 RCA RV Proximal Large  Yes, Distal 14/16 Coronary thrombosis
giant mm PDA proximal to the occlusion site
occluder
12 72 205 RCA RA Proximal Large  Yes Distal 10mm  New-onset tricuspid prolapse
AVP and severe regurgitation
13 4.08 16 RCA RV Proximal Large  Yes Proximal 6/8mm  New-onset tricuspid prolapse
PDA and severe regurgitation
occluder

Notes: CCF: coronary cameral fistula; CAA: coronary artery aneurysm; Qp/Qs: pulmonary to systemic blood flow ratio; RCA: right coronary artery;
LMCA: left main coronary artery; LCX: left circumflex coronary artery; LAD: left anterior descending coronary artery; RA:right atrium; RV: right
ventricle; A-V loop: arterio-venous loop; ADO II: Amplatzer duct occluder II; AVP: Amplatzer vascular plug; AVP II. Amplatzer vascular plug II;
VSD: ventricular sental defect: ASD: atrial sental defect: PDA: natent ductus arteriosus: MI: mvocardial infarction.
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