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Editorial on the Research Topic
From interventional pearls to pioneering technologies in transcatheter treatment of congenital heart defects




Introduction

In the rapidly evolving field of congenital and pediatric cardiology, we stand at the threshold of transformative advancements. Over recent decades, groundbreaking progress in transcatheter interventions and the integration of sophisticated 3D technologies have revolutionized the treatment of congenital heart defects (CHDs). Our latest Research Topic, “From Interventional Pearls to Pioneering Technologies in Transcatheter Treatment of CHDs,” delves into this innovative landscape, exploring the most recent breakthroughs and practical insights from the forefront of pediatric interventional cardiology.

This collection, featuring contributions from world-renowned experts and emerging thought leaders, highlights a wide spectrum of new devices, advanced imaging techniques, and innovative procedural strategies. From the potential and challenges of absorbable metal stents (AMS) to the precision of holography-guided valve implantation, and from the benefits of multimodality image fusion to novel approaches in managing complex CHDs, these 21 insightful manuscripts provide a comprehensive view of contemporary advancements. Each study brings a unique perspective, whether by pioneering new devices, optimizing existing technologies, or refining procedural techniques.

The insights presented here are poised to significantly enhance clinical practice and patient outcomes, making it crucial for the interventional pediatric cardiology community to stay informed of these developments. As we explore these pioneering technologies and interventional pearls, this editorial seeks to highlight the essential updates and emerging trends that are reshaping the treatment paradigms for CHDs. Join us in navigating the forefront of innovation, as we illuminate the path toward optimal clinical and procedural outcomes in this ever-dynamic field.



Advances and challenges in pediatric cardiac stenting and occlusion devices


AMS in pediatric cardiology

In their review, McLennan et al. explore the development and clinical application of AMS in pediatric cardiology, particularly for CHD. Although AMS technology has advanced, it has yet to achieve the desired degradation benchmarks, with current commercial devices underperforming in long-term applications. The review examines various materials used in AMS, such as magnesium, zinc, and iron, noting their differing mechanical strengths and degradation rates. Despite the potential benefits of AMS, significant challenges remain in material design and clinical application. The review emphasizes ongoing efforts to refine AMS technology for improved treatment of vascular anomalies in pediatric patients.



Bilateral asymmetric single-rivet occluder for patent foramen ovale (PFO) closure with reserved interatrial septal puncture area

Wei et al. successfully created a PFO model in 6 pigs using high-pressure balloon dilation, achieving an average unclosed PFO diameter of 3.56 ± 0.25 mm. They then employed a novel bilateral asymmetric single-rivet occluder to close the PFO, resulting in complete closure in all pigs without residual shunting, as verified by transesophageal echocardiography. After 3 months, the occluder facilitated successful interatrial septal puncture procedures through a designated area. Histological analysis post-euthanasia showed intact devices with endothelial coverage and no nitinol wire fractures. The device demonstrated excellent closure efficacy, biocompatibility, and puncturability, indicating its promising potential for future catheter-based interventions on the interatrial septum.



Occlutech atrial flow regulator (AFR) for CHD

Butera et al. evaluated the Occlutech AFR in 40 patients with CHD, pulmonary hypertension (PH), or cardiomyopathy, including children. The median age at implantation was 58.5 months, and the median weight was 17 kg. The implantation success rate was 100%, though three cases of device thrombosis were noted. Two patients with dilated cardiomyopathy on ECMO died during hospitalization. At a median follow-up of 330 days, 92.5% of patients were alive, with 20 showing improvement in the NYHA class. The study suggests that AFR implantation is a promising short-term treatment for CHD, severe PH, and cardiomyopathy in children.



Left pulmonary artery (LPA) stenting and its impact on lung development

Callegari et al. evaluated the effects of LPA stenting on bronchial size, pulmonary volumes, and lung function in 49 patients with single ventricle physiology, including 17 who received LPA stents. The study found that patients with LPA stents had a significantly larger right-to-left bronchus area ratio (p < 0.001) but also showed a trend toward deformation of the left main bronchus (LMB) and reduced left lung volume. Early stent placement was linked to smaller LMB size, slightly smaller left lung volumes, and a higher rate of abnormal spirometry results. These findings suggest that early LPA stenting might adversely affect lung development, although it is uncertain whether these effects are due to the stent or pre-existing conditions.



Coarctation (CoA) stenting in very low birth weight infants

Mini et al. demonstrated the feasibility of CoA stenting in very low birth weight (VLWB) and extremely low birth weight (ELWB) preterm infants. The study included successful interventions in three infants with weights of 1,350 g, 1,200 g, and 600 g. Performed between 2020 and 2022, the procedures used the femoral artery for access and were guided by transthoracic echocardiography without the use of contrast agents, which was particularly advantageous for patients with renal failure. All interventions were free of complications, with preserved left ventricular function and no need for stent re-intervention. Two patients had their stents removed successfully after 73 and 110 days, respectively, while the third is pending further surgery. This technique provides a safe and effective bridge to future surgical interventions in VLWB and ELWB infants.



Right ventricular outflow tract (RVOT) stenting in Fallot physiology

Prakoso et al. evaluated the efficacy of RVOT stenting in 32 patients with unrepaired Fallot physiology, including 10 adults and 22 children. Post-procedure, there was a significant improvement in patients’ oxygen saturation, rising from 58.56% to 91.03% (p < 0.001), and left ventricular ejection fraction, which increased from 64.00% to 75.09% (p = 0.001). Adults received longer stents (43.60 mm) compared to children (31.77 mm). The median follow-up period was 13.5 months, with the median time to total repair being 3 months. The study concluded that RVOT stenting is both safe and effective, facilitating somatic growth and pulmonary artery rehabilitation before total repair, with no reported intraprocedural deaths.




Innovative technologies and techniques in cardiac interventions


Holography-guided Venus P-valve implantation

D’Aiello et al. present a case series exploring the use of holography-guided procedural planning for Venus P-valve implantation in patients with LPA stents. Among 17 patients scheduled for the procedure between January and October 2023, 16 (94%) successfully underwent implantation, including three with LPA stents. The integration of 3D holographic models, based on pre-operative CT scans, allowed for precise procedural planning, achieving a 100% success rate with no complications. Follow-up results showed favorable hemodynamic outcomes in patients aged 20-63. This study underscores the effectiveness of employing advanced imaging techniques, such as 3D holography, in managing anatomically complex cases with Venus P-valve implantation.



3D-printed models and custom-made mock loops for optimizing percutaneous pulmonary valve implantation (PPVI)

Odemis et al. investigated the use of custom-modified cardiovascular mock loops with patient-specific 3D-printed pulmonary artery models to refine percutaneous PPVI for patients with severe pulmonary regurgitation following Fallot repair. They conducted 39 experiments using five different patient geometries and valve sizes ranging from 26 to 32 mm, across cardiac outputs of 3, 4, and 5 L/min. The study found that the pressure gradients and regurgitation fractions of the tested valves were closely aligned with those observed in actual procedures. Notably, different valve sizes exhibited improved hemodynamic performance in two patients compared to the valves used in their real procedures, underscoring the potential of this approach to enhance PPVI outcomes.



Multimodality image fusion in cardiac catheterization

Buytaert et al. compared conventional biplane angiography with multimodality image fusion using 2D-3D registration (MMIF2D−3D) during cardiac catheterizations for CHD patients. The study found that MMIF2D−3D significantly reduced lateral plane fluoroscopy time by 69.6%, which led to notable reductions in radiation exposure: a 43.9% decrease in air kerma normalized by body weight and a 39.3% decrease in dose area product normalized by body weight. Although there was a reduction in contrast volume normalized by body weight, this change was not statistically significant.



Bovine pulmonary visceral pleura in bioprosthetic heart valves

Lu et al. investigated bovine pulmonary visceral pleura (PVP) as a potential material for bioprosthetic heart valve cusps. PVP valves, treated with 0.625% glutaraldehyde and mounted on nitinol stents, underwent rigorous mechanical testing, simulating 100 million cycles, and were then implanted in six pigs. The valves showed no considerable damage or tears during testing. In vivo, they performed well, with open cusps, and no signs of thrombosis, calcification, inflammation, or fibrosis were observed over four months. Histological analysis confirmed the preservation of elastin and collagen fibers in the PVP, with no calcific deposits. These results indicate that PVP bioprosthetic valves demonstrate strong mechanical durability and biocompatibility, suggesting their potential for long-term use.



Microvascular plugs (MVPs) as pulmonary flow restrictors (PFRs)

Haddad et al. investigated the use of MVPs as endoluminal PFRs for CHDs in infants. The study involved implanting 28 PFRs (7 MVP-5Q, 12 MVP-7Q, 9 MVP-9Q) in 14 patients with a median age of 1.6 months and a median weight of 3.1 kg. The procedure resulted in a significant reduction in oxygen saturation and Qp/Qs ratio. Postoperative recovery was generally favorable, with all patients discharged from the ICU after a median of 3.5 days. Out of the 28 PFRs, 14 (50%) were successfully explanted after a median of 4.3 months. However, there were three fatalities due to non-cardiac causes. Overall, PFRs demonstrated effectiveness in managing pulmonary over-circulation in CHDs with positive outcomes and low complication rates.



Fast atrial sheath traction (FAST) technique for atrial septal defect (ASD) closure

Haddad et al. assessed the effectiveness of the FAST technique for transcatheter closure of ASDs in 17 patients, predominantly male (64.7%), with a median age of 9.8 years and a median weight of 34 kg. This novel approach was utilized for ASDs with absent aortic rims or ASD size-to-body weight ratios greater than 0.9. The FAST technique involved a median ASD size of 19 mm and a device size of 22 mm. The procedure was performed with a median fluoroscopy time of 4.1 min and resulted in no complications. At 13 months of follow-up, all patients exhibited complete clinical recovery and full shunt closure, indicating that the FAST technique enhances procedural outcomes by simplifying implantation and minimizing risks.




Case studies and unique approaches in cardiac procedures


Transcatheter intervention for Fontan circulation complications

Schaffner et al. describe a novel transcatheter intervention for a 39-month-old with failing Fontan circulation and plastic bronchitis. The procedure modifies the traditional innominate vein turn-down method by placing a covered stent (Viabahn 7/19 mm) at the proximal end of a modified fenestration, linking the innominate vein to the right atrial appendage, and using an Amplatzer Duct Occluder (ADO) I 10/8 mm to close the distal innominate vein and relieve thoracic duct (TD) pressure. While not originally designed for TD decompression, this approach provides a safer, non-surgical alternative. Despite initial complications that required emergency resuscitation, notable hemodynamic and respiratory improvements were achieved. Long-term follow-up is necessary to confirm its effectiveness and durability.



Complex device retrieval techniques

Xiang et al. detail the challenging retrieval of an embolized Amplatzer septal occluder from the descending thoracic aortic isthmus. Although the percutaneous retrieval using an Amplatz Goose Neck snare was successful, the procedure faced significant hurdles. The device's angulation in the aorta complicated capture, requiring precise maneuvering. Additional challenges included the need for a larger replacement device and unexpected intraoperative cardiac arrest. These difficulties highlight the need for advanced skills and meticulous planning in percutaneous retrieval techniques to manage complex device migrations and minimize risks.



Thoracic endovascular aortic repair (TEVAR) for complex patent ductus arteriosus (PDA) closure

Jenab et al. introduce an innovative method for managing large, complex PDA in adults using TEVAR with a non-touch exclusion technique. They treated a 27-year-old male with a 20.2 mm PDA and severe pulmonary symptoms using a custom Zenith Alpha Thoracic Endovascular Graft. The procedure, performed under conscious sedation, involved deploying the graft in zone 2, which covered the left subclavian artery and achieved complete PDA closure. Post-surgical imaging confirmed no endoleaks and successful PDA occlusion. This technique offers a promising, less invasive alternative to traditional PDA closure methods, particularly for high-risk patients with complex anatomies.




Comparative outcomes and long-term results in pediatric cardiac interventions


Comparison of percutaneous vs. perventricular device closures for perimembranous ventricular septal defects (PmVSDs)

Huang et al. compared percutaneous (PCP) and perventricular (PVP) ultrasound-guided device closures for PmVSD in 205 patients. Both techniques showed comparable success rates (PCP 88.4%, PVP 92.5% intention-to-treat; PCP 88.4%, PVP 89.3% as-treated), with 5 of 8 percutaneous failures successfully managed by shifting to perventricular closure. PCP patients had a smaller median defect diameter (4 mm vs. 5.2 mm in PVP) and experienced significantly shorter ventilation time, drainage volume, and hospital stay (all p < 0.001). PCP had no severe adverse events, while PVP had a 3.0% rate of such events. The study suggests that PCP may offer quicker recovery and could be preferred for certain patients.



ADO II vs. Lifetech Konar-MF VSD occluder (MFO) for PmVSD closure

Haddad et al. and Yildiz et al. investigated the outcomes of ADOII and MFO for pmVSD closures in children. Haddad et al. studied 77 children (mean age 3.7 ± 3.1 years, mean weight 13.3 ± 7.1 kg), finding a 100% implantation success rate with ADOII (used in 44 patients) vs. 90.9% with MFO (used in 33 patients). MFO was associated with higher complication rates, including two embolizations and one grade-2 aortic regurgitation. At 24 months, freedom from residual shunt was 90.62% for MFO and 89.61% for ADOII. Conversely, Yildiz et al. focused on 52 children under 10 kg, comparing outcomes with ADOII (22 children, median age 11 months, weight 7.4 kg) and MFO (30 children, median age 11 months, weight 8 kg). ADOII was used for smaller defects (left ventricular diameter 4.6 mm, right ventricular diameter 3.5 mm), while MFO addressed larger defects (left ventricular diameter 7 mm, right ventricular diameter 5 mm). MFO demonstrated shorter procedural and fluoroscopy times (p < 0.05) and showed advantages in handling larger defects and smaller subaortic rims. Both studies indicate that ADOII is better for smaller defects with fewer complications, while MFO is preferable for larger defects despite its higher complication rate.



Risk factors for heart block post-PmVSD closure

Jiang et al. analyzed 1,076 pediatric patients who underwent transcatheter device closure for pmVSD between June 2002 and June 2020. Postprocedural heart block occurred in 234 (21.8%) patients, with right bundle branch block being the most common (74.8%), followed by left bundle branch block (16.2%) and atrioventricular block (5.6%). Of the five patients with complete atrioventricular block, three required permanent pacemakers, one recovered normal rhythm, and one experienced sudden cardiac death. Most heart blocks (97.9%) developed within a week. Risk factors included thin-waist occluders (OR: 1.759) and oversized devices (OR: 1.809). However, positioning the left disk within aneurysmal tissue reduced the risk (OR: 0.568). Notably, 138 patients returned to normal cardiac conduction.



Midterm outcomes of transcatheter PDA closure with Amplatzer devices

Bruckheimer et al. conducted a retrospective review of 762 patients (median age 2.6 years, median weight 13 kg) who underwent transcatheter PDA closure with Amplatzer devices from January 2008 to April 2022. Overall success was achieved in 758 patients (99.5%). The device distribution included 296 (38.8%) ADOII, 418 (54.8%) Piccolo, and 44 (5.8%) Amplatzer vascular plug (AVP) II. The ADOII group had smaller patients (median weight 15.8 kg) with larger PDA diameters (2.3 mm) compared to the Piccolo group (20.5 kg, 1.9 mm). Closure rates at 6 months were similar across devices (ADOII 99.6%, Piccolo 99.7%, AVPII 100%). Four embolizations occurred (two ADOII, two Piccolo), with minor stenosis rates of 1% for ADOII and 0.2% for Piccolo. Severe stenosis rates were 0.3% for ADOII and 2.2% for AVPII. The Piccolo device was associated with a lower tendency for LPA stenosis.



Modified Blalock-Taussig shunts (MBTs) vs. ductal stenting (DS)

Mini et al. conducted a retrospective comparison of MBTs and DS in 127 patients with duct-dependent pulmonary circulation. Both techniques achieved similar primary outcomes—progression to planned surgery without complications—with rates of 77.5% for DS and 75% for MBTs. However, MBTs were associated with higher rates of hospital deaths, ECMO use, and major complications (ORs: 5, 0.8, and 4, respectively; P < 0.05). In patients with a ductal curvature index (DCI) > 0.45, MBTs yielded better outcomes (64%) compared to DS (20%). Conversely, DS was more effective in patients with DCI <0.45, pulmonary atresia, and intact septum with right ventricle-dependent coronary circulation, achieving successful outcomes in 74.1% of cases, while MBTs had poorer outcomes. MBTs are beneficial for patients with tortuous ducts, whereas DS is preferable in other scenarios.




Conclusions and future directions

In this editorial, we have reviewed 21 manuscripts that highlight a range of innovative approaches and technologies in pediatric cardiology. These studies demonstrate significant advancements in device-based interventions and imaging techniques, but they also reveal ongoing challenges. From AMS and holography-guided procedures to novel device closures and patient-specific modeling, the field is making progress in enhancing outcomes and reducing complications in CHD management. However, critical issues remain. AMS, despite their potential, still face limitations in material design and long-term performance. Similarly, advanced imaging techniques like 3D holography and multimodality image fusion require further refinement to maximize clinical impact. The variability in outcomes with different devices and techniques, such as in pmVSD closures, underscores the need for personalized approaches based on patient-specific factors.

Looking ahead, the future of pediatric cardiology will depend on optimizing device materials and design, while incorporating technologies like 3D printing, holography-guided procedures, and biocompatible materials that adapt to the growing pediatric heart. Enhanced imaging must evolve further, integrating real-time data for improved procedural accuracy. Larger, multi-center studies are crucial to understanding long-term outcomes and refining clinical guidelines, particularly regarding the impact of these innovations on children's growth, development, and quality of life. Collaboration among engineers, clinicians, and researchers will be key to overcoming current limitations and driving the next wave of innovations. Developing tailored interventions for each patient's unique anatomy and physiology will be essential, ensuring that modern technologies translate into meaningful improvements in clinical practice and ultimately enhance patient care in pediatric cardiology.
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Background: As no data were available on the comparison of outcomes between modified Blalock-Taussig shunts (MBTs) vs. duct-stenting (DS) in patients with pulmonary atresia (PA) and an increased ductal tortuosity and in patients with pulmonary atresia and intact septum (PA-IVS) with right ventricle-dependent coronary circulation (RVDCC), we aimed to perform a single-center retrospective evaluation.

Methods: Between 2010 and 2019, 127 patients with duct-dependent pulmonary circulation (DDPC) underwent either MBTs (without additional repairs) (n = 56) or DS (n = 71). The primary endpoint was defined as arriving at the next planned surgery (Glenn or biventricular repair) avoiding one of the following: (1) unplanned surgery or unplanned perforation of the pulmonary valve (PVP) with a stent, (2) procedure-related permanent complications, and (3) death. Two subgroups were considered: (1) patients who had a ductal curvature index (DCI) >0.45 (n = 32) and (2) patients with PA-IVS and RVDCC (n = 13). Ductal curvature index (DCI) was measured in all the patients to assess the tortuosity of the ducts. Patients with DCI >0.45 were considered as being in a high-risk group for the duct-stenting; a previous study showed that the patients with a DCI < 0.45 had a better outcome when compared with those with a DCI> 0.45.

Results: The primary outcome was achieved equally in the two groups (77.5% in DS, 75% in MBTs). Hospital deaths, need for ECMO, and the occurrence of major complications was more frequent in the group with MBTs with an Odds Ratio (OR) of 5, 0.8, and 4, respectively, and a 95% Confidence Interval (CI) 1.1–22.6, 0.7–0.9, and 1.6–10.3, respectively, and a P-value < 0.05. For the two subgroups, the primary outcome was achieved in 64% of patients with a DCI >0.45 who received MBTs compared to 20% in those with DS (OR 3.5, 95% CI 1.2–10, P 0.005). While 74.1% of the patients with PA-IVS and RVDCC after DS had achieved the primary outcome, all patients with MBTs had an impaired outcome (OR 3.5, 95%CI 1–11.2, P 0.004).

Conclusion: MBTs showed a better outcome in patients with tortuous ducts compared to DS. DS seems to be superior in patients with DDPC with DCI <0.45 and patients with PA-IVS with RVDCC.

Keywords: duct stenting, mBT shunt, sinusoid blood flow, duct-dependent pulmonary circulation, ductal curvature index, tortuosity index, pulmonary atresia (PA)


INTRODUCTION

In patients with pulmonary atresia (PA) and a duct-dependent pulmonary circulation maintaining pulmonary blood flow may be achieved either by the surgical creation of a modified Blalock Taussig shunt or the percutaneous ductal stenting. Although surgical techniques have advanced in recent years (1), achieving a biventricular repair with DDPC is still challenging in the neonatal period (2–5). The efficacy of DS as an alternative to MBTs has been documented in multiple studies (6, 7). The mortality rate, need for ECMO, and procedure-related complications were reported to be higher in the MBTs group compared to the DS group due to post-operative hemodynamic instability (8–10). Thus, in patients with PA and DDPC, the DS has become the preferred method of choice in some centers. However, no study has compared the outcome between the two procedures in patients with highly tortuous ducts in which the DS is challenging and the outcome can become inadequate. In an earlier study from 2021, (11) we were able to show that the patients with a ductus curvature index (DCI) above 0.45 belong to a high-risk group for proper stent placement, which resulted in inadequate palliation to the next planned operation. Data on the outcome of this high-risk group with MBTs is not published yet. So, we focused on this group as well as on the comparable complex group of the patients with PA and an intact ventricular septum with a coronary sinusoid to identify the preferable palliative procedure in these two groups.



PATIENTS AND METHODS

We performed a single-center retrospective cohort analysis. All patients with PA and DDPC undergoing either DS (n = 71) or MBTs (without additional repair n = 56) between 2010 and 2019 were recruited and the outcome between DS and MBTs were compared. To evaluate the severity of ducts-tortuosity the ductal curvature index (DCI) was measured in all patients who received either diagnostic or interventional heart catheterization (n = 88). DCI was measured using the following formula adopted from a previous study (8): DCI = L2-L1/L2 (L1 represents the straight short distance between duct origin from the aorta and duct insertion onto pulmonary arteries, L2 represents the entire length of the duct between the aortic origin and the insertion of the duct onto PA.

Based on our previous study published in 2021 (9) high-risk patients for stenting were defined as patients having DCI equal or higher than 0.45.

Additionally, two subgroups were established to study more specifically and for the first time the outcome between DS and MBTs in special cases. The first subgroup includes the patients who belong to the high-risk group for stenting (9) with DCI >0.45 (n = 32) and the second includes the patients who have PA-IVS and coronary sinusoids (n = 13). All patients with an additional pulmonary blood supply like patients with PA and major aorta pulmonary collateral Arteries (MAPCAs) were excluded from this study, as well as patients with pulmonary stenosis who have significant antegrade pulmonary perfusion. All patients who received MBTs with additional repair were also excluded from the analysis to focus on the real impact of MBTs and DS on the outcome.

The primary outcome of this study is defined as the successful bridging of patients, who received either DS or MBTs, to the next planned procedure (Glenn or biventricular repair) with freedom from the following: (1) unplanned surgery or perforation of the pulmonary valve (PVP) with a stent, (2) permanent procedure-related complications, and (3) death.

The secondary outcome is defined as the need for ECMO, the occurrence of procedure-related complications, the need for pulmonary artery plasty (PA-plasty) at the time of the next surgery, and the need for additional stent-implantations into the stented duct or into the MBTs.

Additional comparison between the two procedures was performed for the two subgroups (patients with DCI >0.45 and patients with PA-IVS and coronary sinusoid). Hospital deaths, major procedure-related complications, the need for ECMO, and the need for PA-plasty at the time of surgery was documented. Total lower lobe index (TLLI), Nakata and McGoon index were used as pulmonary parameters to estimate the growth of pulmonary arteries at the closest time before the next planned procedure.


Statistical Analysis

All statistical analyses were performed using SPSS version 22 (IBM). Continuous variables were reported as means ± standard deviations (SD) and categorical variables as count (percentage). The non-paired Student's t-test was used to compare the means of continuous variables between the two different categories, while paired t-test was applied for comparing the means of the pulmonary parameter before and after the two procedures for the whole cohort. The Chi-square test was used for comparing categorical variables. Odds ratios (ORs) ± 95% confidence intervals (95% CI) for the following parameter were calculated to assess any differences between DS and MBTs: hospital deaths, procedure-related complications, need for ECMO, the need for unplanned surgery/PVP with a stent, the need for PA-Plasty, the need for additional stent implantation in DS or MBTs, and the outcome. A P-value of 0.05 was set as the threshold for clinical significance. Kaplan-Meier survival curve of the two different procedures was performed.



Ethical Statement

The study complies with the declaration of Helsinki (as revised in 2013). Owing to a purely retrospective study design, using available institutional clinical records, with an absence of impact on the management of the patients included and completely anonymous data presentation, informed consent of the subjects (or their parents) and ethical approval have not been obtained.




RESULTS

A total of 127 patients with truly DDPC underwent either DS (71 patients) or MBTs (56 patients). The stenting was performed retrograde in 59 patients and antegrade in 12. At the time of DS mean weight was 3.3 kg (SD 0.68) with a range of 3.2 (2–5 kg). The Mean Age was 18 days (SD 23.18), (range 1–120 days). The ductal curvature index (DCI) was higher than 0.45 in 15 patients with DS. At surgical creation of MBTs mean weight was 3.6 kg, SD 1,1 (range 2.1–7.4 kg), and the mean age was 30.3 days with a SD of 34.8 days (range 1–155 days).

The size of MBTs was 4 mm in nine patients and 3.5 mm in the rest of the patients.


Mortality and Complications

No intervention or operation-related mortality was reported during the two procedures. About three hospital deaths were reported in three patients (4.22%) 1, 7, and 47 days after DS compared to eight hospital deaths 1, 2, 10, 11, 14, 25, 30, and 39 days after MBTs. Two (2.8%) of hospital deaths after DS were DS-related death, and the third person died due to problems related to pre-maturity. All hospital deaths after MBTs (14.2%) were complication-related deaths after MBTs.

There were five major complications associated with DS compared to 15 associated with MBTs (Table 1). The DS-related complications were stent thrombosis in four and vessel damage with severe neurologic complications in one patient. The MBTs-related complications were shunt thrombosis in six patients, necrotic enterocolitis (NEC) in one patient, renal failure with NEC and intracranial hemorrhage in one patient, pericardial tamponade with a need for ECMO in one patient, ventricular tachycardia with secondary decompensation and need for ECMO in two patients, and desaturation and low cardiac output with a need for ECMO in four patients.


Table 1. A summarized overview of diagnoses, complications, and outcomes in this cohort study.
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Primary and Secondary Outcome Results

The primary outcome was achieved in 54 patients undergoing DS compared to 42 patients undergoing MBTs. The need for the ECMO in patients with MBTs was observed in nine while there was no need for ECMO in the DS group. Unplanned surgery or PVP and RVOT-stent had to be performed in 13 patients with DS and in 9 patients with MBTs. PA-plasty at the next planned surgery (Glenn or repair) was necessary in 18 patients who received DS compared to 8 for those with MBTs. The rate of unplanned stent implantation was 10 in the MBTs group compared with 6 in the DS group. The measured pulmonary parameters showed a significant increase in all patients of the two groups in whom the next planned procedure was achieved. Nakata index improved from a mean of 171 before to 286mm2/m2 after stenting and to 270 mm2/m2 after MBTs, McGoon index from 1.5 to 2.7 after the DS compared to 2 after MBTs and TLLI from 90 to 169 mm2/m2 after the DS compared to 191 mm2/m2 after MBTs.



High Ductal Curvature Index (DCI >0.45) and Outcome

A total of 32 patients with true DDPC and a DCI of more than 0.45 underwent cardiac catheterization. DS was performed in 15 patients (Table 2). About eight of these patients needed emergency MBTs due to desaturation or due to severe reintervention-related complications (Stent thrombosis n = 5, stent dislocation1, severe obstruction 2). The patients (n = 17), who received catheterization without intervention, were referred to surgery for surgical creation of MBTs due to increased tortuosity (DCI >0.45). MBTs were established in 25 patients (8 of them underwent DS). The primary outcome was achieved in 16 patients receiving MBTs compared to 1 in the DS group. Implementation of an ECMO was necessary for four patients in the MBTs group (due to hemodynamic instability in two and shunt thrombosis in two) and none in the DS group.


Table 2. DS vs MBTs in patients with ductal curvature index >0.45.
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PA-IVS With RVDCC and Outcome

A total of five patients undergoing DS have completed the primary outcome while all (n = 6) patients in MBTs had impaired outcomes (Table 3). Of these two patients with DS needed MBTs to improve the pulmonary perfusion and one needed an unplanned Glenn anastomosis. The hospital deaths tallied three with MBTs and one in the DS group. The ECMO support was necessary for three patients with MBTs, while no ECMO was reported in the patients with DS. The major complications were related to DS in two and MBTs (low cardiac output with a need for ECMO in three and thrombosis in the right pulmonary artery with pericardial tamponade in 1) in four patients.


Table 3. DS vs. MBTs in patients with PA-IVS with coronary sinusoids.
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DISCUSSION

All published comparisons between MBTs and DS were performed regardless of the complexity of ductal morphology (10–13). In a previous study published in 2021 (9), the results of our center showed that the patients with an increased ductal tortuosity and ductal curvature index (equal to or more than 0.45) have to be classified as the high-risk patients for duct stenting. The primary outcome in these patients was achieved in only 20% of them. However, the outcome in the patients from the same group who underwent MBTs is still unknown and the preferable palliative approach for this group is still controversial. In the current era, we have chosen first to establish a general comparison between the two procedures (DS and MBTs) regardless of the ductal morphology in the DS cohort and, secondly, to compare the outcome, more specifically in the two high-risk groups with PA and DDPC. The first group includes the patients with a high DCI >0.45, and the second includes patients with PA-IVC and coronary sinusoids in which the best palliative strategy seems to be controversial. For reasons of consistency, we have only included patients with a single lung supply (shunt or stent) in the analysis without concomitant additional repairs.


General Comparison Between MBTs and DS

The primary outcome of this study was achieved equally in the two procedure groups (77% in DS and 75% in MBTs), and no significant difference was observed. The survival analysis demonstrated no dissociation between the two procedures (Figure 1). The hospital deaths were dominated by patients who underwent MBTs (14.2%) compared to only 2.8% in the DS group (P-value 0.017). The same observations were documented in previous studies, which compared the two palliative strategies (11, 14). The high mortality rate in the MBTs group largely results from hemodynamic instability associated with diastolic run-off through the shunt and coronary artery steal (11), this phenomenon was observed in 75% of hospital deaths, while 25% were related to shunt occlusion. It is also worth noting that all patients who died following operations were on ECMO. The need for unplanned reoperation showed no significant differences between the two groups. The unplanned surgery in the DS group was required to treat desaturation related to stent failure or secondary to failure of ductal recanalization after acute ductal occlusion during the intervention. The unplanned surgeries in the MBTs group had to be performed either to treat a hemodynamic significantly pulmonary overload using shunt clips or to improve the saturation and the development of the pulmonary arteries by the creation of a large shunt (5 mm).


[image: Figure 1]
FIGURE 1. Kaplan-Meier curve (DS vs. MBTs). The two procedures showed the same decay over the whole population while reaching the primary endpoint. X-axis time since procedures is indicated in days.


The major complications and need for ECMO were observed pre-dominantly in MBTs due to post-operative hemodynamic instability, shunt thrombosis, ventricular tachycardia, pericardial effusion, multiorgan failure related to a low cardiac output, and neurologic complications (intracranial bleeding and seizures). In contrast, the major complications observed in the DS groups were acute in-stent-thrombosis, stent dislocation, and vessel damage with the secondary severe neurologic complication. Alsagheir et al. (14) showed that DS demonstrates lower mortality and a lower risk of procedural complications. This observation is in agreement with the results of the present study.

The higher number of hospital deaths, complications, and need for ECMO in MBTs have made DS in many centers around the world the preferable palliative strategy in patients with DDPC. Contrary to the results of the previous studies, the current results showed that the need for PA-plasty was higher in the DS group. This can be explained by the highly tortuous ducts associated with a resulting functional pulmonary stenosis in our DS cohort (9).



MBTs vs. DS in High-Risk Patients for Stenting (DCI >0.45)

Although 64% of the patients in the MBTs group have achieved the primary outcome compared to only 20% in the DS group; the mortality and the need for ECMO in MBTs remained dominant compared to DS in this high-risk group. The survival analysis in Figure 2 demonstrates a significant difference between the two groups. DS seems inappropriate to bridge these patients to the next planned surgery without the need for additional operation.


[image: Figure 2]
FIGURE 2. Kaplan–Meier curve (DS vs. MBTs in ducts with ductal curvature index (DCI) >0.45). Compared with DS-group with DCI >0.45 which showed very low survival, patients with a DCI >0.45 underwent MBTs and had much better survival rates with the majority reaching their next planned surgery. Time since procedures is indicated in days.


It is important to note that a significant portion of hospital deaths in the MBTs group (57%) happened in patients who underwent DS and MBTs performed as an emergency either due to desaturation or after reanimation related to an acute ductal occlusion happened during the intervention. The last observation suggested that ductal stent failure in tortuous ducts might have a negative impact on the outcome of unplanned MBTs and make the surgery more challenging in these patients due to pre-operative desaturation and its related negative changes in pulmonary arteries and the lungs.



MBTs vs. DS in Patients With PA-IVS and RVDCC

Although there was repeated interest to find out the solutions for patients with PA-IVS with RVDCC over the last decade (15, 16), there was no comparison published evaluating the two palliative procedures. We found that 57.2% of the patients in the DS group achieved the primary outcome compared to only 16.7% in the MBTs group. The use of cardiopulmonary bypass during cardiac operation seems not to have an impact on the outcome (four patients were operated on with bypass initiated via aortic and right atrial cannulation and two without it). The survival analysis (Figure 3) demonstrates a clear dissociation between the two palliative strategies. Hospital deaths and the need for ECMO were reported in half of the patients who underwent MBTs. The post-operative documented significant ST changes and ventricular arrythmia, decreased ejection fraction of the single ventricle due to ischemia and diastolic run-off through the shunt and coronary steal can explain the higher mortality and morbidity in these patients compared to those undergoing DS. There were no significant differences in complications between the two groups (Table 3).


[image: Figure 3]
FIGURE 3. Kaplan-Meier curve (DS vs. MBTs in patients with PA-IVS and right ventricle-dependent coronary perfusion). DS group showed better survival rates compared with the MBTs group which had very low survival. No patient in this group has reached the next surgery. Time since procedures is indicated in days.





CONCLUSION

With low mortality and morbidity, the DS is an alternative palliative strategy to be considered in relation to MBTs to secure the pulmonary blood flow in patients with PA and DDPC. It can improve the symmetrical growth of the pulmonary arteries. This advantage seems less dominant in stenting the tortuous ducts with a DCI of more than 0.45 (9).

Contrary to the previous result, this study suggests that the MBTs could be preferred to DS in patients with DCI higher than 0.45. However, the hospital deaths remain dominant in the MBTs while the DS seems to be suitable for the palliative strategy in the patients with PA-IVS and RVDCC by decreasing the risk of intra- and post-operative ischemia and ventricular arrhythmia observed.
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Background: Stenting of aortic coarctation (CoA) in newborns with a very low bodyweight remains rare and challenging. In this study we aim to highlight on two points: first the feasibility of CoA stenting in such babies and second the importance of using echocardiogram for guiding the intervention without the need for contrast agent.

Methods: Between 2020 and 2022 three preterm babies with very low (VLWB) and extremely low weight (ELWB) underwent CoA-stenting in our center. The weight of the patients at time of intervention was 1,350, 1,200, and 600 g, respectively. The femoral artery was chosen in all patients as vascular access. Transthoracic echocardiography, sonography of the femoral arteries and head ultrasound were applied for follow up.

Results: All three interventions were successfully done, with no complications. Coronary stents were implanted. In one Patient (1,350 g) the stent was inserted without sheath. In two patients with renal failure, the stenting was performed under echocardiography-guidance without contrast agent. The follow up showed a preserved function of the left ventricle in all patients. No relevant gradient was reported and no stent re-intervention was required. Sonographic follow up showed a patent femoral artery in all patients. Two patients were operated 73 and 110 days after stenting, and the stents were successfully removed. In the third patient the intervention was performed 130 days ago and he is waiting for the operation.

Conclusion: CoA-stenting in VLWB and ELWB is feasible and can bridge them to the next surgery without complications. Echocardiography-guided CoA-stenting in VLWB is a considerate option especially in patients with renal failure. Accessing the femoral artery by experienced doctors, using local anesthesia before the puncture and before removing the sheath might help to protect the vessel from stenosis or occlusion.

KEYWORDS
  aortic coarctation, very low weight birth infants, cardiac catheter interventional treatment, echocardiography-guidance, extremely low weight infants


Introduction

Although the early repair of aortic coarctation in newborns is feasible with good outcome (1–3), some patients with CoA remain unamenable to be corrected in the neonatal period due to various reasons like impaired left ventricular function, very low birth weight, prematurity and interventricular hemorrhage. Treatment with prostaglandin E1 remains the first choice to keep the duct open for bridging the patients to the surgical repair. Transcatheter Balloon angioplasty of critical aortic coarctation in very low weight babies using either the umbilical artery or a surgical vessel access was reported (4–6). However, the high rate of recoarctation after angioplasty and need for re-intervention was observed (7). Stenting of CoA in newborns using pre-mounted coronary stents became a safe alternative to treat the acute symptoms and to bridge the patients to the surgical repair (8–10). However, stenting of CoA in very low weight babies (VLWB) < 1,500 g and extremely low weight babies (ELWB) < 1,000 g remains challenging due to the very small size of femoral artery, which makes accessing the femoral artery difficult and increases the risk of arterial spasm and arterial occlusion. The use of contrast agent in such patients can lead to a renal failure.

In this report, we aim to review the results of our center in CoA-Stenting in newborns with low and extremely low weight and to highlight on the role of echocardiography-guided stenting in such patients to avoid contrast agent especially in patients with renal insufficiency.



Patients and methods

Three patients with low birth weight and isolated critical CoA were recruited between January 2020 and 2022 (Table 1). The emergency indication for intervention was first, to relieve the highly impaired LV function in all patients, second to improve the renal perfusion by renal failure in two patients and third to reduce the side effects of prostaglandin E1 in one patient.


TABLE 1 Summary table presenting patient characteristics, size of sheath and the follow up.
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Echocardiography, sonography of both femoral arteries and head ultrasound were recorded before and after the intervention and during follow up.

Echocardiography-guided intervention was done in two patients without using contrast agent.

The femoral artery was used as a vascular access for stenting. Local anesthesia with Mecain® (10 mg/ml) 1 ml/Kg was performed before and after the intervention. Puncture was done under ultrasound-guidance in all patients. A 24 Gauge needle for accessing the artery and 0.14 wire for introducing the short sheath in the femoral artery and the coronary stent (steerable guidewire Wizdom™) were used. Stenting of the aortic coarctation was performed using of pre-mounted coronary stents (Medtronic Integrity coronary stents system) in all three patients.



Description of patients


Patient one

Premature with a gestational age (GA) of 32 weeks. Birth weight was 1,350 g. He had an isolated critical CoA with opened ductus under Prostaglandin E1. The indication of CoA-Stenting was a severe impaired LV function and repeated occurrence of imminent Necrotizing Enterocolitis (NEC).



Patient two

Birth weight was 1,150 g [GA 32 weeks]. The indication of CoA-Stenting was severe impaired LV function. The duct was restricted, and the patient had associated renal insufficiency.



Patient three

Birth weight 600 g, GA 28 weeks. The baby was intubated. The duct was restricted despite the Prostaglandin which was substituted with high doses (50 ng/Kg/d). The baby suffered from Prostaglandin related side effects. LV function was impaired.




Results

Median weight at the intervention was 1,200 g (600–1,350), median length 40 cm (33–45 cm) and median base surface area. Median Age at intervention was: 15 day (12–30 days), median gestational age (GA) was 28 weeks (28–32). All interventions were successful without complications. One patient (patient three) was intubated before the intervention due to prostaglandin related apnoea and he was able to be extubated after stenting.

The stent was inserted without sheath in patient one. 4 F sheaths were used to insert the stents in the rest of patients.

Due to associated renal insufficient in two patients, the intervention was carried out successfully under transthoracic echocardiography without the use of angiography.

The left ventricular function (LV function) was relieved in all patients 24 h and was normalized 1 week after the intervention. Significant reduction of the gradient in region of isthmus after stenting was documented (residual gradient 12, 10, and 8 mmHg, respectively).

Renal parameter normalized in patient two and three and the renal failure was completely receded.

Follow up 1, 2, and 4 weeks after intervention showed a patent femoral artery in all three patients. Two patients were operated (33 and 65 days after the intervention) and the stent was successfully removed without problems. In the third patient (Patient three) the operation is planned at weight > 2.5 Kg.



Discussion

Only a few studies about CoA-stenting in VLWB < 1,500 g (11) and in ELWB < 1,000 g (9, 12) were published in the last 10 years due to a very small number of patients underwent stenting of aortic coarctation in this very special population. The pre-mounted coronary stent was used for CoA-stenting in all studies included patients weighting under 1,500 g. One case report (13) about use and limitation Magmaris? bioresorbable coronary stent for CoA stenting in patient weighting 1,980 g showed a significant early stent failure due to a loss of radial force. The systemic sirolimus level detected 48 h after the intervention was high (5 ng/ml) and such level can increase the risk of occurrence of sirolimus-induced immunosuppression in very low weight babies.

In a previous study included five patients and published by Stegeman et al. (9) the stenting was performed successfully and without complications. This result is in agreement with ours, which showed a rapid recovery of the impaired organs after the intervention. The LV function was preserved, and the renal failure receded. However, our study is the first to report about a successful echocardiographic-guidance stenting of aortic coarctation without using contrast agent or angiography in severely ill VLWB and ELWB, suffering from renal insufficient. In two of our patients, the echocardiography provided excellent informations about the aortic arch, stenosis, PDA and the distance between left subclavian artery and the stenosis. Performing the necessary measurements to choose the suitable stent and introducing of the wire and stent as well as the implantation of the stent under guidance of echocardiography was feasible, practical and uncomplicated (Figure 1, supplementary material). However, we should not forget that echocardiography can miss a small intervention related dissection or a small aneurysm, due to its reduced resolution.


[image: Figure 1]
FIGURE 1
 Echocardiogram-guided stenting of critical aortic coarctation. (A) Critical coarctation of aorta. (B) Measurement required for intervention [(A) the diameter of the stenosis and (B) is the diameter of the descending aorta]. (C) Increased velocity of blood in the region of stenosis. Insertion of the wire in the descending aorta. (D) Stent was positioned in the isthmus. (E) Stent was implanted. (F,G) Normal velocity of blood after implantation of stent.


The use of the subclavian artery as a vascular access for CoA-stenting in a patient weighting 1,200 g was reported (14). Another study about surgical cut-down of the carotid artery in 42 patients weighting between 1.1 and 12.2 kg was published in 2016 (15) (two patients weighting under 1,500 g). The follow up showed a patent carotid artery in 38 patients underwent interventions in the aortic valve, PDA, aortic coarctation and Blalock Taussig Shunt. However, evidence of stenosis and thrombosis of the carotid artery was documented in three patients weighting between 1.7 and 2.1 Kg. Hematoma was documented in two patients and one patient had to be operated due to a pseudoaneurysm. In our cohort, we have chosen the femoral approach as vascular access to avoid any possible injury in the head and arm arteries in very low and extremely low weight babies.

In contrast to the previous study in which the accessed femoral arteries were occluded in all patients after the intervention, the follow up in our study showed that the femoral arteries in our cohort were patent without sonographic evidence of stenosis or another injury. This result might be explained with three points. Firstly, all femoral arteries were accessed by highly experienced personnel. Secondly, local anesthesia (1 ml/Kg) was used in all patients before the punctures and before removing the sheath to avoid any possible arterial spasm that can be caused by a very small pain-threshold. The third point is the administration of an adequate dose of heparin during and after the procedure which can protect the accessed vessel from thrombosis.

According to a study published in 2018 (16), the results showed that the incidence of intraventricular hemorrhage increased in VLWB with native aortic coarctation. This is in agreement with our observation which showed that 2 out 3 three patients in our population had IVH before the intervention. In sonographic follow up the IVH was reabsorbed in patient one but needed ventriculo-peritoneal shunt in patient two (4 weeks after CoA-stenting).



Conclusion

Stenting of aortic coarctation in very low and extremely low weight babies is feasible and can bridge them to the surgical repair without significant gradient. Performing the intervention under echocardiography-guidance is uncomplicated and helps to avoid using the contrast agent in premature babies who suffer from renal failure. The femoral arteries might be preserved by accessing the arteries by experienced persons and by using local anesthesia to help avoiding spasm caused by pain.
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Background: Heart block is the most common and concerning complication associated with transcatheter device closure of perimembranous ventricular septal defect (pmVSD) and its occurrence remains a great challenge for device closure.

Methods: Between June 2002 and June 2020, 1076 pediatric patients with pmVSD, who successfully underwent transcatheter device closure in our center, were enrolled in this cohort study, with a median follow-up of 64 months (range: 1 to 19 years).

Results: Of 1076 patients, 234 (21.8%) developed postprocedural heart block, with right bundle branch block being the most common (74.8%), followed by left bundle branch block (16.2%), and atrioventricular block (5.6%). Complete atrioventricular block occurred in 5 cases, including 3 cases with permanent pacemaker implantation, 1 case with recovery to normal sinus rhythm, and 1 case with sudden cardiac death. Most patients (97.9%) developed heart block within 1 week of procedure. Finally, 138 cases returned to normal cardiac conduction. Multivariate logistic regression revealed that thin-waist occluders (odds ratio [OR]: 1.759; 95% confidence interval [CI]: 1.023 to 3.022; P = 0.041), and oversized devices (OR: 1.809; 95% CI: 1.322 to 2.476; P < 0.001) were independently associated with occurrence of postprocedural heart block. Moreover, heart block was less likely to occur when the left disk of occluder was placed within the aneurysmal tissue (OR: 0.568; 95% CI: 0.348 to 0.928; P = 0.024).

Conclusion: The outcome of postprocedural heart block is favorable in most cases. Oversized devices and thin-waist occluders should be avoided. Placement of the left disk of the device should into the aneurysmal tissue is highly recommended.

KEYWORDS
heart block, perimembranous ventricular septal defect, transcatheter closure, predictors, outcomes


Introduction

Ventricular septal defect (VSD) is one of the common types of congenital heart diseases (CHD), with perimembranous ventricular septal defect (pmVSD) subtype being the most frequent (70% of cases) (1). With recent developments in closure devices and interventional techniques, transcatheter device closure of pmVSD, as an alternative to conventional surgical repair, has shown promising results (2–4). Moreover, percutaneous device closure of pmVSD often leads to adverse heart events like bundle branch block (BBB) and atrioventricular block (AVB). Notably, earlier investigations were primarily focused on complete AVB (cAVB) complications (5, 6). Hence, reports on the diagnosis and treatments of other types of heart block, such as left and right BBBs are scarce. A growing body of evidence suggests postprocedural complete left bundle branch block (CLBBB) as a serious complication observed in pmVSD surgery (7). CLBBB can lead to abnormal left ventricular (LV) contraction which can induce progressive LV remodeling and heart failure (HF) (8). Under certain conditions, postprocedural heart block may recur or even progress to serious adverse events during the follow-up (6, 7). Nevertheless, the exact underlying mechanism of heart block is not well understood. Moreover, the etiological risk factors and treatment outcomes of heart block are not well defined for the pmVSD closure intervention in pediatric patients. Therefore, the present study was designed to investigate the rate of incidence, risk factors, and long-term outcomes of the heart block after treatments by transcatheter pmVSD closure in child patients.



Patients and methods

The data underlying this article will be shared on reasonable request to the corresponding author.


Patient population

From June 2002 to June 2020, 1131 consecutive pediatric patients with pmVSD underwent successful transcatheter closure procedure with a single device in our center. Due to incomplete follow-up data for 55 patients, a total of 1076 patients were finally included in the analysis. All patients’ guardians provided written informed consent before participation. The local Ethics Committee of Shandong Provincial Hospital Affiliated to Shandong First Medical University approved the study protocol. This study complied with the ethical standards of the Declaration of Helsinki.

The inclusion criteria were as follows: ages ≥ 2 years or body weight ≥ 10 kg, diagnosed with hemodynamically significant pmVSD (e.g., cardiomegaly on chest X-ray; left atrial enlargement; and LV volume overload), defects identified at 9- to 12-o’clock positions in the short-axis parasternal view by transthoracic echocardiography (TTE), and pulmonary artery systolic pressure < 70 mmHg on TTE.



Applied devices

The major devices used in this study were the Amplatzer eccentric VSD occluder (AGA Medical Corp., Golden Valley, MN, United States), modified double-disk VSD occluders (Shanghai Shape Memory Alloy, Shanghai, China; Lifetech Scientific, Shenzhen, China; and Starway Medical, Beijing, China), and Amplatzer Duct Occluder II (ADO II) device (St. Jude Medical, St. Paul, MN, United States). There were 3 subtypes of modified double-disk VSD occluders, namely symmetric, eccentric, and thin-waist. Methods of device selection and their descriptions have been reported elsewhere (4). However, depending on the shape of the ventricular defects, we also employed other types of closure devices like patent ductus arteriosus occluder, vascular plug device, and spring coil to close the pmVSD, although in a small number of cases.



Transcatheter closure procedure

All patients underwent conventional electrocardiography (ECG), chest X-ray, TTE, and 24 h Holter monitoring before the catheterization procedure. The procedure for occluder implantation has been described in detail previously (4). LV angiography (ANG) was performed to estimate the shape, location, and size of the defect, as well as the distance of the defect from the aortic valve. Before releasing the selected device, left cardiac ventriculography, ascending aortography, and TTE were performed to confirm appropriate device position, verify complete closure of the defect, and detect tricuspid or aortic regurgitation and stenosis. After device implantation, TTE was repeated to ensure normal tricuspid and aortic valve function.



Post-procedure management

All patients received continuous ECG telemetry monitoring until discharge. Chest X-ray and TTE were performed on post-procedure day 1, then ECG was continued once daily throughout hospital stay. All patients underwent 24 h Holter monitoring from day 3 to 5 post-procedure. Furthermore, another 24 h Holter monitoring was performed on patients who developed heart block before discharge. If there were no complications, patients were discharged between day 5 and 7 days after the procedure. A standard oral dose of aspirin (3−5 mg/kg) was prescribed daily for the following 6 months in all patients.

In this study, the diagnostic criteria for postprocedural heart block (i.e., AVB or BBB) were either de novo onset of heart block or progression of a pre-existing heart block. If patients developed any of the AVB, CLBBB, or complete right BBB (CRBBB) symptoms, intravenous dexamethasone was administered at a dosage of 0.5−1.0 mg/kg (maximum, 10 mg) daily for 3 to 5 days and then gradually tapered the dose (intravenous dexamethasone or oral prednisone) over 2 weeks.



Follow-up protocol

The follow-up ECG, chest X-ray, and TTE tests were scheduled for 1, 3, 6, and 12 months after the pmVSD closure and yearly thereafter. Additionally, 24 h Holter monitoring was carried out for each patient who suffered from AVB, CLBBB, or CRBBB at each outpatient visit. The follow-up data were available until December 2021. Patients with at least 1 year of follow-up were enrolled in the study. We characterized the postprocedural heart block as an early-onset (developing within 1 week of procedure), and late-onset (initiating after 1 week of procedure) adverse event. The postprocedural heart block patients who could restore their normal heart conduction by the last follow-up visit were included in the recovery group, and those who failed were allocated to the persistence group.



Statistical analysis

Independent variables used in the analysis included gender, age, body weight, duration of hospital stay, defect diameter on TTE and ANG (inlet and outlet), subaortic rim (distance between the defect and aortic valve), membranous aneurysms (yes and no), aneurysmal tissue involving the tricuspid valve (yes and no), the left disk placement within the aneurysmal tissue (yes and no), device type (symmetric, eccentric, thin-waist, ADO II, and others), device size, device diameter/defective outlet diameter (measured on ANG) ratio, device diameter/patient’s body weight ratio, procedure time, fluoroscopic time, and radiation dose.

Statistical analysis was performed using the SPSS software v25.0 (SPSS Inc., IL, United States). Data are expressed as counts and/or percentages for categorical variables and mean ± standard deviation (SD) or median with range for continuous variables. Univariate analysis was performed by chi-square (χ2) test, Fisher’s exact test, Student’s t-test, and analysis of variance (ANOVA). Multiple logistic regression analysis was conducted to examine risk factors for the occurrence and persistence of postprocedural heart block. Results with a value of P < 0.05 were considered statistically significant. Independent variables with statistical significance in the univariate analysis entered the multivariate model.




Results


Heart block after transcatheter closure of perimembranous ventricular septal defect

Data were collected from 1076 patients, aged from 1 year and 8 months to 18 years, with a median follow-up time of 64 months (range:1−19 years). The general characteristics of patients are summarized in Table 1.


TABLE 1    General characteristics.

[image: Table 1]

Postprocedural heart block was recorded in 234 patients (21.8%) (Table 2), and the right BBB (RBBB) was the most common type of heart block, accounting for more than half of these cases, followed by left BBB (LBBB) and AVB. In 140 patients (61.1%), the postprocedural heart block developed within 1 day of procedure, and the median interval for the initial occurrence of heart block was 1 day (range: 1 day to 4 years) post-procedure (Table 3). Out of 234 patients, 229 patients exhibited post-procedure early-onset heart block within 1 week, and the remaining 5 cases reported the late-onset subtype occurring between 1 month and 4 years. During the post-procedure hospitalization and follow-up reviews, 138 patients returned to normal heart conduction and were counted in the recovery group. The remaining 96 subjects (8.9%) retained heart block and were included in the persistence group (Table 2). Notably, 8 patients in the recovery group suffered from recurrent heart block (Table 2).


TABLE 2    Post-procedural, persistent, and recurrent heart blocks.
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TABLE 3    Onset time of post-procedure heart block.
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Of 13 AVB patients, 5 individuals (0.46%) had cAVB. Their clinical characteristics and follow-up results are shown in Table 4. The preprocedural ECG in 4 cases was normal, except for 1 case with incomplete RBBB (IRBBB). Early-onset cAVB was reported in 3 cases and late-onset in 2 cases. Three patients underwent permanent pacemaker implantations. One patient was reverted to the second degree Mobitz type I AVB, and the other patient suddenly died from cAVB 40 days post-procedure, even after recovering to the CRBBB. The case of death was a 4-year-old boy. LV angiography showed a membranous aneurysm with four outlets, with an inlet diameter of 8.6 mm and the larger outlet diameter of 3 mm. A 6 mm thin-waist occluder was selected, and the left disk was placed at the inlet. Six first-degree and 2 s-degree early-onset AVBs were reported within 5 days of the procedure and were completely reverted to the normal conduction after treatment.


TABLE 4    Clinical characteristics and follow-up evaluation of patients with complete atrioventricular block.
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Among the 25 CLBBB patients, 23 patients developed early-onset symptoms, and the other two cases were late-onset, occurring 6 months post-procedure. Eventually, 21 subjects restored normal sinus rhythm, while 4 subjects continued to have persistent CLBBB. Of the recovered cases, 4 cases showed restoration of normal cardiac conduction after the defect repair and removal of the surgical device on 6, 6, 13, and 40 days post-procedure, respectively. In 4 cases of persistent CLBBB, 3 cases had normal LV end-diastolic diameter (LVEDD) and LV ejection fraction (LVEF) with no clinical symptoms. One case received cardiac resynchronization therapy due to reduced exercise capacity, increased LVEDD, and decreased LVEF (40%) 58 months after the disease onset. Then, both LVEDD and LVEF were returned to the normal in 4 months. All 13 cases of left anterior hemiblock (LAH) were early-onset. The normal conduction was restored in 10 cases, 2 cases had persistent LAH, and 1 case progressed to CRBBB after recovery.

Except for 1 case of CRBBB, 42 cases of CRBBB, and 8 cases of CRBBB with LAH exhibited early-onset symptoms. In the group of 42 CRBBB patients, 18 subjects were able to return to normal heart conduction. While in the group of 8 CRBBB plus LAH patients, only 2 individuals recovered completely, 4 were reverted to CRBBB only, and 1 person temporarily restored the normal conduction but reported recurrent CRBBB events during follow-up, and 1 subject did not recover at all. Furthermore, among 132 IRBBB cases, 77 cases were included in the recovery group, and recurring BBB events were recorded in 1 case.



Risk factors for the occurrence of heart block

As shown in Table 5, there were significant differences between patients with and without heart block in terms of patient characteristics and the device application. It appeared that lower body weight (P = 0.010), use of eccentric or thin-waist occluder (P = 0.002), oversized devices (P < 0.001), the left disk placed at the inlet (P = 0.003), and longer procedural and fluoroscopic times (P < 0.001) were significant etiological factors in inducing heart block. Moreover, patients with heart block required a longer hospital stay (P = 0.001). Furthermore, comparisons of baseline variables between patients with and without heart block were performed using four main types of devices (Tables 6–9). In patients using symmetric occluder, oversized devices (P < 0.001), the left disk placed at the inlet (P = 0.021), longer procedural and fluoroscopic times (P = 0.022, P = 0.047, respectively) were significantly associated with the occurrence of heart block. In patients with eccentric occluder, younger age (P = 0.007), lower body weight (P = 0.034), larger defect inlet diameter (P = 0.029), bigger occluder size (P = 0.035), and an increase in the ratio of device diameter to patient’s body weight (P < 0.001) were critical determinants of heart block. In patients using a thin-waist occluder, the left disk placed at the inlet (P = 0.028), an increase in the ratio of device diameter to patient’s body weight (P = 0.005), and longer procedural and fluoroscopic times (P = 0.001, P = 0.018, respectively) were closely correlated to heart block. There were no significant differences between these variables in patients with ADO II devices.


TABLE 5    Risk factors for occurrence of heart block.
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TABLE 6    Risk factors for occurrence of heart block in patients using symmetric occluder.
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TABLE 7    Risk factors for occurrence of heart block in patients using eccentric occluder.
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TABLE 8    Risk factors for occurrence of heart block in patients using thin-waist occluder.
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TABLE 9    Risk factors for occurrence of heart block in patients using Amplatzer Duct Occluder II (ADO II).
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After adjustment of the confounding factors, multivariate logistic regression analysis revealed that the thin-waist occluder (odds ratio [OR]: 1.759; 95% confidence interval [CI]: 1.023 to 3.022; P = 0.041) and oversized device (OR: 1.809; 95% CI: 1.322 to 2.476; P < 0.001) were independent risk factors for the occurrence of postprocedural heart block. Besides, heart block was less likely to develop when the left disk of the occluder was placed within the aneurysmal tissue (OR: 0.568; 95% CI: 0.348 to 0.928; P = 0.024). Likewise, in patients with symmetric occluders, the oversized occluder (OR: 3.253; 95% CI: 2.031 to 5.212; P < 0.001) was confirmed as an independent risk factor for inducing heart block, and the placement of the left disk in the aneurysmal tissue (OR: 0.531; 95% CI: 0.293 to 0.960; P = 0.036) was less susceptible to cause heart block. In patients using eccentric occluders, increasing the ratio of device diameter to patient’s body weight (OR: 190.867; 95% CI: 1.458 to 24989.236; P = 0.035) was significantly associated with the onset of heart block. Logistic regression analysis showed no variable was significantly associated with the occurrence of heart block in patients using either a thin-waist occluder or ADO II device.



Risk factors for persistent heart block

Univariate analysis showed that the following variables might be risk factors for the development of postprocedural heart block: lower body weight (P = 0.041), larger defect inlet diameter by TTE (P = 0.019), larger defect diameter on ANG (P = 0.049), bigger occluder size (P = 0.030), late time of occurrence (P = 0.011), and longer procedural and fluoroscopic times (P = 0.009 and P = 0.026, respectively). In multivariate analysis, there was no significant parameter to predict the recovery of heart block (Table 10).


TABLE 10    Risk factors for persistence of heart block.
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Discussion

Studies have shown that the most common complication associated with the transcatheter closure of pmVSD is the heart block, with cAVB being the most serious subtype (2, 4). Recently, a few cases of CLBBB-induced cardiomyopathies following the pmVSD closure have been reported (7, 9). Although RBBB was previously thought to not affect the cardiac size and function, however, it may facilitate the progression to a more serious heart block during the long-term follow-up (10). Presently, there are no effective techniques and methods to completely avoid the occurrence of postprocedural heart block. Nevertheless, correlation analysis of risk factors for the postprocedural heart block after pmVSD closure in pediatric patients is lacking.

In this cohort, the incidence of heart block was 21.8%, of which RBBB accounted for 74.8%. As shown in other studies, IRBBB is the most common type, which may be related to the fact that right bundle branch is very closely located to the endocardium and slender making it vulnerable to damage. Recent findings suggest that the percentage of incidence of early-onset cAVB has decreased from about 3% to 1% (11), which was only 0.46% in our study. A total of 25 patients experienced CLBBB in this study, and the rate of incidence of 2.32% was consistent with previously published data (3, 7). Notably, certain pre-existing or emerging heart blocks may progress to other types of cardiac malfunctions or even aggravate the existing RBBB, LBBB, and first- or second-degree AVB to cAVB (6, 12). Among these cases, there were 3 IRBBB patients, diagnosed by the preprocedural ECG who progressed to severe types of heart block, including 2 patients with CRBBB and 1 patient with cAVB. A previous study showed that patients with CRBBB cum LAH have a higher possibility of developing cAVB following the occluder implantation (6), but no such case could be detected in this study.

Generally, abnormal bundle branch or atrioventricular conduction occurs early after the device implantation. In our cohort, the majority of patients (97.9%) developed early-onset heart block after the defect closure. Although the exact mechanism of heart block remains undefined, various mechanisms might be considered causative. Since the distribution of the cardiac conduction system is adjacent to the pmVSD boundary, the conduction bundle has a high probability of getting injured by the pressure of the catheter or device. Therefore, the most likely mechanism of postprocedural heart block could be the mechanical compression and associated inflammatory edema of the conduction system. In our experience, inhibition of local inflammation and related edema and/or relief of compression was highly beneficial in most (60.3%) of the early-onset heart block patients facilitating the restoration of normal cardiac conduction after the procedure. However, 8 subjects developed recurring heart blocks, even after their initial symptom reversal using corticosteroids. It should be noted that heart block may also occur later after the occluder closure. The present finding revealed that 5 patients developed such late-onset heart block, including 1 case of CRBBB in a 1-month post-procedure, 2 cases of CLBBB in 6 months post-procedure, and 2 cases of cAVB - one in 2 years and another in 4 years after the procedure, respectively. Postprocedural recurrence and late-onset of cAVB and CLBBB have already been reported, showing the cAVB onset as late as 9 years after the closure procedure (6, 7). Accordingly, close observation of the patient’s ECG during the perioperative period and follow-up should be required.

To our knowledge, recurrent and late-onset heart block cases might be more difficult to treat to restore their normal cardiac conductions, such that 5 late-onset cases exhibited persistent heart block and only 2 of 8 recurrent cases were successfully restored (1 of which experienced surgical removal of the occluder). Due to the progressive damage induced by the hyper-activated inflammatory responses as well as continuous friction of the device disk on the septal myocardium, the formation of fibrosis or scar around the implantation area may be another reasonable explanation for the recurrent and late-onset heart blocks. We found that corticosteroid therapy-mediated transient recovery of normal conduction in one late-onset case and one recurrent case might support the notion of postprocedural short-term inflammation around the implantation area. Furthermore, displacement of the occluder or change of device shape may be another causal factor for damaging the conduction bundle. Therefore, during the follow-up, an X-ray examination may be required particularly for such patients. Finally, abnormal development of the conduction tissue may induce permanent cardiac malfunctions, leading to late-onset heart blocks.

The larger ratio of device size to defect size was identified as an independent risk factor for the occurrence of postprocedural heart block in this study. In our cohort, in the cases of membranous aneurysms with multiple outlets, the larger outlet diameter was less than 4 mm in some cases, and different types of occluders were often available. In our experience, the principle of size selection varies for different types of devices in order to avoid oversized devices. The selected device size of symmetric and eccentric occluders was usually 2 to 4 mm larger than the defect diameter on angiography, and that of the ADO II device was usually 1 to 2 mm larger than the defect diameter, whereas the size of thin-waist occlude should generally be selected according to the inlet diameter of the membranous aneurysms. The larger the device used, the wider the scope of the device disk in contact with the interventricular septum, increasing the susceptibility of compression of the conduction bundle. Furthermore, a thin-waist occlude was proved to be an independent predictor of postprocedural heart block. While device waist diameters were the same for both subtypes, the left disk of the thin-waist occlude was relatively larger (4 mm) than that of the symmetric occlude. Hence, a thin-waist occlude might have interfered with the conduction bundle. We identified that another predictor, the placement of the left disk within the aneurysmal tissue, can significantly reduce the occurring events of heart block. Therefore, for VSD with membranous aneurysms, especially when the inlet diameter is larger, the placement of the left disk within the aneurysmal tissue would be more beneficial. It is further recommended that the left disk should be placed inside the aneurysmal tissue as much as possible, even if a larger aneurysmal pmVSD with multiple outlets is closed, using a thin-waist occlude. If the left disk cannot be completely placed into the aneurysmal tissue, partial placement of the left disk may be considered, which may reduce the compression effect of the left disk on the interventricular septum, at least to some extent. Additionally, in patients using eccentric occluders, increasing the ratio of the device diameter to the patient’s body weight was another independent predictor of heart block. For patients with relatively lower body weight who use a larger eccentric occlude, the ECG should be observed more closely after the procedure.

Compared with the symmetric occlude, the use of the eccentric occlude imposed an increased potential risk for postprocedural heart block. Due to the asymmetric structure of the disk, the force point on the left ventricular septal by the eccentric occlude is closer to the region where the conduction bundle mainly passes through. ADO II appears to have a unique advantage in reducing arrhythmias. Several studies have confirmed these observations (13, 14). Nonetheless, ADO II has not been widely applied to pmVSD closure because of its off-label use and device size limitation. In our cases, lower body weight, longer procedural time, and longer fluoroscopic time appeared to be significantly associated with heart block events, while younger age was not, except in the use of eccentric occlude.

Some authors have confirmed that the onset time of postprocedureal heart block is an independent predictor of its persistence. Nevertheless, these similar observations indicated some obvious distinctions. Yang et al. (15) conclude that the early onset of the postprocedural heart block after the VSD closure is more difficult to restore to the normal conduction. Conversely, Wang et al. (7) suggest that the late-onset CLBBB can be less likely recovered normal conduction. Additionally, some studies considered the late cAVB (>30 days) relatively difficult to recover to normal sinus rhythm (6, 16). According to our follow-up study, none of 5 patients with late-onset heart block restored normal conduction. The late-onset heart block might be associated with the persistent heart block. However, it remains uncertain the exact occurrence time period of postprocedural heart blocks which are easy to recover. Moreover, recurring postprocedural heart blocks are also more difficult to recover (6, 7, 16), indicating that this type of heart block might be another risk factor for developing persistent heart block. In our opinion, the lower body weight of children with heart blocks is less likely to recover. Given the immature myocardium in very low-weight children, the conduction bundle may be more vulnerable to damage. It is also notable that a larger defect diameter and device diameter may be risk factors for persistent heart block. On top of that, longer procedural and fluoroscopic times might increase the likelihood of sustained heart block.

Complete AVB is known to be the most serious type of heart block after VSD occlusion. In our study, the parents of one patient with postprocedural cAVB refused the surgical removal of the occlude. After active treatment, the patient temporarily restored the sinus rhythm. Unfortunately, the patient suffered from a recurrent cAVB after discharge, leading to an acute sudden cardiac death. It has already been confirmed that LBBB induces an abnormal LV contraction pattern resulting in LV dysfunction with a decrease in LVEF. Over time, it remains uncertain whether this abnormal contraction pattern could lead to cardiomyopathy. However, the clinical findings strongly support the presence of LBBB-induced cardiomyopathy (17). As the crucial link between conduction abnormalities and LV dysfunction, mechanical dyssynchrony has been proved the major reason for the LBBB-induced cardiomyopathy (17). Of the 4 cases with persistent CLBBB, one patient progressed to LBBB-induced cardiomyopathy, and another 3 cases were asymptomatic with normal LVEDD and LVEF.

High-dose corticosteroids can alleviate acute inflammatory edema and have been shown in this study to achieve complete or partial relief of most early-onset heart blocks (57/84, 67.9%). Interestingly, in our cohort, it appeared that corticosteroid therapy was more effective against the first- and second-degree AVB and CLBBB, but less effective against cAVB and CRBBB. Studies have proved that steroid therapy has an encouraging effect on the recovery of early heart block after VSD closure (5, 7), but its long-term efficacy has not been demonstrated. If the early-onset heart block has not recovered within 2 weeks of corticosteroid therapy, it could be considered essentially ineffective for that type of heart block. We showed that the corticosteroid therapy was ineffective for all recurrent and late-onset heart block patients, except for one case of relapsed cAVB, which reverted to second degree Mobitz type I AVB with IRBBB. Notably, an oral dose of prophylactic steroids for 2 weeks immediately after VSD closure in children can result in an acceptably low incidence of conduction disturbances, but large-scale case-controlled and follow-up studies are lacking to establish this effect (18).

Zuo et al. (5) reported that 3 patients with early cAVB after transcatheter VSD closure did not improve after drug treatment for 2 weeks when they underwent surgical removal of occluders and defect repair. Finally, all of them restored sinus rhythm the day after surgery. Ovaert et al. (19) reported a case study of two children who presented with cAVB 4 days after the VSD closure, and surgical device removal was followed by a rapid and complete recovery of the atrioventricular conduction. A recent study showed that surgical device removal within 10 days followed by VSD closure was performed in 5 patients with cAVB, resulting in resolution of cAVB in 4 cases (16). Bai et al. (6) described the case of one patient with late-onset cAVB, developed 3 years after VSD device closure. Surgery was performed to remove the occlude and repair the defect. However, the patient could not recover to normal atrioventricular conduction. There are almost no related reports about the impact of surgical removal of the device on CLBBB after VSD device closure. In our cases, 4 cases with CLBBB underwent surgical removal of the occlude device together with defect repair 6, 6, 13, and 40 days post-procedure, respectively, and all patients were restored to the normal conduction. Therefore, in cases of cAVB or CLBBB associated with VSD closure, the conduction system might return to normal after the occlude removal. However, whether the conduction system recovers after surgical removal of the occlude is still unknown, particularly for patients with recurrent and late-onset heart blocks. Furthermore, the timing of surgical occlude removal in patients with postprocedural cAVB or CLBBB remains undefined. The rate of recovery of normal conduction after the occlude removal might be closely related to the time of the last occurrence of cAVB or CLBBB and the timing of surgery. Theoretically, the earlier the heart block develops after the VSD closure, the more likely is the recovery to normal conduction after timely surgical removal of the device. Surgery can eventually relieve the compression of the occlude device on the conduction bundle. Thus, early removal of the occlude could be an appropriate approach to treat post-procedural cAVB or CLBBB.

The majority of patients with persistent postprocedural cAVB require permanent pacemaker implantation. As described in a study involving 17 patients with post-VSD closure cAVB, all 8 cases that failed to restore the sinus rhythm were implanted with permanent pacemakers (6). Cardiac resynchronization therapy (CRT) could result in significantly greater improvement in both LV dyssynchrony and LV contractile dysfunction (20). In a recent report on the post-pmVSD closure-associated HF (7), non-responsiveness to medications, and progressive decrease in LVEF to 34%, one patient who presented with postprocedural CLBBB for nearly 10 years received CRT, which increased the LVEF to 55% in 6 months post-treatment. As observed in one patient in our study, ECG signs of cardiac dyssynchrony had disappeared, and LVEF improved from 40% to 60% 4 months post-CRT. Complete or almost complete recovery of cardiac mechanical synchronization and normalization of LV function by CRT may further support the concept of LBBB-induced cardiomyopathy since the treatment of dyssynchrony alone can cure the cardiomyopathy (17).


Limitations

There are certain limitations to this study. First, it was a single-center experience with a retrospective study. Second, although our study identified risk factors for heart block after transcatheter device closure of pmVSD, the exact mechanism of its occurrence remains unclear. Furthermore, in multivariate logistic regression analysis, no definitive predictors of the continuance of postprocedural heart block were found. Therefore, a multi-center and prospective study with larger sample size is needed to validate these findings.




Conclusion

With the largest sample size ever known, we report risk factors and long-term follow-up results for pediatric patients with heart block after transcatheter pmVSD closure. The overall incidence rate of heart block following the device closure of pmVSD in children is relatively high, and its outcomes are mostly favorable, as most of them are temporary. However, owing to the recurrence and late-onset heart block complications, more careful monitoring of sinus rhythm is essential during follow-up examinations.

According to our results, thin-waist occluders and oversized devices should be avoided to prevent postprocedural heart block, and eccentric occluders should be carefully selected. The left disk of a device placed into the aneurysmal tissue is recommended.
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Purpose: Evaluate Piccolo and ADOII devices for transcatheter patent ductus arteriosus (PDA) closure. Piccolo has smaller retention discs reducing risk of flow disturbance but residual leak and embolization risk may increase.



Methods: Retrospective review of all patients undergoing PDA closure with an Amplatzer device between January 2008 and April 2022 in our institution. Data from the procedure and 6 months follow-up were collected.



Results: 762 patients, median age 2.6 years (range 0–46.7) years and median weight 13 kg (range 3.5–92) were referred for PDA closure. Overall, 758 (99.5%) had successful implantation: 296 (38.8%) with ADOII, 418 (54.8%) with Piccolo, and 44 (5.8%) with AVPII. The ADOII patients were smaller than the Piccolo patients (15.8 vs. 20.5 kg, p < 0.001) and with larger PDA diameters (2.3 vs. 1.9 mm, p < 0.001). Mean device diameter was similar for both groups. Closure rate at follow-up was similar for all devices ADOII 295/296 (99.6%), Piccolo 417/418 (99.7%), and AVPII 44/44 (100%). Four intraprocedural embolizations occurred during the study time period: two ADOII and two Piccolo. Following retrieval the PDA was closed with an AVPII in two cases, ADOI in one case and with surgery in the fourth case. Mild stenosis of the left pulmonary artery (LPA) occurred in three patients with ADOII devices (1%) and one patient with Piccolo device (0.2%). Severe LPA stenosis occurred in one patient with ADOII (0.3%) and one with AVPII device (2.2%).



Conclusions: ADOII and Piccolo are safe and effective for PDA closure with a tendency to less LPA stenosis with Piccolo. There were no cases of aortic coarctation related to a PDA device in this study.
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PDA closure, interventional pediatric cardiology, Piccolo, ADOII, AVPII





Introduction

Transcatheter closure of a PDA is a common and straight-forward procedure in the paediatric age group with a variety of devices and methods available. Choice of device is usually determined by a combination of patient age and weight, the morphology of the ductus and the physician's personal preference. Coils were popular due to the ability to use low-profile systems via arterial access in small patients but were often complicated by incomplete closure or embolization (1). First generation occluders usually required larger delivery systems and a venous approach and the presence of a disc or an umbrella which could protrude to the aortic side limiting the use in smaller patients (2–4). The newer generations of the Amplatzer duct occluders, ADOII and Piccolo (previously called ADOII additional sizes), require a 4 or 5 French delivery system and can be implanted from the aortic or venous side (5, 6). Although available for clinical use since 2011, the Piccolo received FDA approval for PDA closure in children with a body weight over 700 grams in 2019 and has proved to be a highly useful device for transcatheter PDA closure of extremely preterm born children (7–11).

The major difference between the ADOII and the Piccolo is the smaller size of the retention discs in the latter which although advantageous in avoiding flow disturbances may make it less occlusive and prone to embolisation. We report on a large single institution, retrospective study on the outcome of transcatheter PDA closure with the Piccolo in a non-premature cohort.



Methods


Patient population

Consecutive patients diagnosed with a PDA who underwent an attempt at transcatheter closure between January 2008 and April 2022 at our institution were identified from the cardiac catheterization database. Patient data, procedural characteristics, hemodynamic and angiographic findings, echocardiographic findings, and clinical status were recorded from the patient records. All aortic angiograms were reviewed by the same physician (KS). Data was collected retrospectively. The study was approved by the Institutional Review Board. Informed, written consent was obtained before each procedure.



Devices

The ADOII and Piccolo (St Jude Medical, St. Paul, Minnesota) devices have been described previously [reference]. The ADOII Is available in diameters of 3, 4, 5 and 6 mm and lengths of 4 and 6 mm with retention disks 6 mm larger than the device waist. Piccolo is similar but with smaller retention disks which are 4, 5.25 or 6.5 mm when device diameters are 3, 4 or 5 mm, respectively. The Piccolo is also available in a length of 2 mm. The symmetrical design offers the possibility to deploy the Piccolo devices through a 4Fr. delivery sheath either from the aortic or the pulmonary side and the disks, altered from curved to flat, in addition to their occlusive properties, anchor the device on both sides while minimizing risk of protrusion.



Catheterization

Procedures were performed typically under general anesthesia due to patient age. Following percutaneous access, biplane aortography was performed in right anterior oblique (RAO) and lateral planes and the PDA was closed using standard techniques (12) using a 4–5Fr delivery system from the aortic or pulmonary side. If the size or shape of the PDA was not appropriate for either of these devices an AVPII plug was used. Device selection was at the sole discretion of the interventionalist. PDA morphology on biplane aortogram was classified using the Krichenko classification and modification suggested by Philip (13, 14). A device was chosen so that the diameter of the waist was approximately twice the size of the narrowest part of the ductus, usually at the pulmonary end. The length of the Piccolo was chosen to suit the ductal anatomy, so that in a conical-tubular shaped ductus the aortic disk would lie deep in the ductus at the tip of the cone and in a tubular ductus at the ampulla without extending in to the aortic lumen. Stability of the device was assessed by a mild push-pull the delivery cable. Aortography was performed after implantation to confirm position and residual leak after device release. Color-Doppler echocardiography was performed the following day before discharge.



Echocardiography

A complete color-Doppler echocardiogram was performed in all patients prior to catheterization, 1 day after PDA occlusion and on all follow up visits. Pulmonary artery stenosis was defined as echocardiographic evidence of turbulent flow and a Doppler velocity >2 m/s that was not demonstrated on echocardiogram before intervention and when greater than 2.5 m/s the stenosis was defined as significant, similar to the national study from UK and Ireland that used 2 m/s as definition for pulmonary artery stenosis (5). Coarctation of the aorta was defined as a pullback peak gradient above 10 mmHg post device deployment if it was not present before device placement. Presence of a residual shunt was defined as echocardiographic evidence of residual flow across the PDA the day following implantation.

Statistical analysis was performed using Kruskal-Wallis nonparametric Anova test and Dunńs Multiple Comparison Test.




Results

Between January 2008 and April 2022, 762 patients were referred for PDA closure. Patients and PDA characteristics are summarized in Table 1. The use of Piccolo increased from 10% in 2011 to around 80% of all device-occluded PDA cases in 2021–2022 (Figure 1).


[image: Figure 1]
FIGURE 1
Device use over time 2008–2022. Over this time period, the ADOIIAS became our preferred device, used today in about 80% of all PDA closures.



TABLE 1 Patient, PDA and device characteristics. The ADOII patients were smaller than the Piccolo p < 0.001 with larger PDA diameters p < 0.001.
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The patients who underwent closure with ADOII were significantly younger and smaller than the Piccolo patients. The minimal PDA diameter in the ADOII group was significantly larger than that of the Piccolo and since the mean device diameter was similar for both groups the device:PDA ratio was significantly larger for the Piccolo device group. There were significantly more Krichenko type-C PDAs in the Piccolo group compared to ADOII.


Complications and follow up

The closure rate at follow up was similar for all devices at 99.6%–100%. All patients were discharged the following day with normal distal pulses palpated and with no venous or arterial complications.


Piccolo

There were four implantation failures, two in a type A PDA and two in a type C. In these cases, the Piccolo was demonstrated to be unstable before release. The device was retrieved without releasing in all cases and the PDA was closed successfully with an AVPII 6 mm device. There were two device embolizations, both to the right pulmonary artery, which were successfully retrieved, and the PDA was closed with an AVPII 6 mm with no further complications. On mean follow up 8.4 ± 15.2 months, one patient had mild left pulmonary artery stenosis on echocardiography with a maximal velocity of 2.5 m/s. There were no cases of aortic flow disturbance or significant LPA stenosis.



ADOII

There were two cases of device embolization (ADOII 4-4, ADOII 5-4) to the right pulmonary artery, one patient was treated with surgical PDA closure the same day. In the other patient the device was successfully retrieved and the PDA was closed using an ADOI 8-6 device. On mean follow up 11.9 ± 20.4 months, there were four cases of LPA stenosis, three mild and one significant stenosis which underwent balloon dilation 4 years later with a good result. There were no cases of aortic flow disturbance. One patient suffered from endocarditis and a residual shunt after PDA closure with an ADOII 5-4 mm device. The shunt eventually disappeared on echocardiographic follow up 14 months after implantation. Summary of all complications by weight of patient is found in Table 2.


TABLE 2 All major complications by weight in kg.
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AVPII

AVPII was used for PDA closure in 44 patients who were smaller and younger than the Piccolo and ADOII patients. On a mean follow up of 7.4 ± 13.4 months there was one complication. A 7-month-old patient (6 kg), who underwent PDA closure with an 8 mm AVPII device, had significant LPA stenosis and underwent balloon angioplasty of the left pulmonary artery with a 6 mm Savvy balloon (SAVVY® Cordis, Miami Lakes, United States). On follow up, the patient demonstrated a perfusion distribution of 30% to the left lung and 70% to the right lung.





Discussion and limitations

This retrospective study demonstrates that the Amplatzer ductal occluders are safe and effective devices for the transcatheter closure of a patent ductus arteriosus. The lower profile Piccolo device was used in small and larger patients with smaller PDA diameters with an excellent closure rate and very few complications. The major concerns of embolization and residual leak due to its smaller retention disks were not supported when a device:PDA diameter of approximately 2:1 was maintained. In the one case of embolization a review of the angiogram demonstrated the narrowing of the PDA to be dynamic in the RAO plane with a diameter of 3.5 mm which was overlooked at the time of choice of device. A relatively high rate of PDA device embolizations of 2.6% has been reported in a meta- analysis (15). This was not our experience in our cohort (n = 4, 0.5%). The reasons for this may relate to our routine use of biplane angiography which enhances the identification and sizing of the narrowest ductal diameter. Since the PDA is often not necessarily viewed best in the lateral plane and can be foreshortened, the 40 degree RAO plane is a good angle for allowing a supplemental view of the PDA morphology. Using both angled views simultaneously can demonstrate fixed or dynamic narrowest ductal diameters more easily.

Once the diameter is established, when using the Piccolo device the delivery is from the aortic side as we have described in our previous report. In this approach the pulmonary disk is extruded completely in the main pulmonary artery (MPA) and approximated to the end of the delivery sheath so that the central body of the device is restricted in the sheath. When pulling the sheath back no further part of the device is released until the pulmonary disk becomes concave, indicating that it is up against the pulmonary arterial wall. While maintaining tension, withdrawal of the sheath releases the body of the Piccolo device in the ductus and aortic ampulla without any part of the body in the narrowing. If the body of the device is in the narrowed part of the ductus it can “stent” the ductus open and possibly make embolization more likely. In a conical ductus [Krichenko A] we use the largest diameter and shortest length Piccolo device so that it fills up the peak of the cone with the device's aortic disk deep in the ampulla providing both excellent closure, even in a moderate ductus, with no peri-device leak and preventing embolization (Figures 2, 3). This approach also prevents any significant pulmonary or aortic flow disturbance. When the ductal diameter is greater than 3 mm we generally used an AVPII device since this is a more robust device with larger diameters available with smaller disks than the ADOII.
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FIGURE 2
Conical PDA before closure, lateral aortogram.
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FIGURE 3
Conical PDA after closure, lateral aortogram.


When using the ADOII we rarely used the 6 mm long device for PDA closure since the disks are more likely to stand proud of the aortic or pulmonary wall which could cause flow disturbance and inferior closure. In type C ductal anatomy, elongation deformity of the aortic disk causes it to have less traction on the wall and it can prolapse into the ductus and embolize. In this type of ductal anatomy, we recommend the use of a Piccolo or an AVPII.

LPA stenosis of some degree has been reported after transcatheter PDA closure especially in patients below 4 kg body weight and a larger PDA minimal diameter (16). However, in premature and small infants the stenosis is usually transient since the Piccolo device is implanted within the ductus. In larger and older patients the pulmonary disk is placed in the pulmonary lumen and often, in the case of the ADOII, the edge of the disk lies partially across the take-off of the LPA. While a very mild degree of stenosis/flow disturbance may be unavoidable, in our series a significant stenosis was quite unusual, occurring in only six cases (6/762, 0.8%, 4 mild and 2 severe stenoses). This is probably related to the extensive use of the Piccolo device and a higher procedural age. Many authors report on the obvious advantages of this device in extremely premature infants (7–10), however, we and others (17–21) believe that the Piccolo is also very useful for closing small and moderate ductus in all age groups and has become our first choice for transcatheter PDA closure of these ducts. This observation can be seen in the bar chart documenting our choice of device selection over the study period (Figure 1).

The limitations of this report are it being retrospective and a non-randomized comparison of devices, however the relatively large numbers of consecutive patients referred for transcatheter PDA occlusion lends support to our observations.



Conclusions

ADOII and Piccolo are safe and effective for PDA closure with a tendency to less LPA stenosis with ADOIIAS devices.


Impact on daily practice

Transcatheter closure of a PDA is a common procedure that should result in effective closure and minimal complications. In our opinion, the Piccolo device is a safe and effective device for transcatheter PDA closure and is our preferred choice for transcatheter closure of small to moderate PDAs in all age groups. This technique has replaced coil closure of PDA in our institution. We prefer a retrograde approach through a 4Fr system with device waist-to-PDA diameter ratio of greater than 2:1 with a length that places the aortic disc inside the diverticulum.
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Background: Transcatheter closure of atrial septal defects (ASDs) is well-established. However, this procedure can be challenging, requiring multiple attempts and advanced implantation maneuvers.



Materials and methods: From July 2019 to July 2022, patients to whom the fast atrial sheath traction (FAST) technique was applied for ASD device closure were prospectively followed up. The device was rapidly unsheathed in the middle of the left atrium (LA) to let it clamp the ASD from both sides simultaneously. This novel technique was directly applied in patients with absent aortic rims and/or ASD size-to-body weight ratio higher than 0.9 or after failed attempts of standard implantation.



Results: Seventeen patients (64.7% males) were involved with a median age of 9.8 years [interquartile range (IQR), 7.6–15.1] and a median weight of 34 kg (IQR, 22–44). The median ASD size on ultrasound was 19 mm (IQR, 16–22). Five (29.4%) patients had absent aortic rims, and three (17.6%) patients had an ASD size-to-body weight ratio higher than 0.9. The median device size was 22 mm (IQR, 17–24). The median difference between device size and ASD two-dimensional static diameter was 3 mm (IQR, 1–3). All interventions were straightforward without any complications using three different occluder devices. One device was removed before release and upsized to the next size. The median fluoroscopy time was 4.1 min (IQR, 3.6–4.6). All patients were discharged the next postoperative day. On a median follow-up of 13 months (IQR, 8–13), no complications were detected. All patients achieved full clinical recovery with complete shunt closure.



Conclusion: We present a new implantation technique to efficiently close simple and complex ASDs. The FAST technique can be of benefit in overcoming left disc malalignment to the septum in defects with absent aortic rims and in avoiding complex implantation maneuvers and the risks of injuring the pulmonary veins.
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1. Introduction

Transcatheter device closure of secundum atrial septal defects (ASDs) is a well-established intervention in both pediatric and adult populations (1–3). However, this procedure can sometimes be challenging and requires multiple attempts, longer procedural time, and higher radiation exposure (4–6). Advanced technical deployment maneuvers were reported to overcome these device implantation challenges but can be associated with higher risks of complications (7–13). We found a new device implantation technique for ASD closure. The device is rapidly unsheathed in the middle of the LA to let it clamp the ASD from both sides simultaneously. In this study, we report the safety, efficacy, and outcomes of this novel fast atrial sheath traction (FAST) technique for the closure of simple and complex ASDs.



2. Materials and methods


2.1. Study design

From July 2019 to July 2022, 68 patients were sent for an attempted transcatheter closure of an ostium secundum ASD at our institution. Approval from a multidisciplinary team was obtained for each patient. Patients to whom we applied the new FAST technique for ASD device closure were included in this study and prospectively followed up. We applied the FAST technique in cases where we failed the first attempt using the standard implantation method. Furthermore, the FAST technique was directly used in patients with absent aortic rims and/or ASD size-to-body weight ratio higher than 0.9. All procedures contributing to this work comply with the ethical standards of the relevant national guidelines on human experimentation and with the Declaration of Helsinki 1975, as was revised in 2008. Approval from the Institutional Review Board was obtained. Written informed consent to perform the procedure and to use the patients’ clinical records was provided by their legal guardians. Baseline to the latest follow-up, clinical data were collected and comprehensively analyzed.



2.2. Interventional procedure

All interventions were performed in the catheterization laboratory under general anesthesia, fluoroscopy, and transthoracic or transesophageal echocardiography guidance. Access to the right femoral vein was obtained under ultrasound guidance. Intravenous antibiotics and heparin (100 UI/kg) were administered, and activated clotting time was monitored. Right cardiac catheterization was performed for baseline hemodynamic assessment. The anatomy and size of ASD were assessed on ultrasound without balloon sizing. Closure of the defects were performed using the available self-centering device with a diameter equal to or the next size up from the largest measured defect diameter on two-dimensional ultrasound. The devices available in our armamentarium during the study period were Amplatzer™ Septal Occluder (AGA Medical Corp., USA), Flex II ASD Occluder (Occlutech, Germany), and MemoPart™ ASD Occluder (Lepu Medical, China). We used one extra size for defects with absent aortic rims and the MemoPart devices. In all cases, we always kept the device size-to-ASD static two-dimensional diameter ratio close to 1, and the difference between the device size and the ASD static two-dimensional diameter was ≤4 mm (14). The atrial hole was crossed using a 5-Fr multipurpose diagnostic catheter (Cordis Corp., USA), and a 0.035-in./180-cm-long Amplatz Super Stiff™ exchange wire (Boston Scientific Corp., USA) was parked in the left upper pulmonary vein (PV). A short introducer was replaced with an appropriately sized delivery sheath of the device. The delivery sheath was placed in the LA, and the device was kept inside at the tip of the sheath. We made sure that the tip of the sheath is in the middle of the LA just in the direction of the left upper PV. We kept the center of the device at the atrial septum just right to the mid-spinal line. In one single move, we then rapidly unsheathe both left and right retention discs. The sudden move will deploy both discs together, and they will clamp on the defect almost simultaneously (Supplementary Videos S1–S3). In case the alignment of the center is not obtained when the device is all inside the sheath, we protruded part of the left retention disc out of the sheath to form a tiny bulb in the LA and not inside the left upper PV. This maneuver is of benefit in adjusting the position of the center of the device to keep it aligned with the level of the defect (Supplementary Video S4). A stability check was performed under fluoroscopy and ultrasound before its release (Supplementary Videos S5–S9). The implantation procedure was declared successful only when the device was stably implanted into position until hospital discharge.



2.3. Follow-up protocol

All patients were kept overnight and were prescribed daily acetylsalicylic acid and bacterial endocarditis prophylaxis. Outpatient follow-up visits were scheduled for 1 week; then 1, 3, 6, and 12 months after the procedure; and thereafter twice a year until 3 years post-device. At the 6-month follow-up, acetylsalicylic acid therapy and bacterial endocarditis prophylaxis were discontinued in patients with complete closure.



2.4. Statistical analyses

Categorical variables were reported as frequency and percentage, and continuous variables were represented as median with interquartile range (IQR).




3. Results


3.1. Demographics

During the study period, 17 patients (64.7% males) were involved. The median age of the patients was 9.8 years (IQR, 7.6–15.1), and their median weight was 34 kg (IQR, 22–44). The patients' demographics are detailed in Table 1.


TABLE 1 Clinical and procedural characteristics of the patients.
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3.2. Cardiac catheterization

The median size of the non-stretched ASD on two-dimensional ultrasound was 19 mm (IQR, 16–22). Six (35.3%) patients had large ASDs (≥20 mm), three (17.6%) had an ASD size-to-body weight ratio higher than 0.9, five (29.4%) had absent aortic rims, and two (11.8%) had elevated pulmonary arterial pressures. In three patients (nos. 5, 10, and 16), the left retention disc was partially pulled out of the sheath to align the center of the device with the atrial septum. All interventions were successful and straightforward without any complications using different occluder devices (Table 1). The maneuver was successful from the first attempt in all patients with the left disc properly clamping the left atrial wall (Supplementary Videos S1–S3). In patient no. 13, a 20-mm MemoPart ASD Occluder was unstable and was uneventfully upsized to a 22 mm to ensure complete closure. The median device size was 22 mm (IQR, 17–24). The median device size-to-ASD static two-dimensional diameter ratio was 1.14 (IQR, 1.07–1.16), and the median difference between the device size and the ASD two-dimensional static diameter was 3 mm (IQR, 1–3). The median device size-to-body weight ratio was 0.6 (IQR, 0.4–0.8). The median procedural time was 12 min (IQR, 10–14), and the median fluoroscopy time was 4.1 min (IQR, 3.6–4.6). In patient no. 14, a biplane fluoroscopy was used only for demonstration purposes.



3.3. Postoperative evaluation and follow-up

All patients were discharged the next postoperative day. Postoperative cardiac ultrasound showed complete shunt closure. No pericardial effusion or bulky device appearance was detected. On a median follow-up of 13 months (IQR, 8–13), no complications were detected. All patients achieved full clinical recovery with complete shunt closure.




4. Discussion

Transcatheter ASD closure is considered a complex intervention in case of multiple implantation attempts or when advanced technical maneuvers are needed to achieve successful defect closure (4–6). A significant proportion of ASDs are neither small nor central, and these are more of a challenge for device implantation. Deficiencies of the anterosuperior septum are common, especially in large defects. The usual approach from the inferior caval vein means that the occluder device will approach the atrial septum at a certain angle. Sometimes, it can be challenging to prevent the anterosuperior rim of the device from pulling from the LA into the right atrium before the core of the device can be developed. The ability of interventionists to tackle difficult anatomies from the femoral vein has improved over time with substantial modifications in the techniques of device delivery and deployment (5–12). Modified deployment maneuvers included changing the orientation of the left atrial disc within the LA or adjusting the deployment sequence by delivering the central core of the device slightly within the LA before bridging the device back to the septum and in case of failure delivering the left disc within the left or right upper PV. More advanced deployment maneuvers included the use of modified or steerable delivery sheaths and guidewire-assisted, dilator-assisted, snare-assisted, and/or balloon-assisted closures (7–11). However, all these maneuvers are associated with longer procedural time, higher radiation exposure, and an increased risk of potential complications (12, 13).

We came up with the FAST technique when attempting the left upper PV deployment technique for closing a challenging ASD. However, the device did not open in the PV but in the LA, and the implantation worked with rapid device unsheathing. The utility and advantages of the FAST technique were evident, and we started applying this technique when judged useful. FAST technique turned out to be a simple and safe maneuver for ASD closure with higher chances of device anchorage. The space occupation difficulties are reduced, and the probability that the occluder falls off or shifts is limited. Once the tip of the sheath is in the mid-LA in the direction of the left upper PV and the center of the device is at the atrial septum, the sudden FAST move will deploy both discs together, clamping on the defect almost simultaneously (Supplementary Videos S1–S3). In this case series, we showed that the FAST technique can be easily used independent of the type of occluder device, and all procedures were straightforward. Despite the reported advantages of the newer devices with flexible delivery systems, we believe that the flexibility of the delivery cable has no impact on this rapid single-move maneuver. The major advantage of the flexible delivery systems is the pre-release ultrasound assessment of the device's accommodation over the margins and the presence of a residual leak (15–17). For the FAST technique, fluoroscopic guidance is mandatory to align the center of the device with the atrial septum. Ultrasound also plays a crucial role in tracking the position of the device during the FAST deployment sequence. Considering the 2–3 min duration needed for the baseline hemodynamic catheterization, the median procedural time was only 12 min (IQR, 10–14). Therefore, we believe that this new FAST technique has similar technical descriptions to the left upper PV deployment method. However, it might be safer and superior because it eliminates the risks of PV damage and bleeding (12, 13).

It may take some time to comfortably switch from the usual device implantation method to this FAST technique. Interventionists might need to rapidly adapt to the manipulation of the delivery sheath and the device. The slow uncovering of the left atrial disc and opposing it to the atrial septum are the main causes of longer procedural time after repetitive failed attempts of implantation. Gradual sheath removal to uncover the rest of the device is another pitfall of the classical implantation method. This slow movement allows the left part of the device to change its orientation within the LA and slip into the right atrium before the rest of the device has developed and sandwiched the atrial hole for the right side. Importantly, the smoothness of the sudden unsheathing movement may not be optimal when the maximum device size per sheath size is used. We observed that the manipulation is slightly less smooth and slower (Supplementary Video S10). This might lead to the opening of the left disc completely before releasing the right disc simultaneously and might cause a pull of the left disc on the septal wall. This will be a concern in patients with absent aortic rims because the left disc might prolapse to the right atrium. We suggest upsizing the sheath to the next size when you select a device with the maximum size per sheath size.

Oversizing of the device along with other risk factors has been associated with early and late cardiac erosions (14, 18). However, it is also important to note that not all patients who had oversized devices developed erosion and that erosion has been seen in patients who did not have oversized devices placed (18). There is still a lack of uniform practice when it comes to how interventionists choose device sizes when closing ASDs (18–20). In self-centering devices, the recommended device size is the same or slightly larger than the balloon-sized diameter (20). However, it is also believed that ultrasound-guided sizing of ASD and device deployment provide a better success rate with relatively smaller-sized devices (17, 21). As per our usual experience, we did not balloon-size the defects to avoid unintentional overstretching of the defect diameters. The size of the devices was selected based on the size of the ASDs in diameters as measured on two-dimensional ultrasound. We also avoided device oversizing by keeping the device size-to-ASD static two-dimensional diameter ratio close to 1 and the difference between the median device size and ASD static two-dimensional diameter to ≤4 mm. We did not observe any echocardiographic indicator of a high risk of erosion (18). There was no pericardial effusion on postoperative ultrasounds or significant splaying of the device edges by the aorta in patients with absent aortic rims.


4.1. Limitations

This study is conducted with a relatively small number of enrolled patients. However, we believe that our preliminary results of this novel technique should be disseminated to the community. The selection of the device in our series was based only on the availability in the armamentarium. The deployment technique was not compared to other techniques of implantation in terms of procedure and radiation exposure, yet the straightforward and rapid maneuvers to stably position the device support our claims. Application of this FAST implantation method was not tested for the jugular approach. When the defect is addressed from above, the perfectly perpendicular orientation of the delivery sheath to the atrial septum may be easily lost, and the tip of the sheath will be pointing toward the mitral valve. The transjugular safety of this technique must be first confirmed because this rapid maneuver might engage and damage the mitral valve.




5. Conclusions

We are presenting a novel FAST technique to safely close secundum ASDs with reduced procedural time and radiation exposure. We find this technique useful to overcome the common problem of left disc malalignment to the septum in defects with absent aortic rims and/or high ASD size-to-body weight ratio. We acknowledge that the LA size could be a limiting factor in case larger defects are encountered in small-sized LAs.
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Supplementary Video S1

Patient no. 15. Anteroposterior fluoroscopic view of FAST technique. The device is aligned at the atrial septum just right to the mid-spinal line. Both left and right retention discs are rapidly unsheathed, in one single move. The sudden move will deploy both discs together to let them clamp on both sides of the defect almost simultaneously.

Supplementary Video S2

Patient no. 14. Anteroposterior (left panel) and lateral (right panel) fluoroscopic view of FAST technique.

Supplementary Video S3

Patient no. 14. Anteroposterior fluoroscopic view of easier position re-adjustment of the well-oriented device without the anterosuperior rim of the device slipping into the right atrium.

Supplementary Video S4

Patient no. 16. Anteroposterior fluoroscopic view showing the left atrial disk of the Flex II ASD Occluder partially protruded out of the delivery sheath to form a tiny bulb in the LA. This maneuver helps in aligning the center of the device with the atrial septum before proceeding to the FAST technique.

Supplementary Video S5

Patient no. 15. Device stability check.

Supplementary Video S6

Patient no. 15. Device release.

Supplementary Video S7

Patient no. 14. Anteroposterior (left panel) and lateral (right panel) fluoroscopic view of device stability check.

Supplementary Video S8

Patient no. 14. Anteroposterior (left panel) and lateral (right panel) fluoroscopic view of device release.

Supplementary Video S9

Patient no. 16. Device stability check before release.

Supplementary Video S10

Patient no. 2. Anteroposterior fluoroscopic view showing a less smooth and slower unsheathing movement, where the maximum device size per sheath size is used.
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Background: Retrograde closure of perimembranous ventricular septal defects (pmVSDs) is a well-established procedure. However, interventionists are still looking for the best closure device.



Methods: We performed a single-center retrospective review of 5-year-experience (from July 2015 to July 2020) with retrograde closure of pmVSDs using AmplatzerTM Duct Occluder II (ADOII) and KONAR-MF™ VSD occluder (MFO). Deficient sub-aortic rim (SAR) (≤2.5 mm for MFO and ≤3 mm for ADOII) was an exclusion criterion in defects with a diameter ratio (right-side exit/left-side entry) > 0.5.



Results: We identified 77 patients (57.1% males) with a median age of 4.3 years (IQR, 2.2–8.3) and a median weight of 16 kg (IQR, 11.2–24.5). 44 (57.1%) defects (22.7% with deficient SARs) with a median left-side defect diameter of 8.7 mm (IQR, 5.7–10) were closed with ADOIIs. 33 (42.9%) defects (51.5% with deficient SARs) with a median left-side defect diameter of 10.8 mm (IQR, 8.8–13.5) were closed with MFOs. One 7/5 MFO was removed before release and upsized to a 12/10 MFO. Implantation success rate was 100% with ADOII and 90.9% with MFO devices. Two MFOs were snare-recaptured after embolization, and one 9/7 MFO was snare-retrieved for a new onset of grade-2 aortic regurgitation that persisted afterward. Median follow-up was 3.3 years (IQR, 2.1–4.2) for ADOII and 2.3 years (IQR, 1.7–2.5) for MFO. No permanent heart block or death occurred. Freedom from left ventricular dilation was 94.62% at 36 months of follow-up. Freedom from residual shunt was 90.62% for MFO and 89.61% for ADOII at 24 months of follow-up. One 2.6-year-old patient with baseline mild aortic valve prolapse and trivial aortic regurgitation developed a grade-2 aortic regurgitation after 9/7 MFO implantation. He was treated surgically after two years without device extraction. One new grade-2 asymptomatic tricuspid regurgitation persisted at the last follow-up in the ADOII group.



Conclusions: ADOII and MFO are complementary devices for effective retrograde closure of pmVSDs in children, including defects with absent or deficient SAR. ADOII is limited to smaller defects but offers a lower profile and a flexible left-side disk for better maneuverability over the aortic valve during retrograde implantation.
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1. Introduction

Device closure of perimembranous ventricular septal defects (pmVSDs) is a complex transcatheter intervention with stringent demands on device design due to challenging considerations (1–3). Interventionists have been reporting successful experiences with encouraging outcomes using various devices (1–6). As the economics of material cost, physician time, and irradiation exposure are influential, the advantages of the retrograde approach for device closure are becoming an area of interest (7–11). Amplatzer™ duct occluder II (ADOII) (Abbott Cardiovascular, USA), a device designed for arterial duct closure, and the more recent KONAR-MF™ VSD occluder (MFO) (Lifetech, China) are convenient double-disk occluders for retrograde approach with interesting characteristics (Figure 1) (9–11). The safety and short-term efficacy of these two devices for pmVSD closure have been described in separate cohorts by us and others (8–19). We expand upon these earlier findings and comprehensively evaluate the midterm outcomes of our experience with retrograde closure using these two devices. We focus on the technical considerations in device selection once the decision to intervene has been made and on the fate of encountered complications to present learning points and a comprehensive device selection protocol.


[image: Figure 1]
FIGURE 1
Comparative diagram between ADOII and MFO.




2. Patients and methods


2.1. Study design

We performed a retrospective data review of all consecutive patients with hemodynamically significant but restrictive-type pmVSDs and scheduled for an attempted retrograde transcatheter closure, using ADOII or MFO at our institution between July 2015 and July 2020. Patients were divided into two groups according to the implanted device. Standard safety and midterm outcomes were compared. All procedures contributing to this work comply with the ethical standards of the relevant national guidelines on human experimentation, and with the Helsinki Declaration of 1975, as revised in 2008. Approval from the institutional review board was obtained. Written informed consent was signed by the patients or their legal guardians to perform the procedure and to use their clinical records for eventual publication.



2.2. Patient selection and pre-procedure ultrasound evaluation

Patients included in this study were referred to our center for clinical evidence of hemodynamically significant left-to-right shunting but restrictive-type pmVSDs. They were scheduled for an attempted device closure after a multidisciplinary discussion. Before the procedure, patients underwent protocolized 2D transthoracic echocardiography (TTE) to evaluate pmVSD location, morphology, size, and hemodynamic relevance (20). The shunt was considered clinically significant in the case of left ventricle (LV) volume overload. We defined left heart overload as echocardiographic LV end-diastolic diameter (LVEDD) Z-score ≥ 2.0 (21). Left heart overload was also supported by the presence of 1) symptoms of heart failure not improving with medications, 2) failure to thrive, and or 3) recurrent respiratory infections. Few children were diagnosed with clinically relevant pmVSD after the age of 5 years and were sent directly for device closure. We assessed pulmonary arterial pressures on TTE. We also considered the history of documented infective bacterial endocarditis related to the pmVSD as an inclusion criterion.

The TTE evaluation focused on three measurements to guide the device selection that was assessed later by angiography and intra-procedural transesophageal echocardiography (TEE). We defined the defect depth as the distance between the LV entry and the RV exit point, and its measurement was more reliable on angiography than ultrasound. We measured the LV entry diameter using three views (parasternal short-axis, apical 3-chambers view, and subcostal LV-to-Aorta). We also used the parasternal short-axis view to define the number and diameters of the right ventricle (RV) exit(s) and focused on the largest color Doppler flow diameter. We measured the sub-aortic rim (SAR) (distance from the aortic valve (AoV) annulus to the upper margin of the color flow across the pmVSD) using four views (parasternal long-axis view, apical 3-chambers, apical 5-chambers, and subcostal LV-to-Aorta). We considered SAR deficiency (≤ 2.5 mm for MFO and ≤ 3 mm for ADOII) or its absence as an exclusion criterion for retrograde closure only when the diameter ratio (RV exit/LV entry) was > 0.5. The other exclusion criteria for the intervention were: (1) ≥ moderate AoV prolapse and ≥ grade 1 aortic regurgitation (AR) (22), (2) left or right ventricular outflow tract obstruction, (3) pulmonary arterial hypertension, (4) active infection, contraindication to acetylsalicylic acid, or heparin, and body weight <8 kg. No advanced imaging modalities were needed for the diagnosis or procedure planning.



2.3. Device selection protocol

The choice of the device was guided by four measurements: 1) the largest LV entry diameter (measured on TEE or LV angiogram at the end of diastole), 2) the shortest SAR length (measured on TEE or angiography), 3) the largest RV exit diameter (measured on TEE), and 4) defect depth (measured on angiography).

The ADOII device was inherently limited to defects with LV entry diameter <10–11 mm and RV exit diameter ≤5.5 mm. Device choice was also governed by device availability over the study period. From July 2015 to June 2018, MFO was not commercially available outside China, and small-to-medium-sized defects were closed with ADOII. In June 2018, MFO was introduced to the armamentarium and remained available in our center until July 2020. During that period, defects anatomically eligible for either device (i.e., LV entry diameter <10–11 mm and RV exit diameter ≤5.5 mm) were closed with ADOII or MFO based on the operator choice. Larger defects were exclusively closed with MFO devices.

Only 4 mm long ADOII devices were used for this procedure. In defects with sufficient SARs, the diameter of ADOII central waist was selected 1–2 mm larger than the RV exit diameter to keep the left-side retention disk (LRD) larger than the LV entry diameter. In these defects, the D2 waist diameter of the MFO was selected equal to or 1 mm larger than the LV entry diameter (Figure 1). On the other hand, in defects with absent or deficient SARs and diameter ratio (RV exit/LV entry) ≤ 0.5, the LRD diameter of both devices was chosen equal to or 1 mm larger than the LV entry diameter. In eligible cases, the device was oversized by one size in defects with deep aneurysm (≥ 7 mm) and/or diameter ratio (RV exit/LV entry) > 0.5, taking into account that the device will shrink if elongated. The institutional device selection protocol for both devices is outlined in Tables 1, 2.


TABLE 1 Institutional device selection protocol for KONAR-MF™ VSD occluder.

[image: Table 1]


TABLE 2 Institutional device selection protocol for Amplatzer™ duct occluder 2.
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2.4. Interventional procedure

We performed all interventions under general anesthesia, fluoroscopy, and TEE guidance. We combined LV angiography with intraoperative TEE to delineate the defect anatomy. We crossed the defects from the LV side and implanted the device retrogradely as previously described (10, 11). Before device release, we controlled residual shunting, valvular function, and proper device position on TEE. We also performed a hand-dye injection in the ascending aorta to assess device non-interference with AoV function. We considered the implantation successful when the device was implanted stably into position until hospital discharge (i.e., no elective or emergent device retrieval for embolization, migration, or severe complication). We prescribed all patients 6 months of daily acetylsalicylic acid and bacterial endocarditis prophylaxis.



2.5. Follow-Up protocol

Outpatient follow-up visits were scheduled for one week then 1, 3, 6, and 12 months after the procedure and yearly thereafter. Standard adverse events were closely monitored based on detailed physical examination, TTE, and electrocardiogram. We performed electrocardiogram-Holter monitoring (24 h) when judged clinically indicated (i.e., conduction abnormalities on electrocardiogram and/or symptoms of syncope). At 6-month follow-up, acetylsalicylic acid therapy and bacterial endocarditis prophylaxis were discontinued in patients with complete closure. We reviewed the patients' records and patients who skipped their last scheduled follow-up were called for clinical consultation.



2.6. Statistical analyses

Statistical analyses were performed using SPSS, Version 22.0 for Macintosh (IBM, Armonk, NY, USA). Categorical variables were reported as frequency and percentage and continuous variables were represented as median with interquartile range (IQR). The normality of measurements was assessed using Shapiro–Wilk test. Statistical analyses for continuous variables were conducted using Mann–Whitney U and by chi-square test and Fisher's exact test for categorical variables as appropriate. Kaplan-Meier univariate analysis was used to estimate freedom from the residual shunt and LV dilation. A p-value < 0.05 was considered statistically significant. All reported P values are two-sided.




3. Results


3.1. Patient demographics

We identified 77 patients (57.1% males) with a median age of 4.3 years (IQR, 2.2–8.3) and a median weight of 16 kg (IQR, 11.2–24.5). The demographics of the two groups of patients are detailed in Table 3. Overall, 90.9% of the patients had dilated LVs with a median LVEDD z-score of 3.11. Two patients treated with ADOII devices had a history of infective endocarditis. At the time of the intervention, 44.2% of patients were non-responders to heart failure medical therapy (ADOII, n = 20, MFO, n = 14), 42.9% of patients were failing to thrive (ADOII, n = 20, MFO, n = 13), and 16.9% (ADOII, n = 3, MFO, n = 10) of patients had recurrent respiratory infections.


TABLE 3 Overall demographic and procedural characteristics.
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3.2. Cardiac catheterization

The median pulmonary-systemic flow ratio (Qp/Qs) was 2.3 (IQR, 2–2.5). No patient had pulmonary arterial hypertension or required pulmonary vasoactive evaluation before device closure. For attempted closure, 44 (57.1%) ADOII and 33 (42.9%) MFO devices were used. Implanted ADOII devices were 6/4 (n = 22, 50%), 5/4 (n = 11, 25%), 4/4 (n = 10, 22.7%), and 3/4 (n = 1, 2.3%). Implanted MFO devices were 14/12 (n = 3, 9.1%), 12/10 (n = 5, 15.1%), 10/8 (n = 4, 12.1%), 9/7 (n = 6, 18.2%), 8/6 (n = 7, 21.2%), 7/5 (n = 3, 9.1%), and 6/4 (n = 5, 15.2%). One 7/5 MFO was removed before release and upsized to a 12/10 MFO. There was no switch from one device to another or other cases of device change for a larger or smaller one. The overall anatomical characteristics of the defects are detailed in Table 3.

From July 2015 to June 2018, 25/77 (32.5%) defects (16% with deficient SARs) with a median LV diameter of 8.5 mm (IQR, 4.2–10) were closed with ADOII. From June 2018 to July 2020, 34/77 (44.1%) defects (38.2% with deficient SARs) with a median LV diameter of 9 mm (IQR, 6.5–10.4) were closed with 15 MFO and 19 ADOII while 18/77 (23.4%) larger defects (55.5% with deficient SARs) with a median LV diameter of 13.3 mm (IQR, 11.8–15.3) were closed with MFO devices.


3.2.1. Patients with defects anatomically eligible for both devices (i.e. LV entry diameter <10–11 mm and RV exit ≤5.5 mm)

The demographic and procedural characteristics of the subgroup of 59 patients with defects anatomically eligible for both devices are detailed in Table 4. Patients who received MFO devices (median age of 2.2 years) were younger than those who received ADOII devices (median age of 3.7 years) (p = 0.022). The median RV exit diameter was 3.5 mm (IQR, 3–4.2 mm) for defects closed with ADOII and 4 mm (IQR, 4–5 mm) for those closed with MFO (p = 0.015). The distribution of the diameter ratio (RV exit/LV entry) was almost identical in both groups with no statistical difference. 7/15 (46.7%) defects closed with MFO had deficient SARs compared to 10/44 (24.4%) defects closed with ADOII (p = 0.188). Procedure and fluoroscopy time as well as irradiation exposure did not vary significantly between the two groups.


TABLE 4 Demographic and procedural characteristics of 59 patients with defects anatomically eligible for both devices (i.e. LV entry diameter <10–11 mm and RV exit ≤5.5 mm).
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3.3. Post-operative evaluation and follow-up

The implantation success rate was 100% with ADOII and 90.9% with MFO devices. In two patients, the MFO device embolized to the left pulmonary artery before discharge and was snare-recaptured with no sequelae. The two patients were rescheduled for surgical VSD closure. One 9/7 MFO was snare-retrieved in a 3.4-year-old patient for a new onset of grade-2 AR that persisted afterward. Surgical AoV repair and VSD closure were proposed to the family who does not yet agree. The AR and the LV volume are stable, and the patient is still followed.

The median follow-up was 3.3 years (IQR, 2.1–4.2) for ADOII and 2.3 years (IQR, 1.7–2.5) for MFO devices. No permanent heart block or death occurred. One 13-year-old patient with 14/12 MFO experienced transient heart block and did not require any treatment over two years of follow-up. One 3.4-year-old patient with 6/4 ADOII had electrocardiogram-Holter monitoring for isolated premature ventricular contractions. Anticongestive drugs were stopped within one month postoperatively in all patients initially requiring this therapy. All children with failure to thrive caught up to normal growth curves. The progression of LVEDD and LVEDD z-scores across follow-up is shown in Figure 2A. Freedom from LV dilation progressively increased across follow-up, from an estimate of 83.78% at 24 months of follow-up to an estimate of 94.62% at 36 months of follow-up (Figure 2B).


[image: Figure 2]
FIGURE 2
Progression of LVEDD and LVEDD z-score across follow-up (A) Kaplan-Meier curve for freedom from the persistence of LV dilation (B)


Similarly, freedom from residual shunt progressively increased across follow-up, stabilizing at an estimate of 90.62% for MFO and 89.61% for ADOII devices (p = 0.617) at 24 months of follow-up (Figure 3). Overall, nine (12.2%) residual shunts (ADOII, n = 5, and MFO, n = 4) were persistent at last follow-up and were classified trivial with no hemodynamical significance. Progression of different grades of new-onset postoperative tricuspid and AoV regurgitations across follow-up is summarized in Figure 4A,B, respectively. Overall, four grade I (i.e., physiological) and one grade 2 tricuspid regurgitations (TR) were persistent at last follow-up. The five TR were clinically well tolerated and did not require intervention. One 2.6-year-old patient with baseline mild AoV prolapse and trivial AR developed a grade 2 AR after implantation of a 9/7 MFO device. He required surgical valvuloplasty (without device extraction) after 2 years with excellent results.
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FIGURE 3
Kaplan-Meier curves for freedom from residual shunt.
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FIGURE 4
Progression of different grades of new-onset postoperative tricuspid (A) and aortic (B) valve regurgitations across follow-up.





4. Discussion

The management of children with hemodynamically significant but restrictive-type pmVSD remains controversial with no clear guidelines (23). These defects are managed either by watchful waiting or by closure, depending on the clinical symptoms and practice patterns at each center. On the one hand, “prophylactic” closure is often advocated to avoid late LV dysfunction related to cardiac volume overload. However, this complication has not been well-described and some centers consider that the benefits may not outweigh the risks of surgical or percutaneous closure (23–25). On the other hand, watchful waiting is supported by the good tolerance of the shunt after one year of age (26–28). Another argument in favor of watchful waiting is that device closure has been exposed to major challenges since the failure of the asymmetrical Amplatzer Membranous VSD Occluder device (29, 30). Despite the absence of a device dedicated to this procedure, interventionists kept on testing existing devices in an off-label fashion. Published data confirmed the feasibility, safety, and efficacy of this technique (1–6). However, the specific challenges related to the perimembranous location of the defect made the intervention complex, and device-related complications were not infrequent pushing interventionists to abandon some of the devices (20). Cumulative experience showed that ADOII and the more recently introduced MFO both appear to be adequate double-disk devices for this intervention, particularly for retrograde implantation (8–19). Herein, we present a comprehensive comparison of the outcomes of these two devices in retrograde pmVSD closure and detail the fate of encountered complications.


4.1. Residual shunt

The goal of this procedure is to eliminate the intracardiac shunt and the LV dilation and not to transform a restrictive pmVSD into a more restrictive one and thereby increasing the risk of device-related endocarditis. From this perspective, any residual shunt even when classified as trivial should be considered a “partial failure” of the procedure even if LV dilation disappears with time. Device fabric and the presence of a polytetrafluoroethylene membrane have no direct effect on shunt closure but rather on fastening closure when the properly selected device self-center to an optimal position (31). Earlier in our experience and before the introduction of MFO to the armamentarium, we were aiming to close the largest RV exit rather than the LV entry by oversizing the ADOII device according to the RV exit (12, 19). This protocol was favored by our decision to avoid implanting larger Amplatzer devices (i.e., Amplatzer duct occluder I and Amplatzer Muscular VSD Occluder) according to the LV entry, particularly after encountering serious complications with both of these large devices (11). This approach was suitable in defects with sufficient SAR and a diameter ratio (RV exit/LV entry) close to or above 0.5 in which ADOII will be anchored without necessarily having a cone-shaped defect. The difficulty in choosing the proper ADOII device was seen in defects with deficient or absent SAR and a diameter ratio (RV exit/LV entry) close to 0.5 where properly closing the RV exist will lead to a large LRD that will be bigger than the LV entry and might interact with the AoV. When we started implanting MFO devices, we thought that the cone-shaped device might be better applied to the RV exit and that the additional high-pressure disk will ensure complete closure. However, we rapidly found out that the odds of facing a residual shunt are higher if the LV entry is not properly closed. We encountered four cases of persistent residual shunts in the MFO group. The RV side diameter (D1) of the central cone was 1–2 mm larger than the RV exit in all cases. However, the left side diameter (D2) of the cone was 1 mm smaller than the LV entry diameter in the two cases with sufficient SAR, and the LRD diameter was just equal to the LV entry in the two cases with absent SAR. Likewise, after revising the five cases of persistent residual shunts in the ADOII group, we noticed that the central disk diameter was at least 1 mm larger than the RV exit. However, the diameter of the LRD was just equal to the LV entry in the three cases with sufficient SAR, and the diameter ratio (RV exit/LV entry) was equal to 0.5 in the two cases with absent SAR, leading to an oversized LRD that had to be manipulated away from the AoV, thereby destabilizing the device position within the defect. Our results showed that ADOII has only 1% more residual shunts at 24 months of follow-up when compared to MFO (Figure 3A). Having almost the same rate of residual shunts would favor the MFO device that was used to close larger defects, not accessible to ADOII, in 18/33 (54.5%) of patients.



4.2. Tricuspid regurgitation

Both ADOII and MFO devices have a double disk design and can be implanted retrogradely. Compared to anterograde implantation, the retrograde approach improves the control in positioning the right-side disk away from the tricuspid valve (10, 11). In addition, both devices are designed with a freely articulating right retention disk that can be well-positioned under TEE monitoring (9–12). One might expect no new-onset of TR and might question why devices were released into position if a TR has been noticed on TEE. In fact, color Doppler examination on TEE can underestimate the degree of regurgitation (32). In some cases, multiple right disk repositioning to eliminate the regurgitation was suboptimal. These attempts included: 1) partial deployment of the right retention disk in a “mushroom” shape (i.e., before taking its final shape with flat edges) within the RV as close as possible to the interventricular septum to be then completely deployed away for the tricuspid valve or 2) re-crossing the defect and trying to come out from another “better oriented” RV exit and facilitate the right disk implantation (20). In failed attempts, we ended up implanting the device while accepting a certain degree of TR hoping that the device will adapt to its position after release and the regurgitation will progressively disappear. This phenomenon was observed immediately after device release or during follow-up (Figure 4A). All persistent TR are considered iatrogenic since they are secondary to a device not properly implanted. However, surgical closure of pmVSDs frequently creates TR (33). So, accepting mild degrees of TR after device closure is reasonable, as long as it is asymptomatic and does not progress over time, which is the general experience.



4.3. Aortic regurgitation

Avoiding AoV injury is fundamental in retrograde closure and hand injection in the ascending aorta is essential before device release to confirm the non-interference of the LRD with the AoV (1, 7, 10, 20). The two cases of persistent grade 2 AR were seen exclusively with MFO devices. Indeed, AoV injury was facilitated by the MFO's non-articulating LRD that didn't allow us to push on the delivery cable to re-orientate the LRD in the LV away from the AoV. This maneuver, successfully used in retrogradely delivered ADOII devices, displaced the MFO's central waist solidly connected to the LRD (11, 20). In our opinion, aneurysmal pmVSDs with a deficient or absent SAR are accessible to retrograde device closure when the diameter ratio (RV exit/LV entry) is ≤ 0.5. As outlined in our protocol, in defects with absent or deficient SAR, we focused on the diameter of the LRD of both devices and chose it equal to or 1 mm larger than the LV entry diameter. This implies that the selected devices were pushed inside the aneurysm, to keep the device away from the AoV and stabilize the device at a smaller entry diameter (inside the aneurysm). One should keep in mind that the aneurysms are not always too deep and thereby the devices cannot be pushed entirely inside as foreseen.

The absence of an aneurysmal transformation of the lesion leads generally to a diameter ratio (RV exit/LV entry) > 0.5, which we considered unfavorable for retrograde closure, in particular when the SAR is deficient or absent. In these defects, the device has to be oversized by one size so that it will stably hold at the right side. This oversizing will lead to a larger LRD that is harder to cope with and avoid the AoV during the retrograde approach. In those challenging cases, the transvenous approach is more reasonable because it allows to deploy the LRD inside the defect and away from the AoV (10, 20). Moreover, 16/77 (20.8%) patients experienced transient postoperative trivial AR (Figure 4B). Excessive wire and sheath manipulations might damage the AoV or temporarily affect its function (34). This phenomenon was also evoked in the first case of AR that persisted after device retrieval and was confirmed by the surgeon in the second case of AR.



4.4. Complete heart block

ADOII and MFO are considered suitable devices for this procedure because they provide less radial force compared to other available occluders (8–19, 35). We believe that unwanted conduction tissue damages were controlled with the soft and flexible design of both devices along with the avoidance of unreasonable oversizing. Of all implanted devices, ADOII and MFO have so far no history of late occurrence of heart block after pmVSD closure. However, the incidence of heart block is not eliminated and rare reported cases have occurred very early after the procedure (36–38). This serious complication can occur acutely but quite unpredictably months to several years after the procedure (30, 36). Therefore, caution is always the best statement and only a longer follow-up will reveal the real risk.



4.5. Learning points

Together, ADOII and MFO devices cover a large variety of selected pmVSD anatomies including those with absent or deficient SAR. ADOII and small-sized MFO devices can be both effectively implanted in defects with LV entry diameter < 10–11 mm and RV exit ≤ 5.5 mm despite their differently designed central disk. Positioning the more flexible ADOII device is less difficult than the more rigid MFO device. ADOII device offers a smaller delivery system with a freely articulating LRD for better maneuverability over the AoV during retrograde delivery. On the other side, MFO offers a larger portfolio to occlude larger defects with an LV entry diameter up to 17–18 mm, a smaller 2–2.5 mm retention rim to target smaller SARs, and finally, a tapered coned-shape central disk for aneurysmal anatomies with a diameter ratio (RV exit/LV entry) ≤ 0.5. Our future implantation protocol will include ADOII as a first choice of closure device except for defects with LV entry ≥ 10–11 mm and RV exit > 5.5 mm, where the MFO is a better choice.



4.6. Limitations

Our device selection protocol is an ad hoc gathered experience. The MFO device was introduced in June 2018, therefore earlier experience with retrograde implantation of ADOII devices might have affected the encountered results with the MFO device. Our protocol for retrograde implantation excludes defects with absent or deficient SAR and diameter ratio (RV exit/LV entry) > 0.5 in which we favor the anterograde approach. Electrocardiogram-Holter monitoring was performed only when judged clinically indicated. This might be considered a limitation to the interpretation of the results concerning rhythm disturbances.




5. Conclusion

Retrograde approach for transcatheter closure of pmVSD in children using ADOII or MFO devices is safe and effective with encouraging midterm outcomes. ADOII device is inherently limited to smaller defects but offers a lower profile and a flexible left-side disk to avoid AoV injury or interference during retrograde implantation. Both MFO and ADOII should be considered complementary devices in the armamentarium to tackle a large variety of selected pmVSD anatomies.
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Background: The development of microvascular plugs (MVPs) has enabled novel transcatheter deliverable endoluminal pulmonary flow restrictors (PFRs) with the potential to treat newborns and infants with life-threatening congenital heart diseases (CHDs) in a minimally invasive manner. We present our experience to evaluate the efficacy of this concept in controlling pulmonary blood flow in various CHDs.



Methods: Retrospective clinical data review of patients with CHD and pulmonary over-circulation who received bilateral PFRs percutaneously.



Results: Twenty-eight PFRs (7 MVP-5Q, 12 MVP-7Q, and 9 MVP-9Q) were finally implanted in 14 patients with a median age of 1.6 months (IQR, 0.9–2.3) and a median weight of 3.1 Kg (IQR, 2.7–3.6). Nine patients had large intra-cardiac left-to-right shunts (including 3 with fatal trisomy and palliative programs), 2 had borderline left ventricles, 2 had Taussig-Bing anomaly, and one had a hypoplastic left heart. Four patients had concomitant ductal stenting. Two MVP-5Qs were snare-removed and upsized to MVP-7Q. Patients experienced a significant drop in oxygen saturation and Qp/Qs. All patients were discharged from the ICU after a median of 3.5 days (IQR, 2–5.8) postoperative. Five patients had routine inter-stage catheterization and no device embolization or pulmonary branch distortion was seen. Fourteen (50%) PFRs were surgically explanted uneventfully on a median of 4.3 months (IQR, 1.2–6) post-implantation during biventricular repair in 6 patients and stage-2 palliation in one patient. The latter died 1 month post-operative from severe sepsis. Four patients are scheduled for surgical PFR removal and biventricular repair. Two patients with trisomy 18 died at 1 and 6.8 months post-procedure from non-cardiac causes. One patient with trisomy 13 is alive at 2.7 months post-procedure.



Conclusion: It is feasible to bespoke MVPs and implant them as effective PFRs in various CHDs. This approach enables staged left ventricular recruitment, comprehensive stage-2 or biventricular repair with lower risk by postponing surgeries to later infancy. Device explantation is uneventful, and the outcomes afterward are promising.
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1. Introduction

Control of distal pulmonary artery (PA) pressure and blood flow is a critical step in palliating babies with complex congenital heart disease (CHD). A novel, less invasive, and less aggressive potential alternative is to manually convert the thin polytetrafluoroethylene (PTFE)-covered, nitinol-framed, self-expandable microvascular plugs (MVPs) (Medtronic Inc., USA) from occlusion devices into endovascular pulmonary flow regulators (PFRs) (1–3). Following the animal work done by Khan et al. (1), the initial human experience came from Giessen, Germany where they used this technique for non-surgical transcatheter stage-1 in six newborns with hypoplastic left heart syndrome (HLHS) and variants, and the outcomes were excellent (2, 3). The same technique was also applied by an American group who reported their experience in a small series of six patients as a word of caution before any widespread application of this technique (4). In this study, we expand upon earlier findings to describe and evaluate our experience in using this novel technique for patients with different congenital lesions in which balanced pulmonary and systemic circulation was needed.



2. Patients and methods


2.1. Study design

We performed a retrospective clinical data review of all patients with CHDs who had transcatheter implantation of manually modified MVPs to PFRs at our institutions between September 2021 and September 2022. Standard safety and outcomes were assessed. All cases were discussed and approved during multi-disciplinary team meetings before the intervention. Approval from the institutional review board was obtained. Signed informed consent was obtained for the patient's legal guardians. This approach was applied as a part of total percutaneous stage 1 palliation in patients with a single ventricle. The PFRs were also used as short-term palliation in patients with two ventricles and significant left-to-right shunts such as atrioventricular septal defect (AVSD) or large ventricular septal defect (VSD) before complete repair. Patients with fatal trisomy 13 or 18 had palliative care programs. Some patients were deemed high-risk surgical candidates or needed time for staged left ventricular recruitment.



2.2. MVP device and delivery system

The MVP is a US FDA-approved and CE-marked self-expanding mechanical occlusion device. It is designed as a single-cage hexagonal framework made of a flexible, laser-cut Nitinol wire (Figure 1). The main body consists of an ovoid-shaped cylinder with both extremities tapering down to the center of the axis. The PTFE-coating has an asymmetrical parachute design, starting from the proximal tapering to the end of the tubular part whereas the distal tapering remains a bare segment. There is a single radiopaque platinum marker at each end. The plug is packaged soldered to a 180 or 165 cm-long highly flexible delivery wire. The detachment is mechanical with anticlockwise torque. A 4 cm plastic sleeve is present over the delivery cable to facilitate device loading. The device is currently available in four sizes with unconstricted diameters of 5.3, 6.5, 9.2, and 13 mm. The MVP-3Q and MVP-5Q consist of 6 and 8 covered segments, respectively. The MVP-7Q and MVP-9Q both consist of 10 covered segments. The technical specifications of the MVP are outlined in Table 1.


[image: Figure 1]
FIGURE 1
Manually-modified MVP-5Q after removal of the PTFE membrane within two opposing triangles (A). Manually-modified MVP-7Q with one fenestrated triangle at the most proximal inflow V-line of the nitinol wire (B).



TABLE 1 Technical specifications of the 4 MVP models.
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2.3. Device selection protocol

Considering that MVPs are originally designed for occlusion of less dynamic peripheral vasculature, the sizes of the manually modified devices were oversized according to the branch PA diameter. We implanted MVP-5Q for vessels with a diameter up to 4 mm, MVP-7Q for up to 6 mm, and MVP-9Q for up to 8 mm.



2.4. Adjusted modification technique of MVP device

The first operator stabilized the position of the MVP by holding the delivery cable with one hand and fixing the distal radiopaque marker with the other hand with toothless forceps. It is important not to hold the nitinol cage because it is flimsy. The second operator used a thin carbon steel surgical scalpel blade No. 11 (Swann-Morton®, England) to slice the PTFE membrane within the selected diamond at the most proximal inflow V-line of the nitinol wire. We speculated that this will keep the fenestration open even if there is compression on the device after implantation. The PTFE membrane was held under slight tension with toothless forceps. The distal base of the triangle was sliced with the scalpel to fenestrate half a diamond (i.e., one triangle) (Figure 1). The PTFE was cut from the other nitinol V-line of the diamond when a fenestration within an entire diamond was decided. In patients with a single ventricle program and patients with two ventricles and excessive pulmonary blood flow, we went as tight as possible to aggressively lower the PA pressure and tightly regulate the pulmonary blood flow. Therefore, we fenestrated 2 triangles in 2 different opposing diamonds on the MVP-5Q (Figure 1A) and one triangle on the MVP-7Q (Figure 1B) and MVP-9Q. We fenestrated an entire diamond in patients with failure of previous surgical PA band or with Taussig-Bing anomaly where the drop in pulmonary-systemic flow ratio (Qp/Qs) mismatch is needed without significant cyanosis. The ex-vivo theoretical calculated area of the fenestrated triangle within each model and the equivalent inner diameter of a circle with the same area are outlined in Table 2. The MVP-3Q is too small and was not used in this approach.


TABLE 2 Ex-vivo theoretical calculated area of the fenestrated triangle within each model and the equivalent inner diameter of a circle with the same area.
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2.5. Interventional procedure

The intervention was performed under general anesthesia, antibiotics prophylaxis, systemic heparinization, and biplane fluoroscopy. Anemia was corrected before the procedure to avoid jeopardizing the hemodynamic assessment. Femoral venous access was obtained with a 4 or 5-Fr Prelude sheath introducer (Merit Medical, USA). 6-Fr venous access was obtained in case of concomitant ductal stenting or balloon atrial septostomy. Jugular access was used in case of compromised femoral access. A 4-Fr arterial line was obtained. The QP/QS measurement was performed under an inspired fraction of oxygen (FiO2) at 21%. The tricuspid valve was crossed with a standard 2.7-Fr Progreat (Terumo Corp., Japan) or a steerable SwiftNINJA® (Merit Medical Systems, Inc., USA) microcatheters. A 4-Fr multipurpose Radiofocus GlideCath (Terumo Corp., Japan) was used for selective hand angiograms in the left pulmonary artery (LPA) in 30° left anterior oblique/lateral 90° projections and in the right pulmonary artery (RPA) in 30° right anterior oblique/lateral 90° projections (Supplementary Video S1). Angiographic measurements of proximal and distal diameters of both branch PAs were taken and compared to the measurements on transthoracic echocardiography (TTE).

When needed, balloon atrial septostomy was done before bilateral PFR placement and finally, the ductal stenting, as is routine in the Giessen hybrid approach (5). It is trickier to get to the LPA after ductal stenting and the left PFR can serve as a useful landmark of the pulmonary end of the arterial duct. The LPA was always dealt with first because it is easier to access the RPA if the LPA is partially plugged. The distal LPA was accessed with a combination system of standard or steerable microcatheter and a 0.014-inch coronary wire. The glide catheter was railed over the telescoping system and placed distally to the landing zone (Supplementary Video S2). A Y-connector was placed at the end of the catheter to prevent blood loss and allow angiograms.

After size selection, preparation, and modification of the MVP device, the system was then inserted in the same glide catheter through the Y-connector. It is important to go distally, place the distal radiopaque marker at the target area, and then rapidly uncover the MVP (Supplementary Video S3). The distal part of the MVP is bare-metal, thereby placing the distal marker at the take-off point of the first upper lobe branch PA will not jail it. Pulling back the deployed device, if not satisfied with the position, was avoided because it will likely cause proximal migration of the MVP into the MPA. Before release, a hand angiogram was done to check the patency of the upper lobe branches and the relationship of the MVP's proximal end with the pulmonary valve. A 2D short-axis ultrasound was done to confirm the device position and to measure the pressure gradient with continuous-wave Doppler tracing (Figure 2).


[image: Figure 2]
FIGURE 2
Ultrasound Doppler tracing showing a systolic-diastolic flow profile of effective PFRs in LPA (A) and RPA (B) of patient no.5. 2D and color-Doppler ultrasound short-axis view of PFRs in both PA branches (white pointed arrows) (C).


The RPA was then engaged using the microcatheter, but more carefully not to accidentally cross to LPA, even with wire, as this could change the geometry of the left PFR. The coronary wire was then placed distally over which the glide catheter was taken distally in the RPA. After the right PFR deployment, we did an exit angiogram (Supplementary Videos S4, S5) and another set of invasive pressure and oxygen saturation measurements. The goal of the procedure is to drop the oxygen saturation on the arterial blood gas by 10% and reduce the QP/QS mismatch by 50%. In patients with left-to-right shunt defects, the goal was also to obtain a minimal peak Doppler gradient of 40 mmHg on per-procedural ultrasound assessment.



2.6. Follow-up protocol

Post-procedure, all patients were sent sedated and intubated to the intensive care unit, and were weaned progressively from ventilator overnight or the next day. Follow-up drug treatment consisted of continuous infusion of heparin (20 UI/kg/h) for 2 days, overlapped by daily oral clopidogrel (0.2 mg/kg) and acetylsalicylic acid (5 mg/kg). In all patients receiving diuretics (furosemide 1 mg/kg/dose every 8 or 12 h and spironolactone 1–2 mg/kg daily given in 1–2 divided doses) before the intervention, diuretic therapy was kept identical the next post-procedure day. Patients were slowly weaned off the diuretic therapy over 2–7 days according to the oxygen saturation and ultrasound assessment of the intravascular volume. No other cardiovascular drugs were used. Following discharge, routine outpatient follow-ups were scheduled. The assessment included clinical evaluation, physical examination, saturation measurements, and TTE. Before surgical explantation of PFRs, follow-up cardiac catheterization was performed in patients with borderline anatomy and physiology to decide on the repair project. Patients with large intra-cardiac left-to-right shunts (AVSD and VSD) were directly sent for surgical explantation of PFRs and biventricular repair.



2.7. Statistical analyses

Statistical analyses were performed using SPSS, Version 22.0 for Macintosh (IBM, Armonk, NY, USA). Categorical variables were reported as frequency and percentage and continuous variables were represented as median with IQR (interquartile range) as appropriate. Statistical analysis for continuous variables was conducted using Mann–Whitney U test. A p-value <0.05 was considered statistically significant. All reported p values are two-sided.




3. Results

During the study period, 28 PFRs (7 MVP-5Qs, 12 MVP-7Qs, and 9 MVP-9Qs) were finally implanted in 14 patients with a median age of 1.6 months (IQR, 0.9–2.3) and weight of 3.1 Kg (IQR, 2.7–3.6). Nine patients had large intra-cardiac left-to-right shunts, 2 had borderline left ventricles, 2 had Taussig-Bing anomaly, and one had a hypoplastic left heart. Six patients with large intra-cardiac left-to-right shunts had trisomy disorders (including 3 with fatal trisomy and palliative programs). The patients' clinical characteristics are outlined in Table 3.


TABLE 3 Patients’ clinical characteristics.
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3.1. Procedure

At the time of the intervention, 7 patients were intubated, 7 had non-invasive ventilation support and 6 had inotropic support. Three patients had balloon atrial septostomy. No branch PA stenosis was identified on baseline angiography. The median diameter of LPA was 4.8 mm (IQR, 4.1–6.1) at the proximal segment and 4.5 mm (IQR, 3.7–5.8) at the distal segment. The median diameter of RPA was 5.4 mm (IQR, 4.6–6.5) at the proximal segment and 5.1 mm (IQR, 4–6.1) at the distal segment. Two MVP-5Qs were wasted. In patient no. 5, MVP-5Q was pulled out, after release, with a 7 mm micro-snare from the LPA because it was loose and was upsized to MVP-7Q. In patient no. 8, we retrieved one MVP-7Q from the LPA before release because the patient became cyanotic. We tried the MVP-5Q but it was loose and was removed. We re-implanted the previously used MVP-7Q after adding another triangle. The Doppler pattern was not the reason to switch devices in both patients.

We obtained a systolic-diastolic Doppler flow profile in all patients before device release. It is noteworthy that we haven't witnessed hemodynamic changes after first implanting the left PFR. At the end of the intervention, the baseline Qp/Qs significantly decreased from a median of 3 (IQR, 2.5–3.5) to a median of 1.4 (IQR, 1.1–1.6) (p < 0.001). The baseline oxygen saturation significantly decreased from a median of 100% (IQR, 96.7%–100%) to a median of 85% (IQR, 82%–88.3%) (p < 0.001). Four patients had subsequent ductal stenting. The median overall fluoroscopy time was 27.5 min (IQR, 20.7–37.4). In patient no. 5, short-run supraventricular tachycardia was treated with cold saline infusion. There was no device embolization or procedure-related death. The procedural data and clinical outcomes are outlined in Table 4.


TABLE 4 Procedural data and clinical outcomes.
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3.2. Post-procedure care

There were no immediate postoperative management challenges. Extubation was achieved after a median 1 day (IQR, 1–2) postoperative. No inotropic support was needed after extubation. All patients were discharged from the intensive care unit after a median of 3.5 days (IQR, 2–5.8) postoperative. At hospital discharge, the median non-invasive oxygen saturation was 90% (IQR, 88%–91%), the median maximum velocity of the continuous-wave Doppler tracing was 3.9 m/s (IQR, 3.3–4.5) on LPA and 3.9 m/s (IQR, 3.2–4.7) on RPA.



3.3. Follow-up

On a median follow-up of 5.3 months (IQR, 2.4–8.4), there was limited variability in the oxygen saturation and the maximum velocity of the continuous-wave Doppler tracing on both PA branches (Figure 3). Five patients (no. 1, 2, 3, 5, and 14) had routine inter-stage catheterization which showed normal end-diastolic ventricular pressures, no PFRs migration or branch PA stenosis or distortion. We also did not observe any filling defect on control angiograms. Of these five patients, redo catheterization in patients no. 3 and 5 with borderline left ventricle demonstrated adequacy for bi-ventricular circulation. Fourteen (50%) PFRs were surgically explanted uneventfully on a median of 4.3 months (IQR, 1.2–6) post-implantation during biventricular repair in six patients and stage-2 palliation in patient no. 14. The removal of the MVP was done under direct vision using forceps in six patients (Supplementary Video S6) and a snare catheter in one patient (no. 6) through a longitudinal opening on the anterior surface of the MPA (Figure 4). We did not observe any thrombus formation on the removed devices. In patient no.1, we first attempted snare removal but it was not possible to retrieve the device inside the sheath. The device was adherent to the vessel wall and covered with neo-endothelium. We opened the branch PAs directly over the devices which were separated from the wall by dissection. Both fragile PFRs were removed in pieces (Figure 5) and both branch PAs were repaired with autologous pericardium. In patient no. 14, the left PFR was removed easily leaving a widely patent vessel. The right PFR was removed piecemeal as it was partially adherent to the vessel wall with some intimal laceration anteriorly needing repair with a small autologous pericardial patch. The patency and size of the branches were confirmed adequate by appropriate Heggar dilators. There was no need for an exit angiography or redo catheterization in the six patients with biventricular hearts after repair, and all of them had an uneventful follow-up. The atrioventricular valve regurgitation in three patients with AVSDs did not get worse after the procedure. Four other patients are scheduled for surgical PFR removal and biventricular repair. One patient (no. 11) with trisomy 13 is alive at 2.7 months post-procedure. There were three late deaths. Two patients (no. 4 and no. 10) with trisomy 18 died at 1 and 6.8 months after the procedure from non-cardiac causes. Patient (no. 14) had stage-2 palliation 3.2 months after PFRs implantation. He died 1 month after surgery from severe necrotizing enterocolitis-associated sepsis. He had a post-Glenn angiogram which showed no branch PA stenosis.


[image: Figure 3]
FIGURE 3
Limited variability in oxygen saturation (A) and maximum velocity of the continuous-wave Doppler tracing on LPA (B) and RPA (C) during follow-up.
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FIGURE 4
Intraoperative snare-removed PFRs in patient no. 6 (A, B, and C).



[image: Figure 5]
FIGURE 5
Fragile MVP-based PFRs removed in pieces (white pointed arrows) from patient no. 1.





4. Discussion

Conventional surgical PA banding has been practiced for almost 70 years, but it is a procedure that carries multiple potential risks and morbidities (6, 7). This palliative surgery aimed to control excessive pulmonary blood flow in an era when corrective surgery for neonates was too risky or not available. Banding the PA has recently gained interest for left ventricular retraining and hypoplastic left heart malformations (3). Transcutaneously adjustable, dilatable, and resorbable PA bands like the Flo Watch have been trialed without widespread use in standard clinical practice (8, 9). Attempts have been also made to develop a transcatheter, implantable PFR without great success (10, 11). The recent development and successful use of MVP-based bespoke PFRs in animals and humans was an important turning point in the field of transcatheter interventions, making great strides in completing the Norwood stage-1, totally percutaneously (1, 2, 4, 12). We thought and showed that this appealing prospect can be safely and effectively applied to any lesion in which balanced pulmonary and systemic circulation is needed.

We observed that all patients with intra-cardiac shunts did well, especially when treated early. The vascular pulsatility is more apparent in QP/QS mismatch lesions and the PA cross-sectional shape is not completely circular both leading to higher odds of para-device leaks. For those reasons, early interventions when PA branches are not yet dilated and over-pulsatile should give better results when compared to later interventions beyond 6 weeks of age. Having a large ductal shunt on top of the intracardiac shunt will increase the oxygen saturation but the symptoms will improve. This is not surprising because the arterial duct will shunt in the systolic and diastolic phases while VSD will shunt only in the systolic phase.

Post-natal biventricular repair is uncertain in patients with a small ventricle. The hypoplastic ventricle must be rehabilitated using a balanced procedure that allows adequate blood flow in the ventricular cavity for further post-natal growth of the borderline left heart structures. This new appealing transcatheter concept turned out also a safe and effective strategic choice for patients with borderline left heart structures to avoid sophisticated neonatal biventricular repair and to lay the basis for further post-natal growth of the sub-aortic chambers (13).


4.1. Technical challenges and risks

Modified MVP is an attractive device to be used as an endovascular band due to its low profile, smooth delivery, easy positioning, and retrievability (14). However, there are some technical challenges and risks to overcome. Fenestrating the MVP with a scalpel has been reported to be difficult and the ability to ascertain the appropriately sized fenestration is the biggest challenge. Nageotte et al. reported that patients continued to demonstrate evidence of pulmonary over-circulation with elevated distal PA pressures despite appropriate device sizing as confirmed on angiography and overflow restriction as confirmed on ultrasound (4). They attributed some of that to para-device leaks. Another reason for continuous pulmonary over-circulation may be because the restriction occurs only at the level of a very thin PTFE membrane which may not impose enough resistance to blood flow when subjected to systemic pressures. Bespoke MVPs are placed into a high-pressure, high-flow circulation. This means that the ratio of the device to the measured lumen of branch PA should be chosen generously to the larger MVP size, as it was previously recommended by Haddad and colleagues in their large series on MVP-based vascular embolization (14). This is an important point to consider because previous authors also raised concerns about the slightly tangential orientation of the undersized device in tortuous vessel walls as well as the higher risk of device distal migration with undersized diameters and high flow circulations (15, 16). We implanted the MVP-based PFRs in 1 mm smaller PAs than the team of Schranz in their pioneering human series (2). One of the major challenges over here is to comprehensively balance the oversizing in a way to ensure stable implantation of the device while making sure not to excessively oversize these devices because the PTFE covering of the plug needs to open fully, otherwise, a para-device leak will occur, making the PFR not ideal (17).

Customization of the MVP is a new highly appealing concept and the overall experience is limited to two reports (2, 4). Every novel technique and experience needs a “word of caution” and that's why both of these experiences with their learning effects complement each other (2–4). Ballooning of the fine, very thin PTFE membrane as described by Nageotte et al. is questionable as is crossing the just created PFR by catheters just for unnecessary pressure readings. They created the fenestration with a low-temperature fine-tip Eye Bovie cautery and dilated it with a 3 mm coronary balloon (4). Some of the hybrid literature suggests making PA bands closer to 2.5 mm in luminal diameter (18). Perhaps that should have been the ideal fenestration size to aim for in small HLHS patients, as Nageotte et al. discussed in their report (4). Based on our experience, we achieved clinically effective PFRs by fenestrating one triangle on the MVP-7Q and MVP-9Q as well as two triangles in two diamonds on the MVP-5Q. These fenestrations are, in optimal ex-vivo conditions, equivalent to the overall surface area of a circle PA band with an inner diameter of 2.8, 3.9, and 4.4 mm in luminal diameter, respectively (Table 2). In retrospect, we think that the 2 fenestrations on the MVP-5Qs were generous but we were not confident of leaving patients with only one triangle. In practice, we did not take these calculated diameters in accordance and the fenestrations were tailored patient-to-patient, device-to-device as described earlier in the methods. In view of the fact that oversized MVPs were also used here for stable positioning of the PFRs within the PA branches, it remains to be seen whether the openings created in the device remain unaffected in-vivo.

We used the multipurpose GlideCath and did not replace it with a slightly angled Judkins right or Cobra-shaped glide catheter for PFR placement as has been previously reported by other colleagues (2–4). This approach might be questionable, particularly for the in-part 90° angled RPA entrance. We deployed the MVP device by rapid unsheathing (catheter withdrawal) rather than positioning the catheter more proximally in the PA branch and pushing the device forward into the landing zone. With this approach, we observed that the end shape of the catheter did not have a major effect on having a stable catheter position and controlled implantation (Supplementary Video S3). We didn't deal with high tension on the delivery cable, or even dislodgement and the need for repositioning while attempting to place the MVPs. In fact, the MVP device is extremely light and soft and there was almost no tension on the delivery cable. Adopting the unsheathing technique for device implantation was straightforward in all cases.

We acknowledge the risk of jailing the upper lobe branches. However, this risk is minimized with appropriate device size to ensure stable positioning, keeping in mind that MVP distal part is not covered. The soft Nitinol skeleton allows to retract and re-position the MVP until satisfactory implantation is obtained. Hence, care should be taken with repeated device re-sheathing as this may lead to small tears in the PTFE membrane (19). It has been reported that these devices tend to migrate distally, especially in the RPA which can potentially jail the distal branches and subject the upper lobe arteries to high pressure (4). The RPA is usually larger and longer but the right upper PA lobe branch can sometimes take off from a more proximal area. The RPA is also closer to the pulmonary valve and the MVP elongation can get close to the pulmonary valve. Smaller/shorter MVPs could be a better option in some cases. Invasive pressure measurement with a catheter retraction technique through the PFR is useless and risky. The effectiveness of the PFR can be demonstrated by ultrasound (Figure 2).



4.2. Benefits

By uncovering a specific number of triangles at the proximal end, one could accurately predict the theoretical ex-vivo luminal size of the PA band and control the degree of pulmonary flow restriction (Table 2). The MVP customization can be performed quickly on the table. Heparinization for the procedure and anti-platelet medications may be required to maintain luminal patency in the long run. We have not seen any thrombosis-related complications. However, we didn't feel confident in leaving the patients on a single antiplatelet agent (3). This is something that we will probably move to shortly.

Retrieval of those plugs is technically easy and it has been previously described (1–4). Although we didn't have to snare any plug on another occasion that the deployment procedure, we believe that snaring the plug within the first 3 weeks will be easy without damaging the vessel (2). Even though Khan et al. reported that 50% of MVP devices can be removed by snares after 12 weeks (1), snaring out these devices 4 weeks after implantation appears hazardous, leading to PA damage and narrowing. Our surgeons described their experience in device explantation. We feel more confident that those plugs were easy to explant, either by pulling them out, under direct view, either in one piece or in pieces. During removal, it is important to secure the proximal end of the MVP with forceps. The proximal half contains the PTFE membrane and can be easily separated away from the distal half and the vessel wall. It is essential to pull out the covered part in one piece, which was the case in our series (Figure 5). The remaining bare part of the device can be embedded in the endothelium and pieces could be removed one by one. The other interesting finding was using the snare technique in the operating theatre to explant old PFRs, and also without the need to patch the vessel (Figure 4).



4.3. Limitations

Most of our patients had a weight higher than 2.5 kg and probably would not have major contraindications for surgical PA banding. We adopted this promising novel transcatheter deliverable endoluminal PA bands to avoid one surgical step and sternotomy. There is a learning curve to achieve before taking this practice to a wider scale. Longer-term comparison studies are necessary to demonstrate the benefits over existing therapies. Treating PA branches with diameters beyond 8 mm will likely cause distal migration of the MVPs exposing the upper lobe branches or jailing them. More importantly, the para-device leak is more considerable when reaching those sizes.

We adopted the usual practice of monitoring the efficacy of surgical PA bands, which is the peak Doppler gradient. Previous teams noticed that the diastolic gradient increases over time resulting in increases in the mean gradient. We, however, did not record the mean gradients to discuss that observation. It is also noteworthy that hemodynamics including PFR characteristics are different in anesthetized or deeply sedated patients and the PFR effects can be very different. Effectiveness of the endoluminal PA band determined by clinical signs and Doppler pattern should be also analyzed in terms of cardiovascular co-medications affecting residual or intermittent overflow conditions. Speculating about the definition of an “optimal” sized hole for a PFR is highly debatable. For those reasons, we used several parameters to evaluate the efficacy of the endoluminal band such as oxygen saturation, blood pressure, angiograms, cardiac index, and ultrasound peak systolic gradients.

Our experience with the percutaneous stage-1 approach in patients with HLHS is limited to one. During surgical PFR removal in patient no.14, the left side was unproblematic, but there was a laceration on the right side. Patch expansion of the LPA or prophylactic stent placement can be needed during stage-2, but should not be necessary (3). However, problem on the RPA are not usually expected. Considering that the Glenn anastomosis is usually performed at the side of RPA, such laceration could have been solved by the surgical connection of the superior vena cava to the RPA. However, in patient no. 14, our surgeon judged that a small patch was needed for a more esthetical surgical outcome. This is a point perhaps important in view of future HLHS treatments using the minimally invasive transcatheter method as stage-1 palliation routinely.

We had a small group of patients with fatal trisomy disorders who were stuck on the mechanical ventilator for multiple reasons, including the left-to-right shunt. Although we managed the QP/QS mismatch, as demonstrated by invasive measurements, these patients are not always going to benefit from the intervention. They have more complex respiratory, neurological, and muscular problems related to the syndrome itself that could prevent the child from benefiting from the procedure or lead to death.



4.4. Future perspectives

We applaud the pioneering efforts of Schranz and colleagues in promoting this novel technique in percutaneous stage 1 palliation. We expand upon their findings and report the safety and efficacy of this concept in various congenital heart lesions. As we described earlier in detail, the shape and dimensions of the MVP device are not ideal. The distal part of the MVP device is not covered, and this helps to avoid pinching or jailing the upper lobe PA branches. On the other hand, the surgical perspective could be that the uncovered part of the device is responsible to grow too much into the vessel wall. Based on your initial experiences, we think that there is room in the industry to develop ready-to-use PFRs with perfectly created fenestrations. A custom-made device for transcatheter endoluminal PA banding should be first deliverable through a 4-Fr catheter and has a distal marker for accurate positioning together with a proximal radiopaque micro pin for mechanical delivery and easy snare-recapture of the device, if necessary. In comparison with the MVP, the custom-made device should be shorter with 8 and 10 mm lengths which both are sufficient for a stable landing. It should also be designed in 5 diameters starting from 5 mm and incrementally moving in 1.5 mm up to 11 mm for a more tailored approach while respecting a reasonable 1.5 mm of additional oversizing. The proximal parachute covering should include 80%–100% of the device length as we think this is necessary to obtain a stable PTFE membrane while reducing the length of the bare-metal device part. A double-layer sandwich PTFE covering design could be beneficial to obtain a thicker PTFE membrane ready to impose enough resistance to blood flow when subjected to high-pressure, high-flow circulation. The fenestration should be either circular or oval-shaped, centrally created, shallow, and most importantly metal-reinforced to obtain an accurate in-vivo size of the fenestration. In our opinion, the ideal diameters of the fenestrations could be 2.8, 3.2, and 3.6 mm.




5. Conclusion

In our experience, we showed that MVP-based bespoke PFRs can be effectively used as short-term palliation in two ventricle patients with excessive pulmonary blood flow before complete repair. Patients with a single ventricle program or with borderline physiology are also good candidates for this appealing technique but are more challenging cases because perfectly balanced pulmonary and systemic circulation is critical to their future success. Surgical explantation during subsequent palliative or definitive surgeries is fairly straightforward with no residual vessel injury noted.
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Supplementary Video S1

Baseline angiographies in 30° left (left panel) and right (right panel) anterior oblique planes for accurate measurements of PA branches.

Supplementary Video S2

Patient no. 12. Fluoroscopic view in 30° left anterior oblique (left panel) and lateral 90° (right panel) showing how the 4-Fr multipurpose GlideCath is railed over the telescoping microcatheter system and placed in the distal LPA.

Supplementary Video S3

Patient no. 12. Fluoroscopic view in 30° left anterior oblique (left panel) and lateral 90° (right panel) of right PFR implantation through a 4-Fr multipurpose GlideCath.

Supplementary Video S4

Patient no. 12. Completion angiographies in cranially tilted anteroposterior (left panel) and lateral 90° (right panel) planes after placement of modified MVPs within the PA branches.

Supplementary Video S5

Patient no. 8. Completion angiographies in cranially tilted anteroposterior (left panel) and lateral 90° (right panel) planes after placement of modified MVPs within the PA branches.

Supplementary Video S6

Patient no. 8. Intraoperative smooth removal of both PFRs with the dissector technique.
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Objective: Bovine pericardium is common biological material for bioprosthetic heart valve. There remains a significant need, however, to improve bioprosthetic valves for longer-term outcomes. This study aims to evaluate the chronic performance of bovine pulmonary visceral pleura (PVP) as bioprosthetic valve cusps.



Methods: The PVP was extracted from the bovine lung and fixed in 0.625% glutaraldehyde overnight at room temperature. The PVP valve cusps for the bioprosthetic valve were tailored using a laser cutter. Three leaflets were sewn onto a nitinol stent. Six PVP bioprosthetic valves were loaded into the test chamber of the heart valve tester to complete 100 million cycles. Six other PVP bioprosthetic valves were transcardially implanted to replace pulmonary artery valve of six pigs. Fluoroscopy and intracardiac echocardiography were used for in vivo assessments. Thrombosis, calcification, inflammation, and fibrosis were evaluated in the terminal study. Histologic analyses were used for evaluations of any degradation or calcification.



Results: All PVP bioprosthetic valves completed 100 million cycles without significant damage or tears. In vivo assessments showed bioprosthetic valve cusps open and coaptation at four months post-implant. No calcification and thrombotic deposits, inflammation, and fibrosis were observed in the heart or pulmonary artery. The histologic analyses showed complete and compact elastin and collagen fibers in the PVP valve cusps. Calcification-specific stains showed no calcific deposit in the PVP valve cusps.



Conclusions: The accelerated wear test demonstrates suitable mechanical strength of PVP cusps for heart valve. The swine model demonstrates that the PVP valve cusps are promising for valve replacement.
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Introduction

Transcatheter pulmonary valve replacement (TPVR) is becoming the treatment of choice in most congenital heart disease (CHD) patients with degeneration of prior right ventricular outflow tract repair. Right ventricular outflow tract (RVOT) dysfunction is a common hemodynamic challenge for children and adults with CHD, including patients with repaired tetralogy of Fallot (TOF), truncus arteriosus, and those who have undergone the Ross procedure for congenital aortic stenosis and the Rastelli repair for transposition of great vessels (1–4).

Recent advances in surgical techniques and perioperative care have dramatically improved the long-term outcome of CHD. Prior to the ground-breaking contribution of Dr. Bonhoeffer in the year 2000, open-heart surgery was the only modality to address RVOT dysfunction (5). The technical challenges of repeat redo cardiac surgery and the risk of myocardial injury related to repeated cardiopulmonary bypass adds to the complexity of the underlying CHD, which necessitated the search for an alternative approach. Since the life expectancy of these patients is improving, there is an increased demand for these procedures. Clinicians are now faced with a continuously growing population of adult patients with CHD, where most will require re-intervention in adulthood (6–8). Although transcatheter intervention to address RVOT obstruction, utilizing balloon angioplasty or stent implantation, provided relief of the RVOT obstruction, it came at the expense of pulmonary regurgitation with long-term detrimental effects (9). The introduction of TPVR serves as an alternative to address the stenosis and regurgitation in the same setting. Currently, pulmonary valve replacement is one of the most common procedures performed for adult CHD patients (10).

Cuspal calcification and degeneration, however, are major risks in pulmonary valve replacement (especially in younger patients) (11–13). Calcification of bioprosthetic heart valves in recipient patients causes deterioration of valvular function and eventually requires reoperation. Structural valve failure is caused by calcification which is histologically evident within three years of valve implantation (14). Mechanical stresses, including mounting the valve on various catheters and distortion of the valve or incomplete valve expansion, have been identified as risk factors for early valve failure. Calcification of bioprosthetic valves can be inhibited by reducing functional stresses through the modification of design and tissue properties (15). In this regard, our computational simulations showed that the mechanical stresses in elastic cusps are significantly smaller than those of more rigid cusps, where the PVP and bovine pericardium were used as the comparative cusps biomaterials (i.e., stress-strain relation of the two different materials were used), respectively (16). Hence, PVP cusps in bioprosthetic valve may mitigate calcification through stress reduction. Furthermore, our previous study demonstrated that the PVP is composed of abundant elastin fiber (17). It is well known that the elastin fibers are extensively covalent cross-linked (18), which enables PVP cusps to resist degradation and hence increase the longevity. Additionally, PVP vascular grafts/patches demonstrated very low thrombogenicity and low-inflammation in rodent and large animal (swine/canine) models (19–21). These observations formed the basis for the calcification mitigation hypothesis explored in the present study.

Here, we used glutaraldehyde-crosslinked PVP, to serve as the cusps of a bioprosthetic pulmonary valve in a swine model. The mechanical durability of the bioprosthetic valve was evaluated in accelerated fatigue testing. The bioprosthetic valves were implanted in the pulmonary outflow tract to replace a native pulmonary valve in the swine model for evaluation of the biocompatibility of the PVP bioprosthetic valve. The efficacy of the PVP bioprosthetic valve was postoperatively evaluated. The calcification, inflammation, and fibrosis of the PVP valve cusps were analyzed four months post-implant.



Materials and methods


Preparation of PVP valve cusps

The bovine lungs were obtained from Sierra for Medical Science (Whittier, CA 90607). The bovine PVP was separately extracted from the lungs with the aid of pressurized phosphate-buffered saline pumped into the interstitial space between the lung tissue and PVP. The PVP tissues were laid flat and rinsed with 4°C saline with 1% protease inhibitors (PMSF, phenylmethylsulfonyl fluoride) five times. The bovine PVP was fixed in 0.625% buffered glutaraldehyde (pH 7.4) overnight at room temperature to crosslink the proteins and diminish immune rejection. The PVP tissues were then stored in 0.25% buffered glutaraldehyde (pH 7.4) until valve construction. The thickness of PVP was measured using an electronic thickness gauge (Model 547-561S, Neoteck). Every piece of PVP tissue with dimensions of 9 (length) × 4 (width) cm was tailored for three valve cusps using a laser cutter. Three valve cusps with uniform thickness (±0.01 mm) were selected to assemble one bioprosthetic valve.



Valve assembly and accelerated fatigue test

Three valve cusps were sewn onto the FoldaValve nitinol (self-expandable) stent (25 mm diameter) with a 6–0 suture (22). The Heart Valve Tester (Dynatek Labs M6 tester SN M6-102281) was used for the accelerated fatigue test of the PVP bioprosthetic valve (23). Six valves were loaded into the valve test chamber of the tester. The tester was filled with normal saline (0.90% w/v of NaCl) at 37⁰C. The tester was run with a system pressure of 120/80 mmHg and 800 cycles/min until 100 million cycles. The leaflet coaptation was observed for every valve. After completing 100M cycles, the valves were removed from the Heart Valve Tester. The valve cusps of each PVP bioprosthetic valve were examined visually under a microscope.



Implant experiment

All animal experiments were performed in accordance with national and local ethical guidelines, including the Principles of Laboratory Animal Care, the Guide for the Care and Use of Laboratory Animals and the National Society for Medical Research, and an approved California Medical Innovations Institute IACUC protocol regarding the use of animals in research. Six domestic pigs (55 ± 5 kg) were used in the study. Animals were obtained from a certified vendor. The animals fasted for twelve hours before surgery. Appropriate aseptic techniques were followed for the survival surgery, including thorough scrubbing and wearing sterile garments. Intramural injections of TKX (4.4 mg/kg), consisting of a mixture of telazol (50 mg/ml), ketamine (25 mg/ml), and xylazine (25 mg/ml), were provided sedation. All animals were intubated and ventilated via a mechanical respirator with general anesthesia maintained via 1%–2% isoflurane and oxygen. The animals were monitored continuously for a surgical level of anesthesia. Joint tone, movement, blood pressure, and heart rate were all used to ensure a suitable surgical plane. Vital signs, including ECG, were monitored continuously throughout the procedures. A heating pad was used to maintain the body temperature of the animal. An intravenous (IV) line was placed percutaneously in the femoral vein to administer fluids and drugs. An isotonic saline drip was administered via a peripheral venous line (300 ml/h) to prevent dehydration. Heparin (∼100–200 IU/kg) was administered to achieve an activated clotting time of >200 s. Lidocaine (4 mg/kg), magnesium (20–50 mg/kg), and amiodarone (150 mg IV bolus) were administered to prevent arrhythmia deployment of the prosthetic valve.

The animal was placed in dorsal recumbency. The hair over the chest was clipped and cleaned. Baseline intracardiac echocardiography (ICE) measurement was performed. The animal was covered with sterile surgical drapes. Baseline angiography and cardiac pressure measurements were performed. The chest was opened through a midline sternotomy. As for heart exposure, an appropriate size of the sheath was placed from the right ventricular apex. The delivery system (transventricular catheter) for the bioprosthetic valve was advanced over a guidewire positioned in the pulmonary artery and positioned for deployment at the junction of the RVOT and pulmonary artery. The bioprosthetic valve was carefully deployed over the native pulmonary valve at the outflow tract. The incision at the right ventricular apex was closed by suture continuously. The sternum was closed with four or five stainless steel sutures. The muscle layer and subcutaneous tissue was closed with an absorbable suture, while the negative chest pressure was restored through a chest tube. The skin was closed with surgical staples. Fluoroscopy was used to evaluate whether the PVP bioprosthetic valves migrated from the RVOT and pulmonary artery junction. ICE was used to assess the open and coaptation of the PVP bioprosthetic valves. Clopidogrel (75 mg/day) and Aspirin (325 mg/day) were administered orally for survival durations as the general postoperative treatment of vascular surgery to prevent blood clots.

On the terminal day, the six animals were anesthetized and heparinized. Fluoroscopy and ICE were performed to assess the position and function of the PVP bioprosthetic valves. The animals were euthanized. The chest was re-opened to expose the heart. Visual assessment of fibrosis or inflammation was completed. The animal was euthanized. The heart was excised for visual assessment of the PVP bioprosthetic valve in the pulmonary artery outflow tract. The PVP bioprosthetic valve was amputated from the adjacent aortic wall for examination with the aid of stereomicroscope. After fixation with 4% paraformaldehyde, the cusps with the entire tissue complex were carefully dissected from the stent. A segment on circumferential plane and a segment on axial plane in each cusp were sliced for histologic analyses.



Histological analyses

The segments were dehydrated through graded ethanol and embedded in paraffin. The segments were sectioned 3 μm thick for histological staining. After deparaffinization and rehydration, the routine processing was performed for hematoxylin-eosin (HE) staining for overall morphologic features, Masson's trichrome staining for collagen, von Kossa staining (Calcium Stain Kit, NC1969831, Fisher Scientific) for calcium phosphates, and Alizarin Red staining (Millipore Sigma) for calcium deposition. In addition, Oil Red O Staining (Lipid Stain Kit: ES4814, Azer Scientific) and Perls Prussian Blue staining (Iron Stain Kit: ES3402, Azer Scientific) were used to evaluate lipid and iron (intravalvular hemorrhage) depositions. Each section was analyzed using light microscopy. We also used immunofluorescence to visualize elastin and collagen fibers in the PVP cusps of bioprosthetic valves. Besides the routine processing for deparaffinization and rehydration, the processing for immunofluorescence were performed, i.e., antigens retrieval, blockage in 3% bovine serum albumin, rinse with PBS, etc. The tissue sections were incubated with primary antibodies, anti-elastin (Cat #:sc17480, 1/30 dilution with PBS contained 0.25% Triton and 2.5% donkey serum, Santa Cruz Biotechnology), anti-collagen (Cat.#:ab7778, 1/25 dilution with PBS contained 0.25% Triton and 2.5% donkey serum, & ab6586, 1/20 dilution with PBS contained 0.25% Triton and 2.5% donkey serum, Abcam), MMP-9 (Cat.#:sc21733, 1/50 dilution, Santa Cruz Biotechnology), and fibrin (Cat.#:350, 1/20, American Diagnostic Inc), respectively. After PBS rinse, the sections were incubated with fluorescent dye-conjugated secondary antibodies (Cat. #A10040, A10036, A11081, & A11058, 1/100, dilution with PBS contained 0.25% Triton and 2.5% donkey, serum, Thermo Fisher Scientific). Fluorescent wheat germ agglutinin (Cat.#:w11261, 1/100 dilution, Thermo Fisher Scientific) was used to label glycosaminoglycans and proteoglycans in extracellular matrix (ECM) (24). The images were obtained using a fluorescence microscope (Eclips TS2R FL, Nikon).



Statistics

Average and standard deviation are reported for the various measurement parameters.




Results

We harvested approximately 400 cm2 PVP with a uniform thickness from each lung set. The thickness of PVP varied due to the different age/weight of animals and regions at the lung surface. Generally, the thickness of bovine PVP ranged from 110 to 280 μm. Although it is thinner than bovine pericardium, the PVP can be handled and sewn for leaflets and skirts of bioprosthetic valves. Four examples of bioprosthetic valves with diverse valve cusps thicknesses (0.17 to 0.26 mm) are presented in Figures 1A–B and 1F–G. All three valve cusps in one PVP bioprosthetic valve are symmetric with coaptation at ∼3 cm hydraulic pressure. Six PVP bioprosthetic valves with valve cusp thicknesses of 0.17 ± 0.01 mm (n = 2), 0.22 ± 0.015 mm (n = 2), and 0.25 ± 0.017 mm (n = 2), respectively, were collected for accelerated wear/fatigue tests. The prosthetic valves were mounted in the 6-chambers in the Dynatek Labs M6 tester, respectively. In the Heart Valve Tester, normal valve cusps coaptation was observed. All six PVP bioprosthetic valves completed 100 million cycles. All valve cusps had opened and had coaptation at the end of 100 million cycles (Figure 1C). No significant tears were observed for the valve cusps of each PVP bioprosthetic valve that were examined visually under a microscope (Figures 1D–E and 1H–I).


[image: Figure 1]
FIGURE 1
PVP cusps in bioprosthetic valve and accelerated wear test. Examples of diverse thicknesses of PVP cusps in bioprosthetic valves. (A,B,F,G) Representation of the PVP bioprosthetic valves before testing in accelerated wear/fatigue tester. (A) 0.17 mm, (B) 0.22 mm, (F) 0.25 mm, and (G) 0.26 mm. (C) Representation of accelerated wear/fatigue test in Dynatek Labs M6 tester. The medium was saline. Parameters were 800 cycles/min, 120/80 mmHg for systolic and diastolic pressures, and 37°C of testing temperature. The cycles reached 100 million cycles while the tester ran for four months. (D,E,H,I) Representation of the PVP bioprosthetic valves after testing for 100 million cycles. No significant tear/damage was observed on the PVP cusps.


Six PVP bioprosthetic valves with cusps thicknesses of 0.17 ± 0.01 mm (n = 3) and 0.22 ± 0.015 mm (n = 3) were implanted in six pigs, respectively. While the PVP bioprosthetic valves were implanted at the junction of RVOT and pulmonary artery in pigs, no complications were observed in any animal during the postoperative period. In the terminal study, we did not observe any migration of the PVP bioprosthetic valves in the junction of RVOT and pulmonary artery until postoperative four months (Figure 2A). No right ventricular dilation was observed in fluoroscopy. The valve cusps opening and coaptation were observed by ICE (Figures 2B,C). In the post-mortem examination, we did not observe any thrombotic deposit, inflammation, or fibrosis in the heart and pulmonary artery (Figure 3A). Further dissection to expose the PVP bioprosthetic valves showed no thrombotic deposit, inflammation, or fibrosis on the valve cusps and skirt (Figure 3B). When the PVP bioprosthetic valves were isolated, we did not observe any calcific deposit on the valve cusps, valve skirt, or aortic wall (Figure 3C).
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FIGURE 2
Fluoroscopic and ultrasound (ICE) images of a bioprosthetic valve in the pulmonary artery outflow tract of a pig. (A) Fluoroscopic image visualized the stent of a bioprosthetic valve in the pulmonary artery outflow tract of a pig. (B) Ultrasound image (transverse plane) showed the opening of a bioprosthetic valve in the pulmonary artery outflow tract of a pig. (C) Ultrasound image (transverse plane) showed the coaptation of a bioprosthetic valve in the pulmonary artery outflow tract of the pig.
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FIGURE 3
Postmortem images of bioprosthetic valves implanted in swine pulmonary artery for four months. (A) A bioprosthetic valve in the pulmonary artery of a pig. No observation of fibrosis and inflammation in the pulmonary artery outflow tract and myocardium. (B) The excision of extrapulmonary arterial tissues and myocardium further exposed the bioprosthetic valve in the pulmonary artery. (C) The bioprosthetic valve in the pulmonary artery was fixed in 4% paraformaldehyde for twenty-four hours.


In histologic analyses, all tissue slides were carefully reviewed in accordance with a pathologist's instruction. The structure of valve cusps remained intact and functional. Some examples are shown in Figures 4A–F. The valve cusps of PVP bioprosthetic valves did not show thickening for the four-month duration (Figures 4A–F). We did not observe any tearing or degradation in the valve cusps of PVP bioprosthetic valves (Figures 4B,C,E,F). The collagen fibers (blue) in the valve cusps were well integrated for the four-month duration (Figures 4C,F). A few host cell migrations (Red) were observed within the valve cusps (Figures 4C,F). The calcific deposit should be represented black/dark grey in the von Kossa stain (Figures 5A,E) or dark red in the Alizarin Red stain (Figures 5B,F). We did not observe any black spot or dark red plaque in the valve cusps (Figures 5A,B,E,F) for the four-month duration. The iron deposit was observed in 1 of 6 PVP bioprosthetic valvular implants (Figures 5C,G). The iron deposit was mainly observed in the external region of the PVP cusps. The lipid deposit was observed in 1 of 6 PVP bioprosthetic valvular implants (Figures 5D,H). In the one implant where lipid deposition was observed, it was only seen in the external region of the PVP cusps. Using immunofluorescence microscopy, we examined the integration and compaction of elastin and collagen fibers in the valve cusps of PVP bioprosthetic valves. The elastin fibers in the valve cusps remained intact and robust during the four-month period (Figures 6A–D). The collagen fibers in the valve cusps were also compact and continuous for the four-month duration (Figures 6E–H). The MMP9 expression was observed in 3 of 6 PVP bioprosthetic valvular implants (Figures 7A–D). The MMP9 expression was observed in external regions of PVP cusps in 2 bioprosthetic valvular implant (Figures 7A–C). In one bioprosthetic valvular implant, the MMP9 expression was observed in internal regions of PVP cusps (Figure 7D). The fibrin expression was observed in 1 of 6 PVP bioprosthetic valvular implants (Figures 7E–H). The fibrin expression was mainly in external region of the PVP cusps (Figures 7E–G) and the commissure of cusps (Figure 7H).
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FIGURE 4
HE and trichrome stains of the PVP bioprosthetic valves. (A–C) Represent the transversal plane of the PVP cusp in bioprosthetic valve implanted in the pulmonary artery outflow tract for four months. (D,E,F) Represent the longitudinal plane of the PVP cusp in bioprosthetic valve implanted in the pulmonary artery outflow tract for four months. (A,D) Are macroscopic pictures of trichrome stains. (B,E) Are microscopic pictures of HE stain. Bars: 0.1 mm. (C,F) Are microscopic pictures of trichrome stain. Bars: 0.1 mm.
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FIGURE 5
Histological analyses on calcification, iron deposit, and lipid deposit. (A–D) Represent the transversal plane of the PVP cusp in bioprosthetic valve implanted in the pulmonary artery outflow tract for four months. (E–H) Represent the longitudinal plane of the PVP cusp in bioprosthetic valve implanted in the pulmonary artery outflow tract for four months. (A,E) Are microscopic pictures of the von Kossa stain. (B,F) Are microscopic pictures of the Alizarin Red stain. (C,G) Are microscopic pictures of the iron stain. Pink: nuclei. Dark blue: iron deposit. (D,H) Are microscopic pictures of the Oil Red O stain (lipid deposit). Dark violet: nuclei. Red: lipid deposit. Red arrows: pointing lipid deposit. White and black bars for A to H: 0.1 mm.
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FIGURE 6
Elastin and collagen fibers of PVP cusp in the bioprosthetic valves implanted in pigs for four months. Four areas of interest are randomly selected for representation. (A–D) Represent elastin (green) fibers in the PVP cusp. (E–H) Represent collagen (red) fibers in the PVP valve cusps. (A,B,E,F) Represent the transverse plane of the PVP valve cusps. (C,D,G,H) represent the longitudinal plane of the PVP valve cusps. Bars for A to H: 100 μm.
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FIGURE 7
Immunofluorescence analyses on MMP9 and fibrin for post-implanted four months. (A–D) Represent MMP9 expression. Red/Orange: MMP9. Green: Fluorescent wheat germ agglutinin (WGA). Blue: Nuclei. (E–H) Represent fibrin expression. Red/Orange: Fibrin. Green: Fluorescent wheat germ agglutinin (WGA). Blue: Nuclei. Bars for A to H: 100 μm.




Discussion

This is the first study using bovine PVP valve cusps as bioprosthetic heart valves in large animal models. The implanted PVP bioprosthetic valves remained at the junction of RVOT and pulmonary artery of pigs without migration for the 4-month period. There were no signs of calcification and degradation in the PVP pulmonary bioprosthetic valve. No thrombotic deposit, fibrosis, or inflammation were observed in PVP valve cusps of bioprosthetic valves in gross examination or histologic analyses. Histologic and immunofluorescence microscopic analyses did not reveal any collagen and elastin fibers degradation in the PVP valve cusps.

Hemodynamically significant RVOT dysfunction (regurgitation due to valvular dysfunction) is commonly encountered in adulthood in patients who have undergone previous surgical repair for several conditions, including TOF, pulmonary atresia with ventricular septal defect, congenital pulmonary stenosis, truncus arteriosus, previous Ross procedure for congenital aortic stenosis, and Rastelli repair for transposition of great vessels. Pulmonary valve replacement has become one of the most common procedures for pediatric and CHD patients (4). Surgical pulmonary valvular replacement (SPVR) still remains the gold standard for patients with congenital heart diseases (25). TPVR can be a reliable and safe alternative to SPVR in patients that have undergone prior surgeries for congenital heart disease (25). Compared to SPVR, TPVR was associated with a significant reduction in risk for all-cause mortality at the longest available follow-up, recurrent pulmonary regurgitation, and thirty-day hospitalization, while the risk for post-procedural infective endocarditis was significantly higher (25). Improvements for TVPR include features such as a lower introducer profile (currently, delivery systems are 16–24 Fr size), low inflammatory response, no infection, long durability, low opening resistance with maximal valve area, fast and reliable closure, and non-thrombogenicity.

The thickness of bovine PVP ranges from 110 to 280 μm which is significantly smaller than that of the bovine pericardium (>200 μm). It is known that approximately 40% of the bulk size of the trans-catheter valve stems from the valve cusps; i.e., the delivery system can be reduced accordingly when the tissue of valve cusps is thinner. Therefore, the PVP can substantially reduce the profile of the delivery system. Thinner PVP valve cusps would also reduce the tissue's degree of crimping, which may cause damage and hence potential failure (tearing and calcification). Although it is thinner than bovine pericardium, we demonstrate in the study that the PVP valve cusps have no tear or degradation after 100 M cycles in an accelerated fatigue/wear test. We have demonstrated in the previous investigation that the PVP graft has similar burst pressure to the artery (19). Therefore, the mechanical strength of the PVP is suitable for the valve cusps of a bioprosthetic heart valve. Furthermore, we have also demonstrated in previous studies excellent biocompatibility and non-thrombogenicity of PVP vascular graft and patch in animal models (19–21). The present study underscores the excellent biocompatibility and non-thrombogenic property of the PVP bioprosthetic pulmonary valve in a large animal model.

The PVP bioprosthetic valve exhibited excellent resistance to calcification and inflammation in the study, which is consistent with our previous studies (19–21). This suggests the potential for improved long-term durability than the current bioprosthetic valves using bovine pericardium. It is known that the collagen and elastin debris in valvular prosthesis due to degradation can induce calcification. The high mechanical stress in the valvular prosthesis is one of the causes of the degradation of collagen and elastin fibers. Our previous studies show that the PVP contains abundant elastin, and the ratio of elastin to collagen is about 1:1 (17). In contrast, the pericardium and peritoneum have a collagen to elastin ratio > 40.0:1 (26). Elastin and collagen are the major extracellular matrix proteins (27–29). Elastin is a potent autocrine regulator of vascular smooth muscle cell activity and inducer of actin stress fiber organization. Elastin also regulates myofibroblasts activity and promotes quiescent fibroblasts (convert from genotype to phenotype state) (30–33), which may balance the proliferation on the PVP valve cusps. Elastin largely retains its elasticity after chemical/physical treatments to mitigate immune rejection (34). Our simulation shows that the elasticity due to elastin may reduce the stress in the PVP valve cusps of the bioprosthetic valve in the heartbeat cycle (16). In the histologic analyses of postmortem, collagen and elastin fibers were intact in the PVP valve cusps of the bioprosthetic valve in a large animal study for four months (Figures 4, 6). This correlates with the lower stresses induced in the leaflets due to the higher elasticity of the PVP. Furthermore, the minor MMP-9 expression in the adjacent tissue of the PVP cusps (Figures 7A–D) also supports that there was little degradation of collagen and elastin in the PVP cusps. It is known that lipid deposit is a risk factor of degradation for bioprosthetic valves (35, 36). The histological analysis showed a minor lipid deposit in adjacent tissue of the PVP cusps (Figures 5D,H), which suggests that lipid induced enzymatic precipitation and degradation are not implicated in the calcification and degradation of PVP cusps.

Bioprosthetic valve thrombosis (BPVT) is a major cause of bioprosthetic valve degeneration and often has an elusive presentation causing delayed recognition and treatment (37). BPVT is a recognized complication of prosthetic aortic valves and can be found in up to 13% of patients after transcatheter implantation (38). BPVT may result in valve dysfunction, possibly related to degeneration and recurrence of patient symptoms, or remain subclinical (34). Recent reports have suggested a high incidence of subclinical cusps thrombosis following bioprosthetic aortic valve replacement (25, 39, 40). In previous studies, we demonstrated the non-thrombogenicity of the PVP as a vascular graft and patch of artery and vein (20, 21). In histological analyses, iron deposit, product of hemoglobin degradation, was found in only one of six PVP bioprosthetic valves, and the iron deposit was located at the boundary between the PVP cusps and adjacent tissue (Figures 5C,G), which suggests a minor thrombosis at the surface of the PVP cusps. Minor fibrin expression in the adjacent tissue of the PVP cusps (Figures 7E,F) also indicates that there was no intravalvular hemorrhage. The thrombosis resistance of the PVP valve cusps of the bioprosthetic valve is verified in a large animal model. Therefore, the non-thrombogenic PVP valve cusps may mitigate the complications of BPVT to enhance the longevity of the bioprosthetic valve. The longevity of bioprosthetic heart valve, however, is a major hurdle in the clinic. Calcification and degeneration significantly decrease the longevity of bioprosthetic valves especially in younger patients. The major hurdle that remains is translation of our current animal studies to patients where significant co-morbidities in patients may play a role in the outcome, i.e., no animal model truly recapitulates the human conditions.



Study limitations

In this study, we did not include a control group of bioprosthetic valves as the cost of the valves was beyond our budget. We refer to historical observations in the literature on pericardium cusps in bioprosthetic heat valve, which show significant calcification in the glutaraldehyde-fixed pericardial cusps at 3-month implants in sheep/pig model (41, 42). The post-implantation for 4 months in this study that shows no calcification which is a major milestone. Despite the lack of control, experimental and clinical literature have clearly demonstrated the propensity to calcification and tissue failure under fixation which is the standard of care clinically to eliminate the immune response. Therefore, despite the lack of control group, our finding of no-calcification of glutaraldehyde fixed tissue in a 4-month duration is very significant and warrants future clinical investigations.

Glutaraldehyde-fixation is one of risk factors of calcification in bioprosthetic heart valve (35, 36). Various processes for biological tissue, such as decellularization, different crosslink agents, and tissue engineering technology, have been developed to mitigate immune rejection, inflammation, fibrosis, etc (43, 44). To compare with the literature on pericardium cusps in bioprosthetic valve, glutaraldehyde fixation was used in this study. The updated technology for processing PVP biomaterial will be investigated in future.

Although the PVP bioprosthetic valves were delivered into the junction of RVOT and pulmonary artery using a catheter system, we did not achieve transfemoral vein delivery. The thinner cusps do reduce the profile of the catheter in the delivery system, however, which provides the opportunity to develop a 12 Fr catheter in the delivery system using a transfemoral vein. The observations in this study (e.g., no thrombotic deposit, no inflammation, no calcific deposit, etc.) are still applicable regardless of the delivery route.



Clinical perspectives

The PVP valve cusps satisfy the basic mechanical strength requirements for a bioprosthetic heart valve, despite being thinner than the bovine pericardium. The implantation of PVP bioprosthetic valves in RVOT demonstrates PVP valve cusps' resistance to thrombotic deposits, inflammation, fibrosis, and calcification. Therefore, the PVP tissue is a very promising biological material to serve as the valve cusps of bioprosthetic valves for heart valvular replacement.
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Case report: Thoracic endovascular aortic repair using a non-touch exclusion technique with a custom-made device for the treatment of a large patent ductus arteriosus
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Patent ductus arteriosus (PDA) is a common congenital heart disease affecting roughly one in every 2,000 term births. Although most of the patients are diagnosed and treated during childhood, few cases may persist into adulthood. We presented a 27-year-old male patient with a 20.2 mm diameter PDA who was referred to our hospital with progressive fatigue and exertional dyspnea. Given the potential complications, usual techniques such as coil occlusion and duct occluders were deemed inappropriate for this patient. Thoracic endovascular aortic repair (TEVAR) using a non-touch exclusion technique was successfully performed for this patient. The patient was discharged with no major post-surgical complications. TEVAR could be a new, safe, and effective alternative treatment to other transcatheter procedures for complicated PDAs in some patients.
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Introduction

Patent ductus arteriosus (PDA) is a prevalent congenital cardiovascular disorder that affects nearly one in every 2,000 term infants and accounts for 5%–10% of all cases of congenital heart disease (1). Although patients are usually identified and treated during childhood, few cases may remain intact until adulthood (2).

Currently, various surgical options are available that are effective and less invasive for closing PDA. Nonetheless, adult PDAs tend to be more complex in terms of size and shape, which can result in additional complications when using routine techniques. Consequently, selecting the most suitable cardiovascular repair technique for such patients has remained a matter of debate (3–5).

Using a non-touch exclusion technique in conjunction with thoracic endovascular aortic repair (TEVAR) may offer a viable alternative for treating PDA in high-risk complex patients (6). We present an adult patient with a large PDA treated successfully with TEVAR using a custom-made device.



Case description


Present illness and physical examination

A 27-year-old man complaining of exertional dyspnea functional class III, palpitation, and progressive fatigue was referred to our hospital for further evaluation. During the physical examination, a continuous murmur with systolic prominence was detected at the left second intercostal space and a loud pulmonary component of second heart sound was heard at the left sternal border second intercostal space, along with a blood pressure of 135/65 mm Hg and a heart rate of 85 beats/min. Additionally, oxygen saturation in both arms and legs was 98% and no cyanosis and clubbing were detected.



Imaging

Transthoracic echocardiography (TTE) revealed severe left ventricular dilatation during diastole (73 mm) and an ejection fraction of 55%. Additionally, it showed that the patient has a bicuspid aortic valve with moderate aortic regurgitation (AR), as well as a mildly dilated ascending aorta (38 mm). Furthermore, the echocardiography indicated the presence of PDA, severe pulmonary valve regurgitation, and a significant enlargement of the pulmonary artery (73 mm). Following contrast-enhanced computed tomography (CT), it was found that the patient has a 20.2 mm PDA (Figure 1), which originates from the descending aorta, and 7 mm distal to the orifice of the left subclavian artery (LSA). According to the Krichenko classification, the PDA was classified as type B, which refers to a large duct with a short window-like structure at the aortic insertion (7).


[image: Figure 1]
FIGURE 1
Cardiac CT in sagittal view shows a large PDA (20.2 mm) with a dilated pulmonary artery. CT, computed tomography; PDA, patent ductus arteriosus.




Indication for intervention

The patient had a mean pulmonary arterial pressure of 48 mmHg and a pulmonary vascular resistance of 2.1 WU during cardiac catheterization and hemodynamic assessment. Given the presenting symptoms, imaging results, and Qp/Qs ratio of 2.1, it was decided to perform a PDA closure procedure for this patient. Device closure is generally the preferred method for treating PDA, even in the presence of other concomitant cardiac lesions, due to its high success rate and low incidence of complications. However, due to the anatomical features of this patient's PDA, device closure may carry risks of potential complications such as device migration, dissection, and perforation, which renders this option inappropriate. After considering various available treatment options, the heart surgery team suggested a non-touch exclusion technique using TEVAR to reduce the risks associated with other endovascular procedures. Subsequently, we provided the patient with a comprehensive explanation of all the available options. Accordingly, the TEVAR procedure was chosen based on shared decision-making with the patient. The patient provided informed consent prior to the TEVAR procedure.



Intervention

TEVAR was performed while the patient was under conscious sedation, using the pre-close technique with 2 Proglide devices. Custom-made Zenith Alpha Thoracic Endovascular Graft (44 26 128 mm, Cook Medical, Bloomington, IN, USA) was inserted through the right common iliac artery. The patient underwent a zone 2 deployment of a TEVAR graft with the coverage of the LSA. Echocardiography and aortography after TEVAR showed complete closure of PDA without any endoleaks (Figure 2). The post-surgical period was uneventful, and the patient was discharged two days after the procedure with no major complications, taking interpulmonary hypertensive drugs. One month after TEVAR, CT angiography was performed that revealed complete occlusion of PDA with no endoleaks (Figure 3). Due to residual pulmonary hypertension, echocardiography is being performed annually. A detailed, comprehensive timeline of the patient's clinical course is provided in Table 1.


[image: Figure 2]
FIGURE 2
(A) Custom-made device. (B) Aortography after TEVAR revealed complete closure of PDA without any endoleaks. PDA, patent ductus arteriosus; TEVAR, thoracic endovascular aortic repair.



[image: Figure 3]
FIGURE 3
CT angiography after one month showed no endoleak with complete occlusion of PDA shunt. CT, computed tomography; PDA, patent ductus arteriosus.



TABLE 1 Comprehensive timeline of the patient's clinical course in detail.
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Discussion

We presented a 27-year-old patient with a large PDA complaining of exertional dyspnea and progressive fatigue who was treated successfully with TEVAR using a custom-made device.

PDA is a prevalent congenital heart disease with an estimated incidence rate of one in every 2,000 term births (1). While most patients are typically diagnosed and treated during childhood, some cases may persist into adulthood (2). Adult PDAs tend to be more complex in terms of their shape, size, and degree of calcification compared to those diagnosed in childhood. Therefore, routine surgical procedures utilized for children may not be suitable for adult patients and leads to a controversy regarding the optimal surgical approach in these patients (3–5).

Surgical closure and percutaneous catheterization are the two main treatment options for PDA. Generally, percutaneous catheterization technologies for PDA closure are considered the most commonly used method because they are more effective and less invasive. However, endovascular intervention may not be a feasible option for complex PDAs because of severe complications. As a result, surgical closure has remained the preferred method for adults with complicated PDAs until now (8).

Several cases of successful PDA closure using the Amplatzer septal occluder have been reported in adult patients. However, this alternative option has not been approved by the Food and Drug Administration for large PDAs, and results have not been satisfactory in some case series. Additionally, there are some potential disadvantages, such as residual shunting in PDAs with some anatomical features, which may make this option inappropriate for certain patients (9).

Non-touch exclusion technique with TEVAR presents a less invasive alternative to surgical closure and may be a viable option for treating PDA in high-risk complex patients (6). Few studies have been conducted on this alternative procedure. In a case series published by Lai et al. (10), four patients who had a large PDA along with pulmonary arterial hypertension were successfully treated with TEVAR in China. Follow-up was conducted for all participants for 3 to 18 months. A TTE performed one month after surgery showed a significant decrease in pulmonary arterial pressure and left ventricle end-diastolic diameter demonstrating the success of the surgery.

Yamabe et al. (11) presented a 52-year-old patient in Japan who was referred with a 7 mm PDA. Other transcatheter procedures were deemed unsuitable for this patient due to potential complications. Consequently, an endovascular aortic repair was performed successfully, closing the PDA with a talent stent prosthesis. The post-operative follow-up period was uneventful.

In a case presented by Kato et al. (12), an adult patient with a 9.7 mm PDA underwent TEVAR. PDA was closed, and the patient was discharged with no adverse events. Similarly, in another article by Orimoto et al. (13), a woman was admitted complaining of heart failure manifestations. Echocardiography showed a PDA with 14 mm diameter that TEVAR was performed for its closure. Completion angiography and post-TEVAR CT illustrated the closure of PDA with no endoleaks.

Endo et al. (14) presented a 66-year-old man who was admitted for the treatment of a large aneurysm and type B aortic dissection as evidenced by CT angiography. Echocardiography revealed a PDA, which was closed by TEVAR through the ascending aorta. The post-operative period was uneventful with no adverse events reported.

In another study by Kim et al. (15), an adult patient in South Korea complaining of exertional dyspnea and a continuous cardiac murmur found in her physical examination was admitted to the hospital. TTE demonstrated the existence of a PDA that was treated using a non-touch exclusion technique with TEVAR without any complication reported during the follow-up period. The post-operative angiography showed closure of PDA without endoleak.

Seguchi et al. (16) presented an adult patient in Japan with PDA, AR, and coarctation of the aorta (CoA) who underwent a two-stage surgery. The first stage involved the TEVAR procedure to treat CoA and PDA with the stent graft deployment at a diameter of 31 mm after balloon dilation. A few days later, an open surgery was performed for the treatment of AR, which involved aortic valve replacement through a median sternotomy. No adverse events were reported during discharge.

In another article by Freeman et al. (17), a 31-year-old man complaining of heart failure manifestations was diagnosed with a 2.7 cm PDA. Due to the complexity of the PDA and the inability of an occlusive device to close it, other treatment options were considered. Ultimately, a zone 2 deployment of a TEVAR graft was performed for this patient, who was discharged without experiencing adverse events.

TEVAR offers several advantages over other routine techniques; at first, there is no need for catheter manipulation during this procedure. This means that unfavorable procedure-related complications such as perforation and aortic dissection are greatly reduced. Furthermore, because TEVAR devices are mainly used for treating thoracic aortic aneurysms, TEVAR can be a safe alternative for PDA closure in cases with accompanying aortic aneurysm (18).

On the other hand, there are some disadvantages. Firstly, the TEVAR procedure has its own potential complications including endoleaks, endograft collapse, and vascular access-related adverse events such as arterial rupture, perforation or dissection which can lead to retroperitoneal hemorrhage and lower limb ischemia requiring the prompt implementation of necessary measures (19). Secondly, TEVAR necessitates a relatively wide access vessel due to the larger diameter of its delivery system compared to some transcatheter procedures (20).

In addition, during a TEVAR procedure, it might be necessary to cover the LSA. Since most chronic LSA occlusions are asymptomatic, surgeons typically adopt an expectant approach following endograft occlusion of the LSA during TEVAR. This approach may lead to rare but emergent ischemic or neurologic complications related to LSA coverage which may require considering elective revascularization (21).

Furthermore, there is a controversial debate between TEVAR and other alternative procedures in terms of financial aspects. Although several studies have shown that TEVARs generally have similar or lower in-hospital charges compared to open procedures, other studies have demonstrated higher costs for TEVARs in the long-term follow up due to the need for more frequent chest follow-up imaging tests and reintervention measures (22–26).



Conclusion

Adult PDAs that are recognized as more complex in terms of size, shape, and the presence of calcification can pose additional challenges when using routine surgical techniques. TEVAR may be a viable alternative to other transcatheter techniques, offering a safe and effective solution for treating complicated PDAs in some patients.



Patient perspective

A 27-year-old male patient presented to our hospital with exertional dyspnea and progressive fatigue. After considering various available treatment options, we explained them to the patient who cooperated well and provided informed consent for the TEVAR procedure. The procedure was successfully performed with no adverse events, and the patient's symptoms were relieved. Follow-up CT angiography one month later showed complete occlusion of PDA without endoleak.
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Case report: Amplatzer septal occluder device migration into the descending thoracic aortic isthmus: percutaneous retrieval and redeployment
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Percutaneous closure has emerged as the standard treatment for secundum-type atrial septal defects (ASDs). However, there is a rare but serious complication of occluder device migration and embolization to the heart chambers or distal vasculature during or shortly after implantation. Although this occurrence is extremely rare, it can have disastrous consequences. Fortunately, advancements in equipment and technology have facilitated the transition from surgical procedures to percutaneous techniques for removing embolized occluder devices. In this report, we present a case in which an Amplatzer septal occluder (ASO) device embolized to the descending thoracic aortic isthmus two days after implantation. The device was successfully retrieved using a percutaneous technique, and another ASO device was subsequently redeployed to the ASD. Regrettably, the patient experienced an intraoperative cardiac arrest. Despite prompt rescue efforts and recovery of vital signs, the patient still suffered postoperative sequelae. The main reason for occluder device migration in this case may have been the undersizing of the ASO device due to the operator's lack of caution.
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Introduction

Secundum-type atrial septal defects (ASDs) are among the most common congenital heart diseases, with an incidence of approximately 3.78 per 100,000 live births, accounting for 6%–10% of all congenital heart defects (1). Percutaneous closure of secundum-type ASDs using the Amplatzer septal occluder (ASO) device, which was approved by the American Food and Drug Administration (FDA) in 2001, has proven to be safe and effective in both pediatric and adult patients, becoming the standard treatment for this type of ASD (2–6). However, device embolization is a rare and severe complication (2, 7), with most cases being identified during the procedure or immediately after (2, 8). The incidence of device embolization ranges from 0.3% to 2.2%, regardless of the size of the occluder device, ASD size, or the physician's expertise (5, 7, 9, 10). Reported embolization sites include all four cardiac chambers, the aorta, and pulmonary arteries (2, 7). While embolization to the right-sided heart, including the pulmonary artery, is more common, embolization to the extracardiac aorta (aortic arch, descending aorta, and abdominal aorta) is extremely rare (2). It has been reported that although 50%–70% of displaced occluder devices have been successfully retrieved percutaneously (5, 7), 60% of cases that embolize to the extracardiac aorta result in severe complications and/or require open-heart surgical retrieval, with only 40% managed through percutaneous techniques (8, 11–14). In this report, we present a case in which an ASO device embolized to the descending thoracic aortic isthmus two days after implantation. The embolized occluder device was successfully retrieved percutaneously by an experienced physician, and a larger device was redeployed to the ASD. Unfortunately, the patient experienced an intraoperative cardiac arrest, and although the patient's vital signs were restored through timely rescue efforts, postoperative sequelae persisted.



Case report

A 58-year-old asymptomatic woman residing in a remote countryside area was diagnosed with a secondary-type ASD during an evaluation for a heart murmur. Electrocardiography revealed a normal sinus rhythm with incomplete right bundle branch block. Local transthoracic echocardiography demonstrated a delicate and weak area measuring approximately 22 mm in the middle of the atrial septum, exhibiting movement synchronized with the cardiac cycle and abnormal left-to-right shunt flow, along with mild dilation of the right ventricle and atrium (Figure 1A). The physical examination revealed no contraindications for percutaneous closure. The intraoperative fluoroscopy confirmed the findings, as the guidewire sequentially passed through the inferior vena cava, right atrium, and defect site to the left atrium (Figure 1B). Given the delicate and weak area in the middle of the atrial septum, a 24 mm ASO device was successfully deployed under fluoroscopic guidance. The position of the occluder device was optimal, with no residual shunt observed on fluoroscopic examination after the final release (Figure 1C, arrow). However, two days after implantation, a heart murmur reemerged, and immediate transthoracic echocardiography revealed no occluder device in the middle of the atrial septum, accompanied by a significant left-to-right shunt flow (Figure 2A). Chest x-ray indicated that the occluder was located in the descending aorta (Figure 2B). The patient was then referred to our cardiac center. Computed tomography of the chest and abdomen confirmed the embolization of the occluder device to the descending thoracic aortic isthmus, with no evidence of vascular dissection, extravasation, or limb ischemia (Figures 2C,D). Since transthoracic echocardiography revealed no significant abnormalities in the anatomy and function of the mitral and aortic valves, and there were no significant hemodynamic changes, the patient underwent percutaneous retrieval of the embolized occluder device and subsequent redeployment under local anesthesia (Figure 3).


[image: Figure 1]
FIGURE 1
Secundum-type ASD finding and percutaneous secundum-type ASD closure. Transthoracic echocardiography revealed about 22 mm ASD (white arrow) with shunt flow from left atrium to right atrium (A) The intraoperative fluoroscopy showed that the guidewire passed through the inferior vena cava and the right atrium sequentially, and then through the defect site to the left atrium (B); a 24 mm ASO device was successfully deployed in the ASD (C).



[image: Figure 2]
FIGURE 2
The ASO device embolization. Transthoracic echocardiography showing no occluder device and an interrupted echo (white arrow) in the middle of the atrial septum associated with a large number of left to right shunt flow (A); The lateral chest x-ray showed that the embolized occluder was located in the descending aorta (white arrow) (B); The chest CT showed that the embolized occluder device (white arrow) was located at the descending thoracic aortic isthmus (transverse view, C), (coronal view, D).



[image: Figure 3]
FIGURE 3
Percutaneous retrieval of the ASO device. Fluoroscopy revealed the embolized ASO device in the descending thoracic aortic isthmus (A); an Amplatz Goose Neck snare was advanced to the near occluder (B); after successful snaring of the screw on right atrial disc of ASO device (C), ASO device was successfully retrieved into the 12-French vascular sheath (D).


Percutaneous retrieval and redeployment were performed via puncture of the right femoral artery and femoral vein, with insertion of 6F and 8F vascular sheaths, respectively. Chest fluoroscopy confirmed the embolization of the occluder device to the descending thoracic aortic isthmus (Figure 3A). Using a 12-French vascular sheath inserted through the right femoral artery, an Amplatz Goose Neck snare kit device was advanced to the embolized site (Figure 3B). The pedicle of the occluder was exposed by adjusting its position, allowing successful capture by the Amplatz Goose Neck snare under fluoroscopic guidance (Figure 3C). The displaced occluder was pulled into the vessel sheath (Figure 3D) and ultimately removed from the body through the puncture site in the right femoral artery. A 14-French vascular sheath was inserted at the right femoral vein puncture site and guided successively through the inferior vena cava, right chamber, left atrium, and left upper pulmonary vein. Subsequently, a 26 mm occluder was advanced into the left atrium using the long vascular sheath, and both sides of the occluder were successfully deployed on either side of the defect (Figure 4A). Chest fluoroscopy confirmed the optimal position and shape of the redeployed occluder, with no residual shunt (Figure 4B). The operator performed the “Minnesota wiggle” maneuver to ensure a secure position of the occluder device. However, during the procedure, the patient experienced an intraoperative cardiac arrest, which was promptly managed through cardiopulmonary resuscitation, leading to the recovery of vital signs. Subsequently, angiography of the aorta and pulmonary arteries revealed no evidence of dissection, extravasation, or residual shunt.


[image: Figure 4]
FIGURE 4
Percutaneous redeployment of the ASO device. Fluoroscopy revealed the 26 mm occluder was sent into the left atrium and the two sides of the occluder were successfully deployed on both sides of the defect (A); the position and shape of the redeployed occluder (white arrow) were found to be optimum, and no residual shunt (B) The occluder was located in the middle of the atrial septum (C) with no residual shunt (D) during the follow-up period.


Following the procedure, the patient was hospitalized in the cardiac care unit for approximately nine days due to hypoxic-ischemic encephalopathy (HIE) and acute cerebral infarction. On the first postoperative day, the patient experienced intermittent convulsions under moderate intravenous sedation. Immediate head CT revealed significant swelling of the brain tissue in the right frontal, parietal, and occipital lobes, accompanied by shallow brain sulci and blurred boundaries between gray and white matter. The neurologist attributed these findings to HIE resulting from the cardiac arrest and initiated mild hypothermia therapy and cranial pressure reduction. On the third postoperative day, the patient no longer experienced convulsions but developed fatigue and reduced skin sensation in the left upper limb. A subsequent head CT scan revealed an acute and substantial area of cerebral infarction in the left cerebellar hemisphere, with a reduction in the swelling of the right frontal, parietal, and occipital lobes. The neurologists determined that thrombolytic therapy was unnecessary and prescribed medication to reduce cranial pressure and improve cerebral circulation. At discharge, on the ninth postoperative day, the patient exhibited sequelae of left upper limb dysfunction and was subsequently transferred to a local hospital for further treatment. During one month of clinical follow-up, the patient did not experience any cardiac symptoms or events, and transthoracic echocardiography confirmed the appropriate position of the occluder in the middle of the atrial septum, with no residual shunt (Figures 4C,D).



Discussion

Percutaneous closure using the ASO device, approved by the FDA in 2001, has been established as a safe and effective treatment for secundum-type ASDs in both pediatric and adult patients (2–6). However, the displacement and embolization of the occluder device remain significant concerns. The occluder device has been reported to displace to all four cardiac chambers and the great vessels, including the pulmonary artery and aorta (8). Various factors contribute to occluder device embolization, such as inappropriate sizing, inaccurate deployment, inadequate operator experience, and tearing of the ASD during occluder device manipulation and friction (2, 7–10). In addition, a retrospective study revealed that the pulmonary to systemic blood flow ratio (Qp/Qs) >3.13 and eroded or floppy interatrial septum (IAS) or aneurysm formation post-implantation might be predictors of ASO dislodgement in adults and children (15). In our case, the migration of the occluder device may be attributed to the presence of a large, delicate, and weak area in the middle of the atrial septum. The delicate and weak atrial septum is prone to tearing when initially placing a 24 mm occluder, resulting in insufficient residual edge to secure the device. Ultimately, a 26 mm occluder successfully closed the ASD. Typically, operators are hesitant to use a larger occluder device due to concerns about excessive pressure on the aorta, valves, vessel walls, and anterior left atrial wall reflection. Furthermore, it has been reported that placing an occluder device in such a position increases the risk of cardiac erosion (7, 16–18). However, considering the presence of a large, delicate, and weak area in the middle of the atrial septum, operators should conduct comprehensive examinations, such as TEE, cardiac CT or MRI, to thoroughly understand the surrounding anatomical structures before proceeding with the procedure. Failure to do so may lead to catastrophic complications, including migration and embolization, due to inappropriate occluder device sizing or manipulation. In summary, undersizing the occluder device or inadequate and floppy rims due to the operator's lack of caution are the primary reasons for occluder embolization.

Embolization sites have been reported in all four cardiac chambers, the aorta, and the pulmonary arteries (2, 7). Regardless of whether embolization occurs in the right or left heart systems, patients face potential risks when the occluder device obstructs blood flow (10, 19, 20). Although successful percutaneous retrieval has been achieved in 50%–70% of displaced occluder devices (5, 7), embolization to the extracardiac aorta has been associated with severe complications and/or the need for open-heart surgical retrieval in 60% of cases, with only 40% managed through percutaneous techniques (8). One of the key advantages of the ASO device is its retrievability before final release, allowing for percutaneous removal of dislodged and embolized devices (4). Percutaneous foreign body removal is widely accepted as a technique to remove displaced devices from the vasculature, minimizing the need for more invasive surgical procedures and reducing costs (1, 21). Various percutaneous devices and techniques have been developed, including gooseneck snares, tulip-shaped snares, large sheaths, pigtail catheters, Dormia baskets, alligator clamps, and bioptomes (1, 9). In our case, we initially planned to use an Amplatz Goose Neck snare to capture the pedicle on the right side of the occluder and pull it back into the sheath. However, the angulation of the embolized occluder within the aorta presented a challenge in capturing its pedicle. Typically, the operator would rotate the occluder to expose the pedicle using an endocardial biopsy forceps, facilitating snare capture.

Regrettably, in our case, the patient experienced intraoperative cardiac arrest following the procedure, which was successfully managed through cardiopulmonary resuscitation, leading to the restoration of vital signs. First of all, cardiac arrest occurred after the occluder device was fully deployed, and when the operator performed wiggle maneuver, there is almost normal ECG sign. Therefore, we believed that wriggling the device to make sure of the deployment is unlikely to produce cardiac arrest. The primary cause of the occluder dislodgement is a torn bit of the floppy interatrial septum. Secondly, the floppy interatrial septum and conduction bundles may be damaged by redeployed occluder device, which could induce cardiac arrest, and this is one of the reason why operators are often reluctant to deploy larger occluder devices. Finally, coronary embolism is also possible. In terms of preoperative coagulation function and transthoracic echocardiography examination, we did not find evidence of thrombosis, and the endovascular operation was carried out after the intraoperative routine heparinization and the ACT reached the standard. However, we believe that the possible cause of cardiac arrest was coronary embolism (air embolism). If the bubbles is not completely removed when the occluder device was assembled into the sheath, the bubbles will then be pushed to the left atrium, leading to coronary embolism. Further evidences showed that serum troponin increased approximately 143-fold on the second postoperative day. Usually, a cardiac arrest lasting for 1 min does not trigger such a high level of serum troponin. Therefore, we believed that the myocardial infarction was caused by the coronary embolism. All in all, this case serves as a valuable lesson for reflection and learning.



Conclusion

Occluder embolization is a rare and severe complication that can occur during percutaneous closure of ASDs. We presented a case in which an ASO device embolized to the descending thoracic aortic isthmus two days after implantation. The embolized occluder device was successfully retrieved using a percutaneous technique, and another device was redeployed to close the ASD. The primary reason for occluder embolization in this case was the undersizing of the ASO device due to the operator's lack of caution.
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Background: Ultrasound-guided percutaneous device closure of perimembranous ventricular septal defects (PmVSD) is a minimally invasive recent treatment approach. Perventricular PmVSD device closure is an emerging radiation-free intervention, yet it comes with certain limitations. No studies compared both of these treatment approaches.



Methods: We performed a retrospective institutional data comparison of percutaneous (PCP Group, n = 138) and perventricular (PVP Group, n = 67) ultrasound-guided device closure procedures in 205 patients with PmVSD between March 2017 and December 2022.



Results: Patients of the PCP and PVP groups had a median age of 4.9 years (IQR, 3.1–14.0) and 5.3 years (IQR, 3.4–13.1) respectively. The median PmVSD diameter in the PCP Group was 4.0 mm (IQR, 3.3–5.3) and 5.2 mm (IQR, 4.0–7.0) in the PVP Group (p = 0.001). There was no significant difference in success rates between the PCP and PVP Groups (intention-to-treat population, 88.4% vs. 92.5%, p = 0.36; as-treated population, 88.4% vs. 89.3%, p = 0.84). 5/8 failed percutaneous cases that were shifted to the perventricular approach were successful. Compared to the PVP Group, patients of the PCP group experienced a significant decrease in ventilation time, drainage volume, and postoperative hospital stay (p < 0.001). The median follow-up period was 24 months (IQR, 6–42) for the PCP group and 61 months (IQR, 53–65) for the PVP group. The overall severe adverse event rate was 0% in the PCP group and 3.0% in the PVP group.



Conclusions: Perventricular and percutaneous ultrasound-guided device closure of PmVSD are both effective and safe treatment options. The percutaneous approach offers less trauma and faster recovery and may be the preferred approach in selected patients.
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Introduction

Perimembranous ventricular septal defects (PmVSD) represent 80% of ventricular septal defects (VSDs) (1) and are closed using percutaneous transcatheter devices with good medium-term outcomes (2, 3). Over the past decade, Chinese surgeons have proposed a perventricular ultrasound-guided device closure to avoid latent radiation-associated hazards (4–8). However, this procedure is associated with surgical morbidity and scarring. To avoid that, Wang et al. performed ultrasound-guided percutaneous PmVSD closure and reported the safety and feasibility of this approach with satisfactory results (9).

Despite these encouraging findings, studies on ultrasound-guided percutaneous PmVSD closures are still rare. Moreover, no previous studies have compared the outcomes between perventricular and percutaneous approaches for ultrasound-guided PmVSD closure. Therefore, we aimed to compare our institutional experience with perventricular and percutaneous ultrasound-guided device closure of PmVSD and describe the outcomes of these interventions.



Patients and methods


Study design

We retrospectively reviewed the clinical data of patients who underwent transcatheter percutaneous and perventricular ultrasound-guided PmVSD closure at our institution between March 2017 and December 2022. We divided the patients into percutaneous (PCP) and perventricular (PVP) procedure groups according to the applied closure approach. Standard safety and midterm outcomes were compared. All procedures contributing to this work comply with the ethical standards of the relevant national guidelines on human experimentation, and with the Helsinki Declaration of 1975, as revised in 2008. Approval from the institutional review board was obtained. Written informed consent was signed by the patients or their legal guardians to perform the procedure and to use their clinical records for eventual publication. We extracted in-hospital data from the institutional information system. Echocardiography and electrocardiography reports completed by other health organizations were collected.



Patient selection and pre-procedure ultrasound evaluation

Patients with congenital PmVSD who met the following criteria were sent for ultrasound-guided device closure: (1) age ≥ 6 months, (2) PmVSD diameter > 2 mm on ultrasound, and (3) absence of cardiovascular malformations requiring surgical repair. Patients with (1) severe pulmonary hypertension, (2) significant aortic valve prolapse without a deep aneurysm or aortic regurgitation ≥ Grade 1, and (3) active infective endocarditis were excluded.



Echocardiographic assessment

A comprehensive transthoracic echocardiography (TTE) assessment was performed preoperatively by an experienced echocardiologist (J. W.) using a Philips iE33 ultrasound machine (S5-1 probe, 1–5 MHz; S8-3 probe, 3–8 MHz; Philips Medical Systems, Cleveland, Ohio, USA). The GE Vivid E95 (M5SC-D probe, 1.5–4.6 MHz; 6VT probe, 3.0–8.0 MHz; 9 T probe, 4.0–10.0 MHz; GE Healthcare, Chicago, Illinois, USA) was used for intraoperative guidance. We measured the left ventricular entry and right ventricular exit diameters of the pmVSD and focused on the exit diameter as a reference for selecting the occluder size. Residual shunts were classified according to the width of the colored jet. Tricuspid and aortic regurgitations were evaluated using a color-flow Doppler signal and classified into four grades: none or trivial (0/4), mild (1/4), moderate (2/4), and severe (3/4) (10, 11).



Device and delivery system

The HeartR™ VSD occluder (Lifetech Scientific Corporation, Shenzhen, China), had been described in detail previously (12). It is a self-expandable double-disk device with a 3 mm long connecting waist. The waist diameter correspond to the size of the VSD occluder. Three types of occluders were used: symmetrically concentric, asymmetrically concentric, and eccentric (Supplementary Figure S1). In the symmetrically concentric type, the flanges of both disks are 2 mm wide. In the eccentric type, the aortic flange of the left disk is 0.5 mm wide, whereas its opposite flange is 5 mm wider than the waist. In the asymmetrically concentric type, which is used for PmVSDs with multiple exits, the flange of the left disk is 4 mm and that of the right disk is 2 mm wide. The device selection was based on the protocol that had been previously described (12). An occluder 1–2 mm larger than the targeted shunt of the PmVSD was chosen.

A 20 cm long delivery system with a trocar, a 0.035 inch guidewire, dilator, and loading sheath were chosen for perventricular PmVSD closure. A 90 cm long delivery system was selected for percutaneous PmVSD closure.



Procedures

All procedures were performed by a hybrid team of cardiac surgeons and echocardiographers under general anesthesia, heparinization, and antibiotic prophylaxis in a routine operating room. Since 2017, we've used perventricular closure for eligible patients. From 2018, with increased percutaneous experience, we've employed the transfemoral retrograde approach for PmVSD closure if the femoral artery diameter is sufficient and the aortic valve interference risk is low (PmVSD with a deep aneurysm or sufficient subaortic rim). For cases where the symmetrical occluder might interfere with the aortic valve, we attempted closure using an eccentric occluder via the femoral vein. If unsuccessful, we resort to perventricular closure.



Perventricular device closure

Transesophageal echocardiography (TEE) was used to guide the procedure. A 3 cm incision was made in the inferior median sternum. After the sternum was split and retracted, the pericardium was incised and suspended. The optimal puncture site was identified using TEE. After systemic heparinization (1 mg/kg), the rest of the procedure was performed using a previously described protocol (5, 6).



Percutaneous device closure

Figure 1 shows the steps of closure under TTE guidance. Before the occluder was unscrewed, the correct position of the device, presence of a residual shunting, and valve regurgitation were identified using multiple echocardiographic views. TEE was performed when TTE images were unclear during the procedure.


[image: Figure 1]
FIGURE 1
Percutaneous ultrasound-guided perimembranous ventricular septal defect (PmVSD) closure. (A) Image of PmVSD in the short- axis view. (B) A 5-French trimmed pigtail catheter was introduced along a 0.035-inch angled hydrophilic guidewire (Radifocus Guidewire M, Terumo Medical Corporation, Tokyo, Japan) into the descending aorta, then advanced across the aortic arch in the suprasternal aortic arch long-axis view of TTE. (C) Using the long-axis view of the LV, the guidewire crossed the aortic valve, then the pigtail catheter would be advanced into the left ventricle (LV). (D) The cut-pigtail catheter was pulled to the level of the PmVSD, and its trimmed tip was rotated toward the ventricular septum in the LV long axis or the apical five-chamber view. (E) After the pigtail catheter was advanced to the right ventricle (RV) along the hydrophilic guidewire, a 260 cm exchange J-tip guidewire (Cordis Corporation, Miami Lakes, Florida, USA) was advanced along the catheter into the RV. Its soft tip (arrow) was confirmed in the parasternal long axis view of the RV inflow tract. (F) The long delivery sheath (arrow) was inserted over the exchange J-tip guidewire into the RV. (G) The guidewire was pulled back and the “double track sign” was viewed. The tip of sheath was confirmed in the RV. (H) The occluder was placed inside the delivery sheath, and its right disc (arrow) was deployed. (I) The PmVSD was closed after both discs of device were deployed. LV, left ventricle; RV, right ventricle; AO, ascending aorta.


When an asymmetrically concentric or eccentric occluder was used, an antegrade approach via the femoral vein was performed according to the method described by Bu et al. (13). We defined device time as the duration from guidewire entry of the guiding sheath to delivery sheath retrieval.



Postoperative management and follow-up

A daily dose of 3–5 mg/kg oral aspirin was administered after the procedure and continued for six consecutive months. All patients underwent electrocardiogram and TTE before discharge and at 1, 3, 6, and 12 months postoperatively and yearly thereafter.



Adverse event assessments

We defined major adverse events as all-cause death, cardiovascular perforation, device embolization, large residual shunting at last follow up, new-onset of ≥Grade 2 valvular regurgitation, new-onset of grade II or III atrioventricular block, new-onset complete left bundle branch block, new-onset junctional rhythm, and device-related endocarditis. We defined minor adverse events as small or moderate residual shunting at last follow up, device-related grade 1 valvular regurgitation, pericardial effusion, new-onset left anterior fascicular block, new-onset right bundle branch block, thromboembolism, hemolysis, delayed wound healing, and groin hematoma.



Statistical analysis

Statistical analyses were performed using R software version 4.2.2. Categorical variables were reported as frequency and percentage and continuous variables were represented as median with interquartile range (IQR). Statistical analyses for continuous variables were conducted using Mann–Whitney U and by chi-square test for categorical variables. Missing data were addressed using the chained equations method for multiple imputations (14, 15). Regression analyses, both linear and logistic, were employed to determine the relationship between closure approaches and various outcomes, after adjusting for confounding factors in two separate models. Sensitivity analyses were conducted on the complete dataset without imputations. A p-value < 0.05 was considered statistically significant. All reported p values are two-sided.




Results


Patient characteristics

We studied 205 consecutive patients (55.6% women/girls) with a median age of 5.0 years (IQR: 3.4–13.8). Among them, 138 (67.3%) had percutaneous procedures, and 67 (32.7%) had perventricular procedures. The median PmVSD diameter in the PCP group was 4.0 mm (IQR, 3.3–5.3) and 5.2 mm (IQR, 4.0–7.0) in the PVP group (p = 0.001). Multihole PmVSDs were more common in the perventricular group (28.4% vs. 16.7%, p = 0.03) (Table 1).


TABLE 1 Baseline characteristics of the patients.
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Intraoperative and postoperative results

The patient’s flow pattern throughout the study period is illustrated in Figure 2. In the intention to treat the population, the success rates were not significantly different between the two groups, with a success rate of 88.4% (122/138) in the PCP group and 92.5% (62/67) in the PVP group (p = 0.36). In the as-treated population, the success rates were 88.4% (122/138) in the PCP group and 89.3% (67/75) in the PVP group (p = 0.84). In the PCP group, the procedure was completed via antegrade femoral access in 14.8% (18/122) of the patients. Among the 16 patients in the PCP group who experienced failure during the percutaneous procedure, 8 were subsequently converted to a perventricular approach due to difficulties in track establishment. However, out of these 8 patients, we were unable to successfully establish a track in three. In contrast, no patients in the PVP group were converted to a percutaneous procedure.
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FIGURE 2
Flow chart of patient inclusion.


The unadjusted assessment of the patients in the PCP group vs. PVP group showed a longer device time (56 min vs. 37 min, p < 0.001), shorter ventilation time, less drainage volume, and shorter postoperative length of stay (all p < 0.001). While 100% of the cases involving the perventricular procedure were performed under TEE guidance, TTE guidance alone was employed in 42.6% of the percutaneous procedures (p < 0.001) (Table 2).


TABLE 2 Procedural results.
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After multivariable adjustment (models 1 and 2), the outcomes were consistent with those of the unadjusted population (Supplementary Table S1). We also performed a sensitivity analysis of 180 patients without missing values, and the results were consistent with the primary findings (Supplementary Table S2).



Adverse events and follow-up data

For the PCP Group, the median follow-up was 24 months (IQR: 6–42 months), while for the PVP Group, it was 61 months (IQR: 53–65 months). Adverse events during procedure and follow-up are listed in Table 3. The severe adverse event rate was 0% in the PCP Group and 3.0% in the PVP Group. Two major adverse events were observed in the PVP group. In one patient, an ascending aortic perforation caused by the short sheath was found immediately after successful pmVSD closure. The incision was extended, and a full sternotomy was performed. The injured ascending aorta was repaired without removal of the occluder. One patient developed acute endocarditis during the fourth month of follow-up. The patient had aortic valve perforation and new-onset moderate aortic valve regurgitation. He underwent replacement of the aortic valve and removal of the occluder. No occluder impingement was observed on the aortic valve during surgery.


TABLE 3 Adverse events during procedure and follow-up.
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No severe arrythmia events (new-onset II° or III° atrioventricular block, complete left bundle branch block, or junctional rhythm) occurred in either group. One of the five patients with new-onset Grade 1 valvular regurgitation had mild aortic valve regurgitation. When analyzed separately, the rates of adverse events did not differ significantly between the two groups. However, when taken together, the overall rate of adverse events differed significantly between the PCP and PVP groups (p = 0.02).




Discussion

In this study, we compared two approaches of ultrasound-guided PmVSD closure. Our results showed that percutaneous ultrasound-guided closure has comparable feasibility, safety, and event-free survival outcomes to the perventricular approach. Patients who underwent percutaneous ultrasound-guided procedures experienced reduced surgical trauma, faster procedures, and quicker recovery.

Hijazi et al. first reported transcatheter PmVSD closure using an Amplatzer PmVSD occluder in 2002; this procedure has since become an alternative to traditional surgery (16). Transcatheter PmVSD closure has shown proven medium-term follow-up outcomes in a large number of patients who underwent the procedure (2, 3, 17–19). Recently, perventricular PmVSD closure through a minimal incision under TEE guidance has been performed in China (4, 5). This hybrid procedure offers advantages such as avoidance of cardiopulmonary bypass and potential radiation damage, less surgical trauma, and no limitation in patient weight and peripheral vessels. However, existing surgical injuries can counteract the benefits of fluoroscopy-free guidance. Although Wang and colleagues showed promising clinical results for percutaneous PmVSD closure using TTE alone, the adoption of percutaneous approach was rare (9).

Comparable success rates were found between the two approaches in our study. Since percutaneous and perventricular PmVSD cloure have been standard procedures for over 10 years, the VSD anatomy suitable for closure has been well established (20). We followed these standards in our study. It should be noted that the success rate of percutaneous PmVSD closure in our study were lower than the pooled estimate rate of 97.8% reported in a meta-analysis report (21). This could be attributed to our less experience in operative ultrasound guidance and instrument manipulation in the early phase due to our learning curve with exclusive ultrasound guidance.


Technical considerations

The greatest challenge in percutaneous PmVSD closure without fluoroscopic guidance is tracking the guidewire and sheath. Unlike fluoroscopy, which can display all interventional instruments on the screen, echocardiographic assessments yield 2-D images; therefore, ultrasonologist experience is an important factor for accurate monitoring of the instruments. We emphasized three aspects of procedural safety: tracking the tips of interventional instruments with multiple echocardiographic sections, guidewire protection when the catheter or sheath was advancing, and safe distance measurements for the sheath. However, blind or uncertain manipulation should be avoided. Finally, TEE was used as a supplementary modality when TTE could not yield clear images. None of the patients had to undergo surgery because of dim ultrasonic images. One child experienced an aortic injury during the perventricular procedure in the early phase of the implementation of this technique. No patient experienced bleeding complications due to accidental instrument injury during the percutaneous procedure.

Perventricular device closure via a minimal lower-sternal incision offers a short path and a maneuverable approach that is easy to accomplish. However, a full sternotomy incision is inevitable if the procedure fails. The use of a right thoracic minimal incision can avoid this limitation but is more suitable for children (7, 8). In addition, a lower health-related quality of life in the early postoperative stage of a minimally invasive procedure indicates greater physiological and psychological traumas (22). The present study demonstrated similar results, with the percutaneous group showing a comparable success rate, shorter ventilation time, and shorter postoperative length of stay. The procedure had no limitations in the peripheral vessels when the patients were older than 2 years of age. Therefore, both children and adults can undergo percutaneous PmVSD device closure without fluoroscopy. In most cases, once the procedure fails, a PmVSD repair is performed using a minimally thoracic incision.



Complications

The anatomical morphology of a PmVSD determines its success rate and long-term outcomes. A previous study showed that the most common reason for crossing over to surgery was new-onset or worsening aortic regurgitation (23). Although the eccentric occluder was designed for VSDs with an insufficient subaortic rim (<1 mm), the success rate of the procedure was associated with prolapse of the aortic valve and sinus (6, 24). In our study, 27.5% of PCP group patients and 38.8% of PVP group patients had a insufficient subaortic rim. Not all cases used eccentric occluders, as symmetrically concentric VSD occluder could close the infundibular or aneurysmal structure without affecting the aortic valve. Despite previous encouraging results by other operators using mixed guidance, VSD closure was avoided in cases without an aneurysmal structure and when the subaortic rim was less than 1 mm (25).

Serious arrythmia rarely occurs during follow-up. However, a higher incidence of serious postoperative arrhythmia has been reported in patients treated using an eccentric occluder (26). The proposed explanation is that the occurrence of a heart block after closure is due to conduction impairments caused by occluder compression. Kaur and colleagues utilized a mapping system to demonstrate several positional relationships between conduction bundles and the PmVSD (27). Therefore, eccentric and asymmetrically concentric occluders may have a higher rate of arrhythmia postoperatively because of their wider disks. We have always been cautious about utilizing these two types of occluders in PmVSD cloure. This may explain the low rate of postoperative arrhythmias observed in our cohort.




Limitations

First, this was a single-center retrospective study; therefore, selection bias was inevitable. We could not clarify whether these findings could be extended to low-weight children, since our study did not include children weighing less than 10 kg in the percutaneous group. Second, prospective randomized controlled studies are needed to compare these two procedures in patients with similar PmVSD morphologies. Third, a longer follow-up period was required because of the uncertainty of severe complications, such as a complete atrioventricular block or left bundle branch block.



Conclusions

Perventricular and percutaneous ultrasound-guided device closure of PmVSD are both effective and safe treatment options. The percutaneous approach offers less trauma, faster recovery and may be the preferred approach in selected patients.
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Introduction: Device closure of perimembranous ventricular septal defects (pmVSD) is a successful off-label treatment alternative. We aim to report and compare the outcomes of pmVSD closure in children weighing less than 10 kg using Amplatzer Duct Occluder II (ADOII) and Konar-MF VSD Occluder (MFO) devices.



Methods: Retrospective clinical data review of 52 children with hemodynamically significant pmVSD, and sent for transcatheter closure using ADOII and MFO, between January 2018 and January 2023. Baseline, procedural, and follow-up data were compared according to the implanted device



Results: ADOII devices were implanted in 22 children with a median age of 11 months (IQR, 4.1–14.7) and weight of 7.4 kg (IQR, 2.7–9.7). MFO devices were implanted in 30 children with a median age of 11 months (IQR, 4.8–16.6) and weight of 8 kg (IQR, 4.1–9.6). ADOII were implanted (retrograde, 68.1%) in defects with a median left ventricular diameter of 4.6 mm (IQR, 3.8–5.7) and right ventricular diameter of 3.5 mm (IQR, 3.1–4.9) while MFO were implanted (antegrade, 63.3%) in defects with a median left ventricular diameter of 7 mm (IQR, 5.2–11.3) (p > 0.05) and right ventricular diameter of 5 mm (IQR, 2.0, 3.5–6.2) (p < 0.05). The procedural and fluoroscopy times were shorter with the MFO device (p < 0.05). On a median follow-up of 41.2 months (IQR, 19.7–49.3), valvular insufficiency was not observed. One 13-month-old child (6.3 kg) with ADOII developed a complete atrioventricular heart block (CAVB) six months postoperative and required pacemaker implantation. One 11-month-old child (5.9 kg) with MFO developed a CAVB 3 days postoperative and the device was removed. At 6 months post-procedure, only one child with MFO still experiences a minor residual shunt. There was one arterio-venous fistula that resolved spontaneously.



Conclusion: Both the MFO and ADOII are effective closure devices in appropriately selected pmVSDs. CAVB can occur with both devices. The MFO is inherently advantageous for defects larger than 6 mm and subaortic rims smaller than 3 mm. In the literature, our series represents the first study comparing the mid-term outcomes of MFO and ADOII devices in children weighing less than 10 kg.
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Introduction

Perimembranous ventricular septal defects (pmVSD) are the most common type of VSD, accounting for approximately 80% of all ventricular septal defects (1). In recent years with the development of the new devices transcatheter closure of VSD becomes an alternative treatment option to open heart surgery (2–5). Although primarily used for closing patent ductus arteriosus (PDA) with nitinol wire mesh, the Amplatzer Duct Occluder II (ADOII) device (Abbott Cardiovascular, MN, USA) is also safely employed for treating pmVSD. There are studies available advocating that the flexible disk of the device can significantly reduce the risk of complete atrioventricular block (CAVB) (6–8). On the other hand, the KONAR-MFTM VSD occluder (MFO) device (Lifetech, Shenzhen, China) is preferred primarily for children with large pmVSD due to its soft and flexible structure, from both sides used (9, 10). In children weighing less than 10 kg with pmVSD, appropriate children selection and proper choice of device for transcatheter closure help minimize complications, such as device embolization, residual shunt, valve insufficiency, and arrhythmias (11–13).

This study aims to retrospectively compare the mid-term safety and efficacy of the MFO device and the ADOII device in children weighing less than 10 kg who underwent transcatheter closure for pmVSD.



Patients and method

We performed a retrospective clinical data review of 52 children with hemodynamically significant pmVSD and sent for transcatheter closure using ADOII (n = 22) and MFO (n = 30), at our institutions between January 2018 and January 2023. We divided the children into 2 groups according to the implanted device and compared the baseline, procedural, and follow-up data (Figure 1).


[image: Figure 1]
FIGURE 1
Study chart.


All procedures contributing to this work comply with the ethical standards of the relevant national guidelines on human experimentation, and with the Helsinki Declaration of 1975, as revised in 2008. Approval from the institutional review board was obtained. Written informed consent was signed by the patients or their legal guardians to perform the procedure and to use their clinical records for eventual publication.


Inclusion criteria

Children who underwent percutaneous pmVSD closure had a clinically significant left-to-right shunt with left heart volume overload. We defined volume overload as echocardiographic LV end-diastolic diameter (LVEDD) Z-score ≥2.0 (14). Indications for closure included: heart failure unresponsive to medications, a cardiothoracic ratio >0.55 on chest x-ray, recurrent respiratory tract infections, and growth failure unrelated to malnutrition. All patients had detailed TTE before the closure procedure to assess the pmVSD location, morphology, size, and hemodynamic relevance. We recorded the proximity of the defect to the aortic and tricuspid valves and the degree of aortic or tricuspid valve insufficiency. The sub-aortic rim (SAR) was measured as the distance from the aortic valve (AoV) annulus to the upper margin of the color flow across the pmVSD using four views (parasternal long-axis view, apical 3-chambers, apical 5-chambers, and subcostal LV-to-Aorta). Children without SAR deficiency (≤2.5 mm for MFO and ≤3 mm for ADOII), mild aortic valve prolapse, and aortic regurgitation (AR) not exceeding mild grade were deemed suitable for transcatheter closure.



Exclusion criteria

We excluded children with SAR deficiency (≤2.5 mm for MFO and ≤3 mm for ADOII), aortic insufficiency exceeding a mild degree, left or right ventricular outflow tract obstruction, mean PA pressure exceeding 20 mmHg, additional cardiac anomalies requiring surgery, and children whose parents did not provide consent for transcatheter closure.



Device selection protocol

ADO-II devices were implanted in defects with an LV entry diameter <6 mm, an RV exit diameter ≤5.5 mm, and a SAR ≥ 3 mm. In defects without an aneurysm, ADO-II was selected 2–3 mm larger than the largest defect size. On the other hand, in defects with large aneurysm sacs, the ADO-II was selected equal to or slightly larger than the size of the aneurysm. MFO devices were implanted in defects with LV entry diameter >6 mm and SAR > 2.5 mm. MFO device was selected 1–2 mm larger than the RV diameter or equal to or 1 mm larger than the LV diameter. In the presence of aneurysmal tissue on the right ventricular side, the device was placed within the aneurysm sac to minimize contact with the aortic valve.



Procedure

Closure procedures were performed under general anesthesia TTE and fluoroscopy, using the antegrade or retrograde approaches as previously described in detail (15, 16). Baseline LV angiograms were obtained in RAO 60°/LAO 30° or RAO 45°/LAO 45° angles, depending on the defect location. We selected the target diameter as the largest defect diameter measured on TTE and angiography. Device selection was made according to the anatomy and mainly operator preference. The defect was crossed from the LV side and closed subsequently according to the chosen approach. In all cases, we evaluated the device placement, the presence of significant residual shunting, and aortic and tricuspid valve insufficiency through LV injection and TTE, before device release.


Follow-up protocol

Our team monitored the children using continuous ECG monitoring for the first 24 h after the procedure to detect any post-procedural arrhythmias. We conducted follow-ups comprising clinical examination, ECG, and TTE before discharge (the day after the procedure), at the 4th week, 3rd month, 6th month, and 1st year after device closure. We prescribed aspirin (3–5 mg/kg/day orally) for 6 months to uncomplicated children and discontinued antibiotic prophylaxis for bacterial endocarditis at the 6th month in children without residual shunting.




Statistical analysis

Statistical analyses were performed using SPSS, Version 26.0 (IBM, Armonk, NY, USA). Categorical variables were reported as frequency and percentage and continuous variables were represented as median with interquartile range (IQR). The normality of measurements was assessed using the Shapiro–Wilk test. Statistical analyses for continuous variables were conducted using Mann–Whitney U and by χ2 test and Fisher's exact test for categorical variables as appropriate. A p-value <0.05 was considered statistically significant. All reported p-values are two-sided.




Results


Patients

ADOII devices were implanted in 22 children with a median age of 11 months (IQR, 4.1–14.7) and weight of 7.4 kg (IQR, 2.7–9.7). MFO devices were implanted in 30 children with a median age of 11 months (IQR, 4.8–16.6) and weight of 8 kg (IQR, 4.1–9.6). The demographic data and interventional parameters of the children are presented in Table 1.


TABLE 1 Demographic, echocardiographic characteristics and procedural data.
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Procedure

ADOII were implanted (retrograde, 68.1%) in defects with a median left ventricular diameter of 4.6 mm (IQR, 3.8–5.7) and right ventricular diameter of 3.5 mm (IQR, 3.1–4.9) while MFO were implanted (antegrade, 63.3%) in defects with a median left ventricular diameter of 7 mm (IQR, 5.2–11.3) (p > 0.05) and right ventricular diameter of 5 mm (IQR, 3.5–6.2) (p < 0.05). The procedural and fluoroscopy times were shorter with the MFO device (p < 0.05). The procedure and fluoroscopy times were shorter with the MFO device (p < 0.05).



Follow-up

The median follow-up period in our study was 41.2 months (IQR, 19.7–49.3). Early mild residual shunts were less frequent in the ADOII group compared to the MFO group at 6- and 12-month follow-ups (p < 0.05). At 6 months post-procedure, only one child in the MFO group exhibited a hemodynamically insignificant residual shunt. Valvular insufficiency was not observed during long-term follow-up after the procedure. One 13-month-old child (6.3 kg) with ADOII developed a complete CAVB six months postoperative and required pacemaker implantation. One 11-month-old child (5.9 kg) with MFO developed a CAVB 3 days postoperative and the device was removed (Table 2).


TABLE 2 Major and minor complications.
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All cases with inadequate weight gain exhibited rapid weight gain during follow-up. The increased LV end-diastolic diameter regressed to age-appropriate normal Z scores starting from the third month.

Isolated VSD was present in 81.2% of the children. In one child, closure of both atrial septal defect and PDA was performed in the same session, while another child with pulmonary stenosis underwent pulmonary balloon valvuloplasty. Two cases were diagnosed with Down syndrome.




Discussion

Transcatheter closure of hemodynamically significant pmVSDs in young children has gained more prominence in the past decade, owing to the development of new devices and advancements in operator skills (17–19). The closure of VSDs through device placement has become a frequently conducted procedure, yielding excellent outcomes. High success rates and low complication rates are crucial in terms of selecting the appropriate device and managing potential intra and post-procedural situations. Both ADOII and MFO devices have provided significant advantages over other devices in transcatheter closure, thanks to their flexibility, ease of application, and small delivery systems. Due to variable anatomical morphology and the complexity of the manipulation process, transcatheter VSD closure in children weighing less than 10 kg is technically challenging and requires the expertise of an experienced operator to mitigate the high risk of complications (4, 11–13).


Technical challenges

ADOII, designed for the closure of small-sized PDAs, offers a more flexible profile compared to conventional double-disc devices made of nitinol mesh wire (8, 20). In our study, especially for defects smaller than 6 mm, ADOII was preferred when SAR was >3 mm to avoid aortic insufficiency and mitigate the risk of CAVB. For all large (>6 mm) defects and cases with SAR < 3 mm, MFO was employed to prevent embolization and the development of insufficiency in the aortic and tricuspid valves. Both devices, with their soft profiles and small delivery sheaths, allow for retrograde or antegrade approaches during implantation (21, 22). The ability to be screwed from both sides facilitates the positioning and manipulation of the discs without anatomical constriction on the right side, particularly in pmVSDs with wide and aneurysmal tissue, making the MFO device advantageous compared to ADOII (23).



Complete heart block

One of the most feared complications in percutaneous pmVSD closure is the development of CAVB. It can occur more frequently in cases where an inappropriate device is selected, and sometimes determining the exact cause of the block is challenging. Young age, low body weight, presence of ventricular septal aneurysm, selection of excessively large devices, and direct device compression are significant contributing factors (24–26). A meta-analysis of transcatheter device closure of perimembranous ventricular septal defect performed by Santhanam H et al. in 2018 showed that the pooled estimate of CAVB is 1.1% (95% CI: 0.5–1.9) (19).. In the context of pmVSD closure using the Amplatzer device, acute CAVB occurred in 2.5% of cases (within 48 h), and delayed-onset CAVB occurred in 6% of cases (between 5 and 12 months after the procedure) (27). Butera et al. reported that CAVB was more frequently observed in children under the age of 6 (28). In our series, one 13-month-old child (6.3 kg) with ADOII developed a CAVB six months postoperative and required pacemaker implantation. One 11-month-old child (5.9 kg) with MFO developed a CAVB 3 days postoperative and the device was removed. Therefore, the incidence of CAVB in our series is 4.5% for the ADOII device and 3.3% for the MFO device. In comparison with recent literature, we attribute the high incidence of CAVB in our series first to the generous device oversizing and second to the increased overall CAVB risk in the study population consisting of small more vulnerable children.



Residual shunt

Due to the preference for MFO in large defects, residual shunts were more common in the early postoperative period in the ADOII group. In the MFO group, complete closure was achieved in 20% of cases within the first 24 h and in 96.7% of cases at 6 months of follow-up. In the ADOII group, complete closure was achieved in 9% of cases within 24 h and in 100% of cases at 6 months of follow-up. While early residual shunt rates for ADOII in the literature range from 19.6% to 71.1%, our study found lower rates of early residual shunts (6, 29). The residual shunt rates for both devices in our study were less than 5% at one year of follow-up, which is consistent with the literature.



Valvular disturbances

The proximity of the subaortic rim, defined as the distance between the defect and the edge of the aorta, and the short distance between the septal leaflet of the tricuspid valve and the lower edge of the VSD are important risk factors in transcatheter closure (30). In cases where an ADOII device is used to prevent the development of AR and ensure a safe zone, it is recommended to have a SAR of ≥3 mm (20). In our study, we excluded defects with deficient SAR, even though it has been reported as feasible by other operators (31). The attachment point of the MFO device is flexible, allowing for the placement of the RV and LV discs at different angles. This feature facilitated seamless alignment with the defect plane in the tricuspid valve without inducing any distortion or insufficiency. In cases where the SAR (<2.5 mm) was inadequate, a transvenous approach was more frequently favored, thereby averting excessive manipulation of the wire and sheath to prevent potential harm or transient impairment to the AoV. For cases presenting aneurysmal tissue, implanting the device within the aneurysmal tissue on the RV side increased the distance between the device and the valve, consequently reducing the potential risk posed to the AoV. New-onset AR has been reported in up to 17% of percutaneously closed pmVSDs (24, 25). The development of aortic insufficiency is influenced not only by the type of device and the structure of the defect but also by the operator's experience. Experienced operators have demonstrated a lower incidence of such complications in their case series, particularly when dealing with young children (32). In our study, there was no significant increase in aortic or tricuspid insufficiency before and after the procedure.



Limitation

There is a need for larger multicenter studies to evaluate the safety and efficacy of ADO II and MFO devices specifically in children weighing less than 10 kg. This inability to use the ADO II device for large defects during device selection led to the lack of complete equality in terms of defect size within the study population. The choice of device by the operator led to differences in the delivery approach between the antegrade and retrograde approaches. The limitations of this study include a small sample size and retrospective data collection. Conducting such comprehensive studies with a larger number of children and prospective data collection would provide consolidated evidence regarding the use of these devices in this specific children population.




Conclusion

Both the MFO and ADOII are effective and safe closure devices in appropriately selected pmVSDs. Heart block can occur with both devices. The MFO is inherently advantageous for defects larger than 6 mm and subaortic rims smaller than 3 mm. The study results did not show any particular superiority regarding one procedural aspect, rather than defect size which is a selection bias since ADOII is not accessible for large pmVSD. Our study is the first to compare the mid-term outcomes of MFO and ADO II devices in children weighing less than 10 kg, contributing to the literature in this field.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving humans were approved by Izmir SBU Tepecik Training and Research Hospital Non-interventional Research Ethics Committee/Decision No: 2023/03-39 Date: 05.04.2023. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants' legal guardians/next of kin.



Author contributions

KY: Conceptualization, Investigation, Writing – original draft, Writing – review & editing. NN: Conceptualization, Methodology, Supervision, Writing – review & editing, Project administration, Visualization. SO: Data curation, Investigation, Formal Analysis, Writing – review & editing. RO: Data curation, Formal Analysis, Software, Writing – review & editing. OP: Data curation, Methodology, Writing – review & editing. AB: Data curation, Project administration, Supervision, Writing – review & editing. AO: Data curation, Formal Analysis, Writing – review & editing. SB: Data curation, Formal Analysis, Software, Writing – review & editing. RA: Data curation, Investigation, Writing – review & editing. IS: Formal Analysis, Investigation, Methodology, Writing – review & editing. MA: Data curation, Software, Writing – review & editing. YB: Data curation, Formal Analysis, Writing – review & editing. CK: Project administration, Supervision, Validation, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

NN is the proctor of Lifetech company.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Hoffman JI, Kaplan S, Liberthson RR. Prevalence of congenital heart disease. Am Heart J. (2004) 147:425–39. doi: 10.1016/j.ahj.2003.05.003

2. White MD, Satpathy R, Lanspa T, Mooss AN, DelCore MG. Comparison of percutaneous device closure versus surgical closure of peri-membranous ventricular septal defects: a systematic review and meta-analysis. Catheter Cardiovasc Interv. (2015) 86:1048–56. doi: 10.1002/ccd.26097

3. Pillai AA, Rangasamy S, Balasubramonian VR. Transcatheter closure of moderate to large perimembranous ventricular septal defects in children weighing 10 kilograms or less. World J Pediatr Congenit Heart Surg. (2019) 10:278–85. doi: 10.1177/2150135119825562

4. Narin N, Pamukcu O, Tuncay A, Baykan A, Sunkak S, Tasci O, et al. Percutaneous ventricular septal defect closure in patients under 1 year of age. Pediatr Cardiol. (2018) 39:1009–15. doi: 10.1007/s00246-018-1852-5

5. Ghosh S, Mukherji A, Chattopadhyay A. Percutaneous closure of moderate to large perimembranous ventricular septal defect in small children using left ventricular mid-cavity approach. Indian Heart J. (2020) 72(6):570–5. doi: 10.1016/j.ihj.2020.08.016

6. Zhao L-J, Han B, Zhang J-J, Yi Y-C, Jiang D-D, Lyu J-L. Transcatheter closure of congenital perimembranous ventricular septal defect using the Amplatzer duct occluder 2. Cardiol Young. (2018) 28(3):447–53. doi: 10.1017/S1047951117002396

7. Narin N, Baykan A, Sunkak S, Tasci O, Uzum K. Mid-term results of percutaneous ventricular septal defect closure with Amplatzer duct occluder-II in children. Cardiol Young. (2017) 27(9):1726–31. doi: 10.1017/S104795111700107X

8. Dinh LH, Tran HB, Sharmin S, Thottian JJ, Won H, Lee WS, et al. Percutaneous closure of perimembranous ventricular septal defect using patent ductus arteriosus occluders. PLoS One. (2018) 13(11):e0206535. doi: 10.1371/journal.pone.0206535

9. Haddad RN, Daou LS, Saliba ZS. Percutaneous closure of restrictive-type perimembranous ventricular septal defect using the new KONAR multifunctional occluder: midterm outcomes of the first middle-eastern experience. Catheter Cardiovasc Interv. (2020) 96:e295–302. doi: 10.1002/ccd.28678

10. Tanidir IC, Baspinar O, Saygi M, Kervancioglu M, Guzeltas A, Odemis E. Use of Lifetech™ konar-MF, a device for both perimembranous and muscular ventricular septal defects: a multicentre study. Int J Cardiol. (2020) 310:43–50. doi: 10.1016/j.ijcard.2020.02.056

11. Gangopadhyay D, Goyal N, Murthy S, Nandi D, Bandyopadhyay B, Dutta J. Transcatheter closure of ventricular septal defects in children less than 10 kg: experience from a tertiary care referral hospital in eastern India. Cardiol Young. (2022) 32(1):48–54. doi: 10.1017/S1047951121001578

12. Abqari K, Haseen S, Yadav M. Transcatheter closure of ventricular septal defects: preliminary results in children weighing 10 kg or less. Cardiol Young. (2023) 33(4):539–45. doi: 10.1017/S1047951122001147

13. Narin N, Ozdemir R, Oksuz S, Demircan T, Bagli S, Aktas R, et al. Closure of transcatheter ventricular septal defect using Lifetech™ konar-MF occluder in children weighing less than 10 kilograms: mid-term results, a tertiary single center experience. Eur Rev Med Pharmacol Sci. (2023) 27(9):4053–9. doi: 10.26355/eurrev_202305_32311

14. Kampmann C, Wiethoff CM, Wenzel A, Stolz G, Betancor M, Wippermann CF, et al. Normal values of M mode echocardiographic measurements of more than 2000 healthy infants and children in central Europe. Heart. (2000) 83(6):667–72. doi: 10.1136/heart.83.6.667

15. Chessa M, Butera G. Ventricular septal defects. In: Butera G, Chessa M, Eicken A, Thomson J, editors. Cardiac catheterization for congenital heart disease. Milano: Springer (2015). p. 465–87. doi: 10.1007/978-88-470-5681-7_28

16. Sievert H, Qureshi SA, Wilson N, Hijazi ZM, Franke J, Bertog SC, editors. Interventions in structural, valvular and congenital heart disease. Boca Raton: CRC Press (2015). p. 567–610.

17. Moodie DS. Technology insight: transcatheter closure of ventricular septal defects. Nat Clin Pract Cardiovasc Med. (2005):592–6. doi: 10.1038/ncpcardio0351

18. Mandal KD, Su D, Pang Y. Long-term outcome of transcatheter device closure of perimembranous ventricular septal defects. Front Pediatr. (2018) 6:128. doi: 10.3389/fped.2018.00128

19. Santhanam H, Yang L, Chen Z, Tai BC, Rajgor DD, Quek SC. A meta-analysis of transcatheter device closure of perimembranous ventricular septal defect. Int J Cardiol. (2018) 254:75–83. doi: 10.1016/j.ijcard.2017.12.011

20. Kanaan M, Ewert P, Berger F, Assa S, Schubert S. Follow-up of patients with interventional closure of ventricular septal defects with Amplatzer duct occluder II. Pediatr Cardiol. (2015) 36(2):379–85. doi: 10.1007/s00246-014-1017-0

21. Noormanto Rahman MA, Murni IK, Sukardi R, et al. Transcatheter closure of perimembranous ventricular septal defect using the lifetech konar-multi functional occluder: early to midterm results of the Indonesian multicenter study. Glob Heart. (2022) 17(1):15. doi: 10.5334/gh.1106

22. Wongwaitaweewong K, Promphan W, Roymanee S, Prachasilchai P. Effect of transcatheter closure by Amplatzer™ duct occluder II in patients with small ventricular septal defect. Cardiovasc Interv Ther. (2021) 36(3):375–83. doi: 10.1007/s12928-020-00677-z

23. Sadiq M, Qureshi AU, Younas M, Arshad S, Hyder SN. Percutaneous closure of ventricular septal defect using LifeTech™ konar-MF VSD occluder: initial and short-term multi-institutional results. Cardiol Young. (2022) 32:755–61. doi: 10.1017/S1047951121002985

24. Han B, Zhao L, Yi Y, Lv J, Wang J. The efficacy and medium to long-term follow-up of transcatheter retrograde closure of perimembranous ventricular septal defects via the femoral artery with Amplatzer duct occluder II in children. Front Pediatr. (2021) 9:571407. doi: 10.3389/fped.2021.571407

25. Liu J, Wang Z, Gao L, Tan HL, Zheng Q, Zhang ML. A large institutional study on outcomes and complications after transcatheter closure of a perimembranous type ventricular septal defect in 890 cases. Acta Cardiol Sin. (2013) 29:271–6.27122716

26. Zhou L, Xu D, Yong YH, Sun W, Zhang H, Cao KJ. Risk factors and outcomes of post-procedure heart blocks after transcatheter device closure of perimembranous ventricular septal defect. JACC Cardiovasc Interv. (2012) 5(4):422–7. doi: 10.1016/j.jcin.2012.01.015

27. Carminati M, Butera G, Chessa M, Drago M, Negura D, Piazza L. Transcatheter closure of congenital ventricular septal defect with Amplatzer septal occluders. Am J Cardiol. (2005) 96(12A):52l–8l. doi: 10.1016/j.amjcard.2005.09.068

28. Butera G, Carminati M, Chessa M, Piazza L, Micheletti A, Negura DG, et al. Transcatheter closure of perimembranous ventricular septal defects: early and long-term results. J Am Coll Cardiol. (2007) 50:1189–95. doi: 10.1016/j.jacc.2007.03.068

29. Lin HC, Lin MT, Chen CA, Hsu JY, Lin SM, Wu MH, et al. Safety and efficacy of transcatheter closure of outlet-type ventricular septal defects in children and adults with Amplatzer duct occluder II. J Formos Med Assoc. (2021) 120(1 Pt 1):180–8. doi: 10.1016/j.jfma.2020.04.015

30. Haddad RN, Saliba Z. Interventional device closure of perimembranous ventricular septal defects: challenges, pitfalls, and advancements in device technology. Interv Cardiol. (2021) 13(S5):109–14.

31. Haddad RN, Saliba ZS. Comparative outcomes of two competitive devices for retrograde closure of perimembranous ventricular septal defects. Front Cardiovasc Med. (2023) 10:1215397. Published 2023 Jul 5. doi: 10.3389/fcvm.2023.1215397

32. Ghosh S, Sridhar A, Solomon N, Sivaprakasham M. Transcatheter closure of ventricular septal defect in aortic valve prolapse and aortic regurgitation. Indian Heart J. (2018) 70(4):528–32. doi: 10.1016/j.ihj.2017.11.023












	
	TYPE Original Research

PUBLISHED 05 January 2024
DOI 10.3389/fcvm.2023.1301412






[image: image2]

Experimental study of the bilateral asymmetric single-rivet occluder device for transcatheter patent foramen ovale closure with reserved interatrial septal puncture area
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Purpose: To evaluate a noval bilateral asymmetric single-rivet occluder with reserved interatrial septal puncture area for treating patent foramen ovale (PFO).



Materials and methods: The study established a pig model of patent foramen ovale (PFO) by puncturing the oval fossa and then performing high-pressure balloon dilation. A specially designed bilateral asymmetric occluder for the reserved interatrial septal puncture area was then. used to close the PFO through catheter-based intervention. The pigs were kept for 3 months before undergoing a second catheter-based intervention, involving interatrial septal puncture using a newly developed occluder in the reserved interatrial septal puncture area. During 6 months, the experimental pigs underwent assessment using digital subtraction angiography (DSA), echocardiography, and histological evaluation.



Results: A patent foramen ovale (PFO) model was successfully established in 6 pigs using the puncture atrial septum high-pressure balloon dilation method. The diameter of the unclosed PFO was measured (3.56 ± 0.25 mm). Using the newly developed occluder device, all 6 pigs with unclosed PFO underwent successful catheter-based closure surgeries, with intraoperative and postoperative transesophageal echocardiography showing excellent device positioning and complete closure without residual shunting. After 3 months of implantation, the catheter-based interatrial septal puncture was performed through the reserved interatrial septal puncture area, and all procedures were successful. Immediately following euthanasia, a histological examination revealed intact and undamaged occluder devices with visible puncture holes in the reserved interatrial septal puncture area. No fracture of the nitinol wire was observed, and the surface of the occluder device showed coverage of endothelial and connective tissues. Utilizing a bilateral asymmetric single-rivet occluder device implanted through the reserved interatrial septal puncture area has proven effective in closing PFO. After implantation, the occluder device allows subsequent interatrial septal puncture procedures through the reserved area.



Conclusion: The novel occluder device demonstrated excellent closure performance, biocompatibility, and puncturability in the experiment. This indicates the feasibility of conducting further catheter-based interventions on the interatrial septum.
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interventional catheterization, congenital heart disease (CHD), patent foramen ovale (PFO), occluder, atrial septal puncture





Introduction

Patent foramen ovale (PFO) can lead to cryptogenic stroke, ischemic stroke, migraine, and other diseases, with a prevalence rate of 20%–30% even in the general population (1, 2). Currently, pharmacotherapy utilizing antiplatelet or anticoagulant medications is employed for treating PFO. Additionally, interventional treatment approaches encompass a range of surgical devices. Among them, the most common is the nickel-titanium PFO occluder device series represented by the Amplatzer® occluder (ADO) (St. Jude Medical, Inc.; St. Paul, Minnesota).

However, the clinical septal occluder devices currently being used encounter difficulties in establishing a puncture path through the atrial septum after closing the PFO. This is primarily due to the presence of metal discs on both sides of the occluder device. With the progress of population aging, there has been a rise in the incidence of atrial fibrillation and valve diseases. Minimally invasive procedures such as pulmonary vein isolation for atrial fibrillation, left atrial appendage closure, and transcatheter mitral valve replacement require interatrial septal puncture. However, the presence of occluder devices poses obstacles to transseptal interventions. To facilitate interatrial septal puncture and subsequent minimally invasive interventions after PFO closure, we have designed a symmetric residual puncture area PFO occluder device, demonstrating good performance in experimental studies (citation). In the present study, we further designed an asymmetric nickel-titanium occluder device (Shanghai Push Medical Device CO., LTD.) with a reserved asymmetric puncture area in the septum. After verifying its effectiveness in closing the PFO, we validated its ability to facilitate interatrial septal puncture through the reserved puncture area on the occluder device.



Materials and methods


Device and laboratory animals

The main body of the asymmetric single-wire PFO occluder device with a reserved interatrial septal puncture area is made of superelastic nickel-titanium wire. The right atrial surface forms a disc-shaped metal disc, with a stainless steel rivet at the center to fix the main body of the occluder device and connect the delivery cable. On the inner side of the right disc, there are three layers of biodegradable polyester fiber membrane to block shunting. The reserved interatrial septal puncture area is evenly distributed around the disc, where the nickel-titanium wire weaving structure is absent. Instead, only a biodegradable blocking membrane is set. The left disc on the left atrial side is densely woven with nickel-titanium wires, forming a three-leaflet petal shape. There is no fixed steel ring in the center and no obstructive polyester fiber membrane inside. The occluder device can be delivered through a delivery sheath ranging from 8 F to 12 F (Figure 1).


[image: Figure 1]
FIGURE 1
Structure and morphology of the asymmetric single-wire PFO occluder device with a reserved interatrial septal puncture area: (A) design diagram of the asymmetric single-wire PFO occluder device with a reserved interatrial septal puncture area. The right atrial side of the occluder device is a circular metal disc with evenly distributed circular holes for the reserved interatrial septal puncture area. Tantalum particles with stronger imaging capability are embedded along the edges of the reserved interatrial septal puncture holes, serving as markers for interatrial septal puncture under DSA. (B) Photograph of the asymmetric single-wire PFO occluder device with a reserved interatrial septal puncture area. (C) Insertion of the right atrial side of the asymmetric single-rivet PFO occluder device with a reserved interatrial septal puncture area into the sheath. (D) DSA image after implantation of the asymmetric single-rivet PFO occluder device with a reserved interatrial septal puncture area in the body.


Method of establishing an artificial PFO model by high-pressure balloon dilation of the interatrial septum puncture site. A total of 6 experimental pigs were used to establish an animal model of PFO: (1) Preoperative preparation was conducted on the experimental animals three days before surgery, with fasting but free access to water for 72 h before the procedure. (2) Water was withheld on the morning of the surgery. (3) Anesthesia was induced by intramuscular injection with Tiletamine hydrochloride and Zolazepam hydrochloride. After successful induction of anesthesia, tracheal intubation was then performed to establish a respiratory pathway, and sevoflurane was inhaled for anesthesia maintenance. Venous access was established by puncturing the jugular vein, and arterial access was obtained by puncturing the femoral artery for dynamic blood pressure monitoring using a vascular sheath. The experimental animals were placed in a supine position and fixed to a specially designed bracket on the surgical table, with electrocardiographic monitoring throughout the procedure.



Establishing patent foramen ovale animal models

The procedure involved the following steps: placing a sterile drape, puncturing the right femoral vein, inserting a 7The occluder device can be delivered through a delivery sheath ranging from 8F to 12FF vascular sheath, and administering 2,000 U of heparin through the vein. Under electrocardiographic monitoring, right heart catheterization was performed to assess pressures in the right atrium, right ventricle, and pulmonary artery. Transthoracic echocardiography was used to visualize both atria and determine the position of the interatrial septum and superior vena cava. Under fluoroscopic guidance, an 8The occluder device can be delivered through a delivery sheath ranging from 8F to 12FF interatrial septal puncture sheath was advanced from the femoral vein using a 0.032-inch guidewire, up to the superior vena cava. The Swartz catheter was utilized according to the three-point method for interatrial septal puncture of the oval fossa: ① The tip of the catheter core is slowly slid downward to the 4 o'clock position and fixed at the location of the oval fossa. ② Rotate 90° to the left lateral position, align the direction of the catheter core tip parallel to the spine, positioned between the midpoint of the posterior border of the cardiac silhouette and the line connecting to the aorta, approximately one-third from the middle to the posterior. The sheath slides upward, reaching into the oval fossa. Advance the catheter core, feeling a breakthrough and monitoring the pressure, then inject a contrast agent into the left atrium after confirming left atrial pressure, observing the dispersion of the contrast agent in the left atrium. Continue advancing the sheath while penetrating through the oval fossa. ③ Rotate 30° to the right anterior oblique position, fix the catheter core, gently insert the Swartz catheter, and secure the inner catheter before approaching the ascending aorta. Continue pushing the outer sheath, causing the distal end of the outer sheath to bend beneath the aortic valve. Withdraw the catheter core, insert a guidewire into the left atrium through the Swartz catheter, and introduce the DKonquer balloon (DK Medtech, Inc; Suzhou Jiangsu) with a diameter of 5 mm into the left atrium, repeatedly dilating the oval fossa to create a certain diameter PFO model.



Closure of artificial patent foramen ovale with reserved atrial septal puncture area

After measuring the diameter and morphology of the artificial PFO using transesophageal echocardiography, exchange for a stiffer guidewire, and successfully close the PFO model according to the standard procedure for PFO closure. Postoperatively, perform electrocardiogram and transesophageal ultrasound to observe the closure status, presence of shunting, and possible arrhythmias. During and after the procedure, administer an intramuscular injection of 100,000 U/kg penicillin for infection prevention, and continue penicillin treatment for 3 days.



Transarterial septal puncture through reserved atrial septalpuncture area device

After 3 months of follow-up, the experimental pigs with implanted PFO occluder devices underwent a repeat interatrial septal puncture procedure using a novel occluder device. The puncture needle was aimed at the reserved area on the occluder device. When the sheath was advanced into the reserved puncture hole, the puncture needle was pushed forward, resulting in a breakthrough sensation and pressure monitoring, indicating a successful puncture into the left atrium. A contrast agent was injected to confirm the successful puncture, as observed by the dispersion of the contrast agent within the left atrium (Figure 2).


[image: Figure 2]
FIGURE 2
DSA images (A–D) and cardiac ultrasound images (E–H) showing the implantation of a bilateral asymmetric single-rivet PFO occluder device in the reserved interatrial septum puncture area. (A) Left ventricular disc of the deployed occluder device; (B) morphology of the fully deployed occluder device; (C) successful puncture of the interatrial septum through the puncture site reserved by the occluder device after 3 months of initial implantation; (D) left atrial angiography performed through the sheath inserted via the interatrial septum; (E,F) no residual shunting observed immediately after the implantation of the occluder device; (G,H) cardiac ultrasound demonstrating the morphology of the occluder device after implantation.




The morphology and properties

After three months, the occluder was removed to observe its gross morphology. Tissues surrounding the occluder were collected for pathological examination. Subsequently, the occluder was embedded in methyl methacrylate, sliced using a diamond knife, stained, and observed for gross morphology and histological changes using light microscopy and scanning electron microscopy.




Results

The PFO model was successfully established in all model pigs with a PFO diameter of (3.56 ± 0.25 mm). The occlusion of PFO using the reserved area of the interatrial septum for occluder placement was successful in all animal models. Confirmation by transesophageal echocardiography showed no residual shunting after PFO closure. During the follow-up period, no deaths or complications such as residual shunting, occluder detachment, or device-related thrombus formation occurred. All implanted occluders remained stable with optimal shape. Left ventricular ejection fraction and cardiac structure were within normal range. Interatrial septal puncture procedures were performed using the occluder in all pigs implanted with the novel occluder. All experimental pigs were euthanized after undergoing the atrial septal puncture experiment using the new occluder.

The pathological specimens of the occluder immediately after implantation showed intact occluder structure, without any evidence of wire fracture or overall damage to the occluder. The bilateral disks were closely attached to the interatrial septum, and no thrombus formation was observed on the occluder surface. Pathological specimens of the PFO occluder were obtained after 3 months follow-up. Interatrial septal puncture revealed a layer of gray, smooth, semi-translucent tissue covering both sides of the disks. A puncture hole was visible in the reserved puncture area on the right atrial side, without any other observed damage in the cardiac chambers, including the left atrial cavity or pericardial obstruction (Figure 3).


[image: Figure 3]
FIGURE 3
Anatomy specimens of bilateral asymmetrical single-rivet PFO occluder implanted in the reserved area of the interatrial septum. (A) Artificial PFO; (B) anatomy specimen of the occluder immediately after interatrial septal puncture, shown as a right atrial side view plate with an arrow indicating the interatrial septal puncture hole; (C) left atrial side view plate of the occluder immediately after implantation, closely attached to the interatrial septum; (D,E) anatomy specimens of the occluder taken 3 months after implantation and subsequent interatrial septal puncture, shown as right atrial side view plates with a gray-white surface covering the internal membrane, with an arrow indicating the interatrial septal puncture hole; (F) anatomy specimen of the occluder taken 3 months after implantation, shown as a left atrial side view plate with a completely covered internal membrane surface.


Under optical microscopy, an increase in endothelial cell thickness was observed with prolonged implantation time. After 3 months, a complete layer of endothelial tissue had formed. Scanning electron microscopy revealed minimal flattened cells (C) attachment on the occluder surface, surrounded by connective tissue (CT). Cross-sectional diamond knife slices revealed a well-preserved and structurally intact occluder. The nitinol wire was entirely enveloped by connective tissue and endothelial layers, resulting in a smooth and uniform surface across the entire occluder structure (Figure 4).


[image: Figure 4]
FIGURE 4
Pathological and electron microscopy specimens: (A) electron microscopy specimen revealed the presence of surrounding tissue covering the nitinol wire, with a significant amount of connective tissue (CT) filling the material gaps or surrounding it, demonstrating a tight structure. (B) Cross-sectional diamond knife slices demonstrated a well-preserved and structurally intact occluder, with the nitinol wire completely covered by connective tissue and fully enveloped by connective tissue and endothelial layers. (C) Neatly arranged nitinol wires, enveloped by connective tissue, with a surface layer consisting of connective tissue and an endothelial layer, appearing smooth and even.




Discussion

PFO is a subtype of interatrial septal defects, where the primary and secondary septa fail to close when an infant begins to breathe (1). The prevalence of PFO in the general population ranges from 20% to 30% (2, 3), with autopsy findings showing a rate of 27% (4). In the largest epidemiological transcranial Doppler (TCD) study conducted on a Greek population, nearly 43% of healthy young individuals had PFO regardless of the shunt size, making it the highest reported prevalence so far. Moreover, there have also been significant variations in the prevalence of PFO observed in transesophageal echocardiography (TEE) studies, ranging from as low as 11% in individuals under 55 years of age to as high as 43% (5, 6).

For patients experiencing cryptogenic ischemic stroke, percutaneous closure of PFO has emerged as a primary treatment for preventing recurrent ischemic stroke (7, 8). Long-term follow-up studies have shown that compared to medical therapy alone, transcatheter closure of PFO is associated with a lower risk of recurrent ischemic stroke in patients with cryptogenic stroke (9). However, subsequent interatrial septal puncture after device implantation in the interatrial septum becomes challenging. With the global aging population and improved survival rates of chronic diseases, the incidence and prevalence of cardiovascular diseases such as atrial fibrillation, valvular disease, and heart failure in older individuals continue to rise (10–12). For instance, atrial fibrillation (AF) is experiencing an increasing incidence and prevalence worldwide. The FHS (Framingham Heart Study) data showed that the prevalence of atrial fibrillation (AF) has tripled in the past 50 years. The Global Burden of Disease project estimated that in 2016, approximately 46.3 million people worldwide had AF (13). In recent years, percutaneous left atrial appendage closure (LAAC) surgery has become an effective procedure for stroke prevention. Pulmonary vein isolation (PVI) performed via interatrial septal puncture is now considered the cornerstone of catheter-based treatment for paroxysmal and early persistent atrial fibrillation (14, 15). Mitral regurgitation (MR) is a common valvular disease (16). The MitraClip device is a form of transcatheter mitral valve repair that can be considered for patients who are not suitable for surgery or have a high surgical risk (17). Interventional treatments such as percutaneous left atrial appendage closure (LAAC) and transcatheter mitral valve repair often require interatrial septal puncture. However, after implantation of a septal occluder, it becomes difficult to successfully perform interatrial septal puncture and proceed with the next surgical steps.

In the past, there have been reports of left atrial side surgery following the implantation of occluders through a punctured atrial septum. Fitzpatrick et al. reported cases of catheter ablation for arrhythmias performed through the punctured atrial septum after occluder implantation in five patients (18). In one case, a 47-year-old male patient attempted to puncture through the center rivet of the occluder using an SJM BRK-1XS Brockenbrough needle (Abbott) through an 8-F SL0 sheath following the conventional approach. Despite continuous balloon dilation, the procedure was unsuccessful as the mesh structure of the occluder would recoil and hinder the passage of the delivery sheath once the balloon was deflated. They then chose to puncture away from the central rivet where the nickel-titanium wires were less dense, achieving success. Two other patients also achieved successful punctures from the edge of the occluder, including one female patient who underwent CT and TEE evaluations and successfully punctured the portion of the atrial septum not covered by the occluder. Worth mentioning is a 59-year-old female patient who had undergone interventional closure of an atrial septal defect 15 years prior. During the initial puncture attempt, the force required for the puncture distorted the atrial septum, potentially leading to posterior perforation or device embolization, resulting in an initial failed puncture.

Fitzpatrick et al. proposed that CT imaging analysis, transesophageal echocardiography (TEE), and intraoperative digital subtraction angiography (DSA) are highly important in these procedures. Performing such complex punctures exposes patients to a higher risk of complications, such as inadvertent puncture into the aorta, penetration into the pericardial space through the posterior wall, and occluder-related risks, such as embolization. This procedure carries a higher risk for the operator as well. Although technically feasible, this complex surgical approach should be avoided whenever possible. Pedersen et al. reported a case of a 37-year-old female who developed atrial arrhythmia after undergoing percutaneous closure of the acquired atrial septal defect using the Amplatzer ventricular septal occluder (19). The arrhythmia was successfully ablated through trans-diaphragmatic puncture guided by esophageal guidance. In the future, there may be an increased demand for left atrial access after device implantation.

To address this issue, we have developed various PFO (patent foramen ovale) occluders allowing interatrial septal puncture after implantation. The first type is a bilaterally symmetric occluder proven effective and safe in previous studies. Building upon this foundation, we have further improved and innovated by developing a bilaterally asymmetric disc occluder that enables interatrial septal puncture after implantation. Our developed asymmetric PFO occluder with preserved puncture area clearly visualizes the tantalum markers at the puncture site and its boundaries under DSA fluoroscopy, effectively guiding the puncture procedure. The puncture area is located on the interatrial septum, eliminating additional CT and TEE examinations to confirm the puncture position. Furthermore, there is no metallic mesh within the puncture area, allowing for easy passage of the puncture needle through the atrial septum without excessive force. This avoids the risks associated with excessive puncture force, such as septal distortion, posterior perforation, or occluder embolization.

Currently, the dimensions of the new occluder are as follows: 18–40 mm. This means that the diameter of the left atrial disk is 18 mm, the diameter of the right atrial disk is 40 mm, the waist diameter is 0.11 mm, and the height is 4 mm. The diameter of the puncture hole is 8 mm, allowing for delivery through a 9Fr sheath. As we are currently in the animal experimentation phase, only one model size of the occluder has been manufactured. In the future, we will produce models ranging from 18 to 30 mm in size.

In three randomized controlled trials, using different double-disc permanent implant devices for percutaneous closure of patent foramen ovale (PFO) has been proven safe and effective (20–22). Double-disc occluders provide reliable closure and have minimal residual shunting through the PFO. Rubine et al. found that in the RESPECT study, with the use of the Amplatzer PFO occluder, the incidence of atrial fibrillation was only 4% during a median follow-up of 5.9 years (23). In a study of PFO closure in 1,000 European patients, there were no thrombotic events with the Amplatzer device, while the incidence of thrombotic events with the CardioSEAL device was 7.1% (24). The Cardioform device has been reported to have some device-related thrombus formation (25, 26). The Figulla Flex II PFO occluder is also a self-expanding double-disc implant made of nitinol wire with superelastic characteristics. Daniela et al. treated 442 patients with the Figulla Flex II device (Occlutech, Germany) for PFO closure and followed them for 10 years. One case of device embolization resulted in treatment failure, and there were 15 in-hospital complications (3.4%; 4 cases of minor access site complications, 11 cases of transient supraventricular tachycardia/atrial fibrillation). At a follow-up of 9.2 years, two patients had recurrent transient ischemic attacks (without residual right-to-left shunt), and three patients showed moderate or more significant residual shunting upon discharge (27).

Compared to traditional PFO occluders, the novel PFO occluder has unique morphology and weaving methods. The right disc of the occluder is a conventional circular disc shape, with a degradable membrane that blocks the blood flow. It includes a pre-reserved puncture hole on the right atrial side. In contrast, the left disc is in a “cloverleaf” shape with an extremely dense weaving structure. The PFO occluder is primarily designed to prevent right-to-left shunting. This design has been adapted accordingly. The right disc is mainly utilized for blocking the shunt, while the left disc is primarily used for fixation. In our experiments, all occluders completely sealed the PFO model, with no residual shunting observed. Furthermore, the novel occluder has a visible marker in the puncture area for future puncture procedures under DSA (digital subtraction angiography) guidance.

Previous studies have found that after implantation of a PFO occluder, there is an increased incidence of new-onset atrial fibrillation (AF) and other arrhythmias in patients. Compared to the medication group, patients who underwent transcatheter PFO closure surgery have a 5.3-fold higher risk of developing atrial fibrillation. This increased risk of AF is concentrated in the first 45 days after the procedure and may be persistent or intermittent (28). This phenomenon may be related to the pressure exerted on the atrial septum by the occluder. The surgical process can cause atrial stimulation, and the occluder may trigger an inflammatory response or act as a mechanical barrier, creating a large loopback pathway (29, 30). Our novel occluder significantly reduces the metallic portion of the double discs, resulting in a reduced coverage area of nitinol wire on the atrial septum. The right disc of the occluder has a degradable membrane covering the reserved puncture area, while the left disc takes on a unique “cloverleaf” shape with a tighter structure and less contact area with the atrial septum tissue, thus reducing tissue compression. Consequently, this reduces tissue edema, inflammation, and fibrosis, leading to a decrease in the occurrence of arrhythmias.

Artificial PFOs are created by puncturing the atrial septum and establishing a wire-guided pathway, through which a high-pressure balloon with a diameter of 5 mm is inserted and inflated to a pressure of 24 atmospheres. This type of PFO has a straight channel with irregular edges. On the other hand, natural PFOs occur due to improper adhesion between the primary and secondary atrial septa during development. The diameter of the natural PFO is smaller, with a curved and oblique or horseshoe-shaped pathway, typically measuring less than 10 mm in length. The length of a long-tunnel PFO can reach up to 20 mm. In theory, the stability of occluding artificial PFOs using the new occluder may be relatively poorer due to their smaller diameter (around 3 mm) and shorter length. However, in our study, we did not observe any instability or residual shunting after occluding artificial PFOs with the new occluder. Based on this, we speculate that the new occluder can effectively be used for PFO closure.

The research findings indicate that the new occluder can effectively close the PFO model without a residual shunt. Postoperatively, no movement of the occluder position was observed. Specimens from the animals sacrificed three months later demonstrated complete endothelial coverage over the occluder, intact occluder structure, absence of thrombus formation, and no apparent nickel-titanium wire fracture. Three months after occluder implantation, interatrial septal puncture within the preserved area of the interatrial septum was performed. It is worth mentioning that all surgical operations were executed efficiently and demonstrated considerable enhancement in performance when compared to the first-generation occluder.



Conclusions

Utilizing a bilateral asymmetric single-rivet occluder device implanted through the reserved interatrial septal puncture area has proven effective in closing PFO. After implantation, the occluder device allows subsequent interatrial septal puncture procedures through the reserved area. The novel occluder device demonstrated excellent closure performance, biocompatibility, and puncturability in the experiment. This indicates the feasibility of conducting further catheter-based interventions on the interatrial septum.


Limitations of the study

Firstly, our study had a small sample size and a relatively short follow-up period. Further research with larger sample sizes and longer follow-up times is needed to obtain sufficient data for potential clinical applications. Secondly, we did not establish a control group with conventional patent foramen ovale (PFO) closure. Thirdly, the tricuspid leaflet-like disc on the left atrial surface has a different stiffness compared to conventional occluders. It is important to investigate whether there are any gaps when it adheres to the atrial septum and to study further thrombus-related issues associated with the device.

The PFO model we used was also created through balloon dilation, resulting in irregular edges and shallow depths. In contrast, a natural PFO exists due to incomplete fusion between the primary and secondary atrial septa, often presenting as an oblique or even horseshoe-shaped pathway. There are morphological differences between our model and a natural PFO that should be considered.

In future studies, we will compare the different performances of occluders of various sizes.
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Background: Percutaneous pulmonary valve implantation (PPVI) has emerged as a less invasive alternative for treating severe pulmonary regurgitation after tetralogy of Fallot (TOF) repair in patients with a native right ventricular outflow tract (RVOT). However, the success of PPVI depends on precise patient-specific valve sizing, the avoidance of oversizing complications, and optimal valve performance. In recent years, innovative adaptations of commercially available cardiovascular mock loops have been used to test conduits in the pulmonary position. These models are instrumental in facilitating accurate pulmonic valve sizing, mitigating the risk of oversizing, and providing insight into the valve performance before implantation. This study explored the utilization of custom-modified mock loops to implant patient-specific 3D-printed pulmonary artery geometries, thereby advancing PPVI planning and execution.



Material and Methods: Patient-specific 3D-printed pulmonary artery geometries of five patients who underwent PPVI using Pulsta transcatheter heart valve (THV) ® were tested in a modified ViVitro pulse duplicator system®. Various valve sizes were subjected to 10 cycles of testing at different cardiac output levels. The transpulmonary systolic and regurgitation fractions of the valves were also recorded and compared.



Results: A total of 39 experiments were conducted using five different patient geometries and several different valve sizes (26, 28, 30, and 32 mm) at 3, 4, and 5 L/min cardiac output at heart rates of 70 beats per minute (bpm) and 60/40 systolic/diastolic ratios. The pressure gradients and regurgitation fractions of the tested valve sizes in the models were found to be similar to the pressure gradients and regurgitation fractions of valves used in real procedures. However, in two patients, different valve sizes showed better hemodynamic values than the actual implanted valves.



Discussion: The use of 3D printing technology, electromagnetic flow meters, and the custom-modified ViVitro pulse duplicator system® in conjunction with patient-specific pulmonary artery models has enabled a comprehensive assessment of percutaneous pulmonic valve implantation performance. This approach allows for accurate valve sizing, minimization of oversizing risks, and valuable insights into hemodynamic behavior before implantation. The data obtained from this experimental setup will contribute to advancing PPVI procedures and offer potential benefits in improving patient outcomes and safety.



KEYWORDS
percutaneous pulmonary valve implantation, tetralogy of fallot, 3D models, in vitro hemodynamic, ViVitro percutaneous pulmonary valve implantation, hemodynamic, ViVitro, Pulsta





Introduction

Although the early survival rate following tetralogy of Fallot (TOF) repair is excellent, long-term survival beyond the second decade is lower than that of the healthy population (1). Right ventricular outflow (RVOT) patch is a well-defined risk factor for sudden death related to chronic severe pulmonary (PR) regurgitation due to right ventricular dilatation, ventricular arrhythmia, and heart failure (2). The sudden cardiac death ratio has been reported as 0.02% annually, which is considerably higher in patients with transannular patches (3, 4). Therefore, pulmonary valve implantation (PVI) is a Class I priority in symptomatic patients. Asymptomatic patients also have indications for PVI in the presence of certain criteria defined in the guidelines (5, 6).

Percutaneous pulmonary valve implantation (PPVI) has revolutionized the treatment landscape as an alternative to surgery, and comparable results regarding the feasibility of valve implantation and the satisfaction of valve competency have been reported in patients with severe PR after TOF repair (7–9). On the other hand, RVOT is typically enlarged with various anatomies, and only a small number of patients with native RVOT are suitable for PPVI, especially when balloon expandible valves are to be used (10). The self-expandible new-generation pulmonary valve Pulsta THV® (Tae Woong Medical Co, South Korea) has been successfully used in patients with native RVOT and different anatomies (11, 12).

A key challenge is tailoring the treatment to each patient's unique anatomy and hemodynamic profile. Innovative approaches have been devised to create patient-specific pulmonary artery models and enhance preimplantation planning and decision-making (13). Recent advancements have enabled the development of patient-specific pulmonary artery models by customizing commercially available cardiovascular mock loops such as the ViVitro Super Pump (14). These mock loops, initially designed for general cardiovascular testing, were modified to replicate the physiological conditions of the pulmonary circulation. This study aimed to evaluate the feasibility and hemodynamic efficiency of Pulsta THV® patient-specific 3D-printed RVOT anatomy.



Materials and methods


Patients and valve implantations

Five patients who underwent Pulsta® THV between February 2020 and December 2021 were included in the study. Ethical approval was obtained from the Koç University Ethical Committee. The patients were diagnosed with severe pulmonary regurgitation due to transannular patch repair of TOF. All patients were evaluated using echocardiography and computerized tomography angiography (CTA). Magnetic resonance imaging was performed on asymptomatic patients. Indications for PPVI were defined according to previously described criteria (6). Percutaneous valve implantation was successfully performed in all cases. The device size was selected using pre-procedural images and the balloon-sizing technique as previously defined (15). After measuring the hemodynamic data of each patient's right ventricle and pulmonary arteries, injections were performed to visualize the RVOT and pulmonary artery anatomy. Angiographic measurements were performed from two angles at the largest moment of the cardiac cycle in systole. A sizing balloon (AGA Medical Inc., USA) was inflated in the RVOT, and a right ventricular injection was performed using a pigtail catheter inserted from the counter-side femoral vein. The balloon diameter blocking the contrast passage was measured and the Pulsta® THV size was selected to be 2 mm larger than this measurement.



Patient-specific pulmonary artery 3d model generation

Computerized tomography (CT) scans were acquired using a multidetector CT scanner (Somatom Definition Flash) with 128 detector rows (Siemens Healthineers, Forchheim, Germany) with patients in the supine position. A prospective electrocardiography-gated multiphase scanning technique was used to reconstruct systolic phase images. CT scans were performed at 80 kV and 40–100 mAs with automatic exposure control. A non-ionic contrast medium (370 mg I/ml) at a 1.5 ml/kg contrast dose was administered intravenously, and the images were acquired using the bolus tracking method. Images were reconstructed with a slice thickness of 0.75 mm in the systolic phase interval of the cardiac cycle, in which the pulmonary artery had the widest diameter.

During image acquisition, artifacts due to breathing or the movement of the patients were avoided. Adequate signal density and contrast were obtained from 3D volumetric cardiovascular images of the RVOT, including the main pulmonary artery and branches.

Then, 3D segmentation and modeling were performed on the patients’ CTA images. CTA images were segmented using image processing tools in “Inobitech DICOM Viewer Pro®” (Inobitech, Russia). The models mainly focused on the RVOT, the main pulmonary artery, and branches. The wall thickness was set to 1 mm. Digital Imaging and Communications in Medicine (DICOM) data were converted to the Standard Triangle Language (STL) form, and a segmentation process was performed (Figure 1A). After segmentation, hollow models were created by subtracting the segmented blood pool from the wall of the anatomical region (Figure 1B).


[image: Figure 1]
FIGURE 1
(A) Pulmonary artery segmentation of the patients. (B) STL model generation. (C) fluoroscopic evaluation of the valve placement. (D) Pulsta Valve 26 mm implantation on the 3D printed model. (E) Placement on ViVitro Pulse Duplicator system with in-house made mounts.


Patient-specific pulmonary artery models for each patient are depicted in Figure 2. A Formlabs Form 3 (Formlabs Inc., USA) 3D printer was utilized, employing 80A resin, renowned for its biocompatibility and durability, to fabricate accurate replicas of the patients’ pulmonary arteries. The 80A resin was selected to closely mimic the mechanical properties of human vascular tissue. Valve placement was performed to mimic the real procedure under fluoroscopy (Figures 1C,D).


[image: Figure 2]
FIGURE 2
STL views of the patients.




Cardiovascular mock loop and hemodynamic measurements

In our study, we assessed the performance of the valves using a mock circulatory system designed to mimic the conditions of a single-ventricle pediatric patient as previously described in our earlier studies (16, 17). To ensure that the flow conditions closely resembled those in the patients, we modified the ViVitro pulse duplicator (Vivitro, Canada) with a 3D-printed fixture to test the patient-specific geometries (Figures 1E, 3).


[image: Figure 3]
FIGURE 3
Pulsatile flow experiments. Measurement locations and 3D patient model connection ports are illustrated. Patient models were introduced in the mock-up single-ventricle circuit featuring patient-specific 3D printed mounts with Luer lock ports for pressure measurements. The pulse duplicator sets the mock-up system flow rate by adjusting stroke and stroke volume. Pulsatile pressure measurements were acquired from the MPA root and left/right PAs. The pulse duplicator's electromagnetic flowmeter (EM) was kept at its original place under the PA root. Another ultrasonic clamp on the flow meter was also used for the calibration of the EM flow meter. Fixtures were adjusted to avoid buckling of the patient models due to tensions on the silicone tubes.


During testing, the mock circulatory system was operated on with a systolic duration of 60% systole-to-diastole ratio of 0.6, maintaining a mean arterial pressure (MAP) of 20 mmHg. Distilled water was used as the test fluid at room temperature to ensure comparable hemodynamic conditions across different valve designs. The circulation system was tested at various stroke volumes to achieve a 3–5 L/MIN flow rate at 70 strokes per minute with a mean arterial model pressure of 20 mmHg (±0.5).

We measured and calculated the regurgitation fraction (RF) and pressure gradient. This was determined by measuring the ratio of forward and backward flows using an electromagnetic flowmeter available in the ViVitro system. We collected data from 10 pulses after the flow conditions reached a steady state. The Utah pressure transducers (Utah Medical Products, USA) were strategically placed in the ventricle and the right and left pulmonary arteries (Figure 3). The resulting data provided valuable insights into conduit selection by offering comparisons of RF and pressure gradients across a range of pediatric flow rates.

Five patient-specific pulmonary artery models, each representing a distinct systolic patient pulmonary artery geometry, were subjected to rigorous testing. Transcatheter pulmonary valves were assessed within these models, with attention to sizing, placement, and deployment. The angiographic measurements of the implanted and tested valve sizes are shown in Table 1.


TABLE 1 Anatomic measurements of the main pulmonary arteries (MPA) of patients were recorded by angiographic and balloon sizing methods. The patients underwent testing using prosthetic valve sizes both 2 mm larger and smaller than their implanted valve size. Nevertheless, it is of note that a 32 mm valve could not be accommodated within the 3D model of Patient 3, and Patient 4 was unable to be tested with a 34 mm valve, as 32 mm represents the upper limit of sizing in this case.

[image: Table 1]

Hemodynamic parameters, including regurgitation, pressure gradients, and flow rates, were calculated and analyzed during each testing iteration. measured the pressure gradients across transcatheter pulmonic valves (Figure 4).


[image: Figure 4]
FIGURE 4
Pressure waveform of patient 2 at 3 L/min for all valve sizes tested are shown (left). Flowmeter measurements of the same test conditions are given (right). The highest gradient observed was with the 30 mm valve, which also showed the largest regurgitation by percentage.





Results

A total of 39 experiments were conducted using five different patient geometries and several different valve sizes (26, 28, 30, and 32 mm) at 3, 4, and 5 L/min cardiac outputs at heart rates of 70 bpm and 60/40 systolic/diastolic ratios. All the data are summarized in Table 2.


TABLE 2 Summary of the findings for all patients and test conditions. Implanted valve sizes are underlined.

[image: Table 2]

The minimum regurgitation for Patient 1 was achieved with a 26 mm valve at a 3 L/min flow rate of 9.9%. Maximum regurgitation occurred at 3 L/min and 4 L/min cardiac output (CO) with a 28 mm valve in that patient, which was almost 13%. The pressure gradients for these tests were also relatively higher than those of the other tests. The lowest pressure gradient occurred at the 26 mm valve with 3 L/min cardiac output (CO) as 12.13 mmHg from the left pulmonary artery (LPA) to the right ventricle (RV) and 7,4 mmHg from the right pulmonary artery (RPA). The 26 mm valve resulted in a superior gradient performance compared to the 30 mm with a 19.3 mmHg average gradient. The 28 mm valve showed the poorest performance for Patient 1, with the highest gradient and regurgitation values.

Patient 2 was tested using the 28, 30, and 32-mm valves. The 32 mm valve, which was the largest size, performed the best considering regurgitation and gradient performance. The lowest observed gradient was 11.35%, at a flow rate of 4 L/min. The resulting gradients were 14.85 on the left and 13.63 mmHg on the right branch. This patient geometry showed that a larger valve size performed better in our in vitro tests. However, the 28 and 30 mm valves performed similarly at 5 L/min CO; the 30 mm valve caused 15.35% regurgitation, while the 28 mm valve showed 13.9% regurgitation. The gradient values of these valve sizes were also compatible with a 28 mm valve left regurgitation of 17.3, and the right figure station was 15.63 mmHg. In contrast, the 30 mm valve left gradient was 14.52, and the right gradient was 18.9 mmHg (Figure 4).

Only two valve sizes, 28 and 30 mms, were tested for Patient 3. The 30 mm valve performed considerably better than the 28 mm valve at 5 L per minute. The 28 mm valve's regurgitation rate was 13.9%, whereas the regurgitation rate was 10.32% with the 30 mm valve. The gradient findings for the 30 mm valve were 15.60 on the left and 13.11 mmHg on the RPA. These values were much larger with the 28 mm valve, at 19.25 and 14.83 mmHg, respectively.

Similarly, Patient 4 was tested using two valve sizes: 30 mm and 32 mm. Maximum regurgitation occurred with the 30 mm valve with a 5 L/min cardiac output of 23.01%. However, a 32 mm valve resulted in 16.75% regurgitation. However, the pressure gradients were comparable. For the 30 mm valve, gradients were 19.78 on the LPA and 13.1 mmHg on the RPA, whereas they were 16.65 and 12.89 mmHg, respectively, for the 32 mm valve.

Patient 5 was tested using the 28, 30, and 32 mm valves. The 28 mm performed the poorest of all cardiac outputs, with a regurgitation value near 20%. Valve sizes of 30 mm and 32 mm were compared. The 32 mm valve performed slightly better. The regurgitation fractions were 11.85% for the 30 mm valve and 10.77% for the 32 mm valve at 5 L/min CO. Although regurgitation was considered higher with the 28 mm valve, the pressure gradient values were almost identical, approximately 14 mmHg on the left and 9 mmHg on the right.



Discussion

Within the population of patients with TOF, clinical observations have revealed a diverse array of anatomies in the RVOT. These variations involve significant differences in vessel dilation, curvature radius, and RVOT angle as it extends from the right ventricle and the angle at the first pulmonary artery bifurcation (18). These anatomical variations make PPVI challenging for interventionalists. Additionally, anatomical variations profoundly impact the hemodynamic features and functions of valves (18).

Three-dimensional investigations prior to the procedure have recently become more popular for PPVI. However, these studies were related to the suitability of the RVOT anatomy for valve implantation (13). However, the complex flow characteristics of the RVOT after pulmonary valve implantation are unpredictable. Therefore, another in vitro experimental method is favorable for understanding the hemodynamic effects of PPVI.

3D cardiac modeling and printing are also becoming popular approaches for simulating complex congenital heart diseases (19, 20). The spatial relationship between the great arteries and ventricles can be shown more clearly, and according to data obtained from 3D modeling, surgical plans can be changed (21). For complex interventional procedures such as PPVI the benefit of the 3D models has also been reported. Jivanji et al. reported a self-expandible valve implantation procedure in the 3D heart model before the implementation procedure (22).

In our study, we investigated the hemodynamic characteristics of the new self-expandible valve Pulsta® THV in 3D models of patient-specific anatomy, using this novel modified Vivitro® pulse duplicator system. Different valve sizes were compared for different flow rates and cardiac output circumstances, with respect to pulmonary gradients and valve competency. The regurgitation fraction and pressure gradients of the pulmonary artery branches were measured and calculated, which were detected by the mock simulator, and showed consistency with the patients’ real angiographic and echocardiographic findings.

Implanted valve sizes showed regurgitation and pressure gradient performance similar to clinical data. Therefore, we concluded that the procedure described in this study could be a reliable pre-operation experimental tool. In addition, we observed that certain valves performed better than the clinical size in some of the experiments. For instance, regarding Patient 1, instead of the 30 mm valve that was implanted, a 26 mm valve size could have been implanted, which gave a better performance during tests. With a 26 mm valve, we obtained a lower regurgitation fraction and fewer pulmonary arterial gradients. This can be interpreted as the implantation of an unnecessary oversized valve during the procedure. This may be related to inadequate implantation experience at the beginning of the learning curve because of concerns regarding valve dislocation.

On the other hand, in Patient 2, although we implanted a 30 mm size valve, the test results showed that the best performance was obtained with a 32 mm valve. Thus, a 32 mm valve size selection could have been the best option for this patient if we had in vitro test results before implantation.

In addition, the best valve performance for Patient 3 was detected in vitro with a 30 mm valve, which was already implanted in the procedure. Hence, this was an in vitro validated result of the implanted valve size. In Patient 4, the implanted valve size also provided the best valve performance in vitro.

Regarding Patient 5, valves with sizes of 30 mm and 32 mm had similar in vitro test results, indicating that one of them could have been selected during the implantation procedure. This information gives a favorable advantage to the clinicians throughout the procedure in case of hesitation to avoid some complications related to oversizing.

The findings of this study also imply that smaller-diameter valves could be hemodynamically acceptable while avoiding the possible complications of oversizing, such as coronary compression. This study shows that this method may be used for decision-making processes by interventionalists for proper size selection in circumstances when it is challenging to evaluate which valve size should be used.

This study was designed as a proof-of-concept, covering five previously treated patients. An important advantage of evaluating valves before procedures using pulse duplicators is the reproducibility and confirmation of the results several times. This method can also be used prospectively in decision-making for PPVI procedures. Certain groups of patients, such as those with stenotic conduits, stenotic or hypoplastic pulmonary arteries, and/or bifurcation stenosis, are challenging to evaluate using our method. Further assessments of different implantation strategies, such as different positions of the valve or placement of valves at the pulmonary artery branches, in cases of infeasible RVOT anatomy, are also possible. Moreover, various stenotic conditions can be created or treated in 3D models, which can be replicated in our system for realistic in vitro evaluation. Although this study was conducted using only Pulsta THV ®, this system can also be used for valve selection by comparing different valve types or brands.

This study has some limitations. First, these models were created from the systolic images of the patients on CT angiography and did not completely reflect the whole anatomical change of the cardiac circle. The material we used (Formlabs 80 A Resin in 0.5 mm thickness) gave us similar mechanical test results with the previously reported pulmonary arterial tissue (23). However, the 3D model does not behave as the natural pulmonary arteries of the body since the surrounding tissue is excluded in this model. ECG-triggered full-cycle MRI images can provide a complete range of sizes of the pulmonic artery during the cardiac cycle, providing a more realistic assessment of the dimensions. Furthermore, this experimental mock model does not reflect the valves’ durability and long-term efficacy, which requires histological examination and measurements of the calcium deposit by using an accelerated mock pulse duplicator for a long duration. However, this was beyond the scope of this study.

Prior experiments with both blood and an aqueous glycerin solution damaged the experimental apparatus. Thus, a distilled water solution with the same density of blood was used instead in our experiments. Additionally, comparing the different fluids during testing showed no significant difference in the measurements (24, 25).

In conclusion, preprocedural investigation of valve function and hemodynamic characteristics with pulse duplicators is a promising tool for clinicians throughout the decision-making process, which is still open to complications. This research paper focuses on introducing the in vitro testing system of the PPVI in patient-specific anatomy 3D printed models. This is the first modification of the ViVitro pulse duplicator based on patient-specific anatomy. The use of Formlabs Form 3 3D printing technology with resin, electromagnetic flow meters, and custom-modified ViVitro Super Pump in conjunction with patient-specific pulmonary artery models has enabled a comprehensive assessment of percutaneous pulmonic valve performance. While our study primarily focuses on the Pulsta® valves, we believe the model's adaptability extends to various self-expanding valve platforms, and its utility can be applied within or in conjunction with existing core lab frameworks. This approach allows precise valve sizing, minimization of oversizing risks, and valuable insights into hemodynamic behavior before implantation. The data obtained from this experimental setup will contribute to advancing PPVI procedures and offer potential benefits in improving patient outcomes and safety.
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Introduction: Imaging fusion technology is promising as it is radiation and contrast sparing. Herein, we compare conventional biplane angiography to multimodality image fusion with live fluoroscopy using two-dimensional (2D)–three-dimensional (3D) registration (MMIF2D−3D) and assess MMIF2D−3D impact on radiation exposure and contrast volume during cardiac catheterization of patients with congenital heart disease (CHD).



Methods: We matched institutional MMIF2D−3D procedures and controls according to patient characteristics (body mass index, age, and gender) and the seven procedure-type subgroups. Then, we matched the number of tests and controls per subgroup using chronological ordering or propensity score matching. Subsequently, we combined the matched subgroups into larger subgroups of similar procedure type, keeping subgroups with at least 10 test and 10 control cases. Air kerma (AK) and dose area product (DAP) were normalized by body weight (BW), product of body weight and fluoroscopy time (BW × FT), or product of body weight and number of frames (BW × FR), and stratified by acquisition plane and irradiation event type (fluoroscopy or acquisition). Three senior interventionists evaluated the relevance of MMIF2D−3D (5-point Likert scale).



Results: The Overall group consisted of 54 MMIF2D−3D cases. The combined and matched subgroups were pulmonary artery stenting (StentPUL), aorta angioplasty (PlastyAO), pulmonary artery angioplasty (PlastyPUL), or a combination of the latter two (Plasty). The FT of the lateral plane reduced significantly by 69.6% for the Overall MMIF2D−3D population. AKBW and DAPBW decreased, respectively, by 43.9% and 39.3% (Overall group), 49.3% and 54.9% (PlastyAO), and 36.7% and 44.4% for the Plasty subgroup. All the aforementioned reductions were statistically significant except for DAPBW in the Overall and Plasty (sub)groups. The decrease of AKBW and DAPBW in the StentPUL and PlastyPUL subgroups was not statistically significant. The decrease in the median values of the weight-normalized contrast volume (CMCBW) in all five subgroups was not significant. Cardiologists considered MMIF2D−3D very useful with a median score of 4.



Conclusion: In our institution, MMIF2D−3D overall enabled significant AKBW reduction during the catheterization of CHD patients and was mainly driven by reduced FT in the lateral plane. We observed significant AKBW reduction in the Plasty and PlastyAO subgroups and DAPBW reduction in the PlastyAO subgroup. However, the decrease in CMCBW was not significant.
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Introduction

Congenital heart disease (CHD) is the most common birth defect (1–3). Cardiac catheterization has improved management of CHD patients, and owing to the increased reliability and advancements in technology, the number, types, and complexity of cardiac catheterizations have increased dramatically in recent years (4–7). In addition, multiple staged or repeated procedures are required during the lifetime of patients with complex CHD lesions, which significantly increases their cumulative radiation exposure (1, 8, 9). For a given radiation dose, children are three to four times more susceptible to radiation-induced malignancies. Moreover, their smaller body size results in less attenuation, and therefore relatively higher doses for deeper organs, and a relatively larger fraction of their body is exposed to the direct x-ray beam (10–14). Furthermore, operators are often near the patient, thereby increased patient exposure results in increased occupational exposure. Consequently, optimizing radiation exposure of cardiac catheterization in CHD is needed. Image fusion of a three-dimensional (3D) reconstruction of volumetric imaging datasets with live fluoroscopy has the potential to reduce iodinated contrast volume and radiation dose (15–17). In the last decade, 3D rotational angiography image fusion (3DRA-IF) has been more frequently used in CHD, where a 3D roadmap is obtained from a tomographic acquisition, which is subsequently overlaid on the live fluoroscopy images acquired by the same x-ray modality (16, 18–22).

More recently, multimodality image fusion (MMIF) has become available. With the latter technology, a 3D roadmap can be obtained from preprocedural imaging like computed tomography (CT) or magnetic resonance imaging (MRI) (15, 23–26). After segmentation, the 3D roadmap is registered with live fluoroscopy using either two fluoroscopy or cinegraphy acquisitions in different projections, i.e., 2D–3D registration (MMIF2D−3D), or using a 3DRA acquisition, i.e., 3D–3D registration (MMIF3D−3D) (26). With MMIF2D−3D only two fluoroscopy exposures are sufficient to perform registration with the volumetric dataset, resulting in nearly radiation-free registration (24, 26, 27).

The goal of the current study is to assess the impact of MMIF2D−3D on radiation exposure and contrast volume levels during cardiac catheterization in CHD patients.



Methods

The procedural and patient data included in this study were acquired from the institutional database on congenital cardiac catheterizations performed between January 2015 and October 2019. Structural interventions such as closure of atrial septal defects (ASD), ventricular septal defects (VSD), patent foramen ovale (PFO) and patent ductus arteriosus (PDA) were excluded since they were ultrasound guided, without the use of ultrasound-fluoroscopy image fusion. All procedures were performed with a biplane AlluraClarity FD20/FD10 system (Philips Healthcare, Best, The Netherlands). The diagonal of the frontal imaging detector was double the size of the lateral imaging detector. The imaging protocols available on the biplane x-ray system are split by weight in two groups, i.e., ≤40 and >40 kg. In both weight groups, the corresponding lowest dose imaging protocols are selected by default. The operators are used to working with the lowest dose settings and switch to higher dose settings only if they deem it necessary.


Multimodality image fusion

During the study period, we applied MMIF2D−3D when CT-scan or MRI imaging of sufficient quality was available for 3D reconstruction and used the conventional biplane 2D angiography (2DA) in the absence of preprocedural imaging. The MMIF2D−3D approach consisted of a four-step process and was performed using the VesselNavigator software (Philips Healthcare, Best, The Netherlands) that has been described previously in the literature (28). Briefly, the anatomy of interest was segmented. Then, the anatomical landmarks visible on both live fluoroscopy and volumetric datasets (CT or MRI) were indicated on the volumetric dataset. Afterward, two short 2D fluoroscopy projections were performed to match the position of the preprocedural 3D volume with the periprocedural anatomical position. The final step is live guidance of the procedure with the registered 3D volume transparently overlaid on top of the live fluoroscopy, during which the registration can be optimized further. The process is visualized in Figure 1, showcasing one aortic coarctation MMIF2D−3D case.
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FIGURE 1
Multimodality image fusion from CT or MRI using VesselNavigator. The screenshots showcase an aortic coarctation MMIF2D−3D case and the four-step workflow followed to achieve registration of the 3D volumetric data with the live fluoroscopy imaging. (A) Segmentation: The target anatomy is segmented from the volumetric dataset. In this case a preprocedural CT exam was available. (B) Planning: The case can be prepared by placing anatomical landmarks and measurements. Optimal viewing angles can be saved before the procedures and can be recalled and synchronized with the C-arm during the procedure. The screenshot shows anatomical landmarks that were added for further fine-tuning of the registration during Live Guidance, i.e., the tracheal carina, the inferior edge of the left and right main bronchus, alternately the left and right edge of four consecutive thoracic vertebrae starting from the level of the tracheal carina (T4/T5), the apex, and one landmark in a sagittal view on the anterior edge of one of the vertebrae between T4 and T8. (C) Registration: The volumetric dataset, in this case a CT volume, should be transformed to the coordinate system of the x-ray fluoroscopy system. Structures that are easily visible on both CT and fluoroscopy, in this case the vertebrae and ribs from CT, are volume rendered transparently on top of two fluoroscopy projections at least 45° apart. The CT volume can then be manually aligned with the fluoroscopy image in both projections. In the current study the two projections were always a frontal and lateral low-dose fluoroscopy exposure. (D) Live Guidance: the CT volume is now synchronized with the x-ray angiography system and it will follow any table and C-arm movement accordingly. The segmented anatomy is now transparently overlaid on top of the x-ray fluoroscopy or acquisition in real-time. This screenshot shows a balloon dilatation of an aortic coarctation.




Matching

To reduce bias, we applied a multiple step matching process based on procedure type and patient characteristics [body mass index (BMI), age, and gender]. Initially, we subdivided the MMIF2D−3D procedures into seven subgroups: diagnostic, balloon dilatations in the aorta (BalloonAO), balloon dilatations in the pulmonary artery (BalloonPUL), stenting in the aorta (StentAO), stenting in the pulmonary artery (StentPUL), percutaneous pulmonary valve replacements (PPVR), and embolization. Subsequently, for each test group we selected a corresponding control subgroup from conventional CHD procedures of the same type performed during that time period. If the difference in the number of cases between the test and control subgroups (Δn) was less than 5, then we considered these subgroups as matched. When Δn ≥ 5 and the number of cases in the test subgroup (nTest) was larger than 5, we conducted a propensity score matching of 1:1 on BMI, age, gender, and number of treated lesions (considered only for angioplasty procedures). In addition, if nTest < 5, we selected the latest nTest cases from the chronologically ordered control subgroup as the matched control subgroup. After subgroup matching, we combined the subgroups of balloon dilatation and stenting into angioplasty subgroups for each respective region (PlastyAO and PlastyPUL) before finally combining all subgroups into one Overall group. Eventually, only the subgroups with a minimum of 10 procedures each in both the test and control cohorts were included for statistical analysis. The matching process is illustrated in Figure 2.
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FIGURE 2
Flow diagrams of multiphase matching. The applied method is depicted in (A) and (B), while the result for our patient cohort is depicted in (C). (A) During the first phase of the matching process, the cases are grouped by procedure type, resulting in four potential situations: a procedure-type subgroup where nTest < 5 and Δn ≥ 5 (Subgroup 1), a second subgroup where nTest < 5 and Δn < 5 (Subgroup 2), a third subgroup where nTest ≥ 5 and Δn ≥ 5 (Subgroup 3), and a fourth and final one where nTest ≥ 5 and Δn < 5 (Subgroup 4). When Δn ≥ 5, a second matching phase was performed to end up with the same number of cases in the test and control subgroups (Δn = 0): propensity score matching was performed based on BMI, age, gender, and number of treated lesions (the latter only in case of angioplasty) when nTest ≥ 5 (Subgroup 3*). Alternatively, when nTest < 5, the second matching phase was conducted by ordering the control subgroup chronologically and retaining only the last nTest cases from the control subgroup (Subgroup 1**). (B) The subgroups of balloon dilatation and stenting in the aorta and pulmonary artery were combined into angioplasty subgroups for the aorta and pulmonary artery, respectively, and subsequently into one single angioplasty subgroup. Finally, all the subgroups were combined into one single group. (C) The result of the matching process: after the initial matching phase, a second matching phase was necessary for the Diagnostic and BalloonPUL subgroups by applying propensity score matching for the Diagnostic and BalloonPUL subgroups (*) and chronological ordering for the BalloonAO subgroup (**). Finally, statistical analysis was performed only for the subgroups with ≥10 cases in both the test and control groups, these subgroups are formatted in bold text; nTest, number of test cases in the subgroup; Δn, absolute difference between the number of test cases and the control cases in the corresponding subgroup.




Radiation exposure data

We collected radiation exposure parameters from the Digital Imaging and Communications in Medicine (DICOM) Radiation Dose Structured Reports (RDSR) generated by the system at the end of each procedure. The parameters included cumulative dose area product (DAP), cumulative air kerma (AK), fluoroscopy time (FT), number of cinegraphy acquisitions, and number of cinegraphy frames (FR). Subsequently, DAP and AK were grouped by irradiation event type [fluoroscopy (F) and cinegraphy acquisition (A)], by acquisition plane [frontal (A) and lateral (B)], or by both. FT and FR were also grouped by acquisition plane.

As proposed by the European Guidelines on Diagnostic Reference Levels (DRLs) for Paediatric Imaging, we looked at DAP and AK normalized by body weight (DAPBW and AKBW) and by the product of body weight and fluoroscopy time (DAPBW × FT and AKBW × FT) (6). For radiation exposure associated only with cinegraphy acquisition, the product of body weight and the number of frames (BW × FR) was used for normalization (DAPABW × FR and AKABW × FR). All the collected and calculated radiation exposure parameters are summarized in Figure 3.
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FIGURE 3
The different patient and radiation exposure parameters collected for the current study. From left to right, starting from the radiation exposure parameters, the latter parameters were grouped by either irradiation event type (fluoroscopy F or cinegraphy acquisition A) or by acquisition plane [frontal (A) or lateral (B) plane] or by both. The overall parameters and grouped parameters were subsequently normalized by either BW or BW × FT, except for DAPA and AKA. The latter ones and their corresponding parameters grouped by plane were normalized by BW × FR instead of BW × FT. A template notation is given in the bottom left of the figure, e.g., X*(**)***. X refers to DAP, AK, FT, or FR. The first superscript *, i.e., either F or A, indicates grouping by fluoroscopy or acquisition, respectively. A missing first superscript * refers to the overall (F + A) DAP and AK. The second superscript between brackets (**), i.e., either (A) or (B), indicates grouping by the frontal or lateral plane, respectively. A missing second superscript (**) refers to the overall [(A) + (B)] DAP and AK of both acquisition planes combined. A missing subscript *** refers to the overall DAP and AK without normalization.




Questionnaire

The three senior experienced pediatric interventional cardiologists performing all interventions included in this study were questioned for subjective evaluations of the MMIF2D−3D cases. All catheterizations were reviewed on the Picture Archiving and Communication System (PACS) by the interventionists before filling out the three-question assessment. The first question was: “Assuming you would have performed this case using conventional biplane 2DA, are there any images missing? If yes, please state the number of missing acquisitions, their required projection angles, and if these would have been single- or bi-plane acquisitions”. We reported the number of missing angiographies as the number of spared acquisitions by the MMIF2D−3D guidance. Interventionists follow an institutional standard protocol concerning contrast media consumption (CMC) per BW administered for each acquisition. Therefore, they were asked to estimate the spared CMCBW associated with the spared acquisitions. Subsequently, screenshots of the 3D overlay registered with the fluoroscopy were shown next to the angiography images on the PACS and the second question was: “How many angiographies would you consider redundant due to the availability of the MMIF2D−3D guidance?” They were also asked to estimate the CMC associated with each redundant acquisition. The third question was: “Grade the relevance of MMIF2D−3D guidance using the following Likert scale: 1 = Misleading, 2 = Not Useful, 3 = Useful, 4 = Very Useful, 5 = Essential”.



Statistical analysis

For normally distributed variables, significance testing of differences between MMIF2D−3D and conventional 2DA was performed using an independent samples t-test with a 95% two-sided CI. A Mann–Whitney U test was performed in case of non-normality. The variables were summarized using median, 25th percentile (Q1), and 75th percentile (Q3). Comparison of categorical parameters was done using a χ2 test for association, also applied with a 95% CI. Interobserver agreement is assessed using Cohen's kappa. All statistical analyses were performed using IBM SPSS Statistics 28 (IBM Corp., Armonk, NY, USA).




Results

Between January 2015 and October 2019, a total of 420 catheterizations were conducted. Among these procedures, structural interventions for conditions such as ASD, VSD, PFO, and PDA accounted for 153 cases. Of the 267 remaining procedures, 54 and 213 were linked to the test (MMIF2D−3D-guided catheterizations) and control groups, respectively. The following results only concern significant differences, unless explicitly mentioned otherwise.


Matching

Figure 2C presents the outcome of the matching process. After initial matching, a subsequent matching phase was conducted for the Diagnostic, BalloonAO and BalloonPUL subgroups. The Diagnostic and BalloonPUL subgroups underwent propensity score matching, while chronological ordering was used for BalloonAO. Five procedure type (sub)groups were selected for analysis after completing the multiphase matching process: StentPUL, PlastyAO, PlastyPUL, Plasty, and the Overall group.



Patient and procedural characteristics

Patient characteristics are summarized using median and interquartile range (IQR) in Table 1 for the test (MMIF2D−3D) and control (Conventional 2DA) cohorts. Table 2 presents cumulative radiation exposure and CMC parameters, together with their corresponding parameters normalized by BW and BW × FT, for all the five (sub)groups. A boxplot representation excluding outliers of Tables 1, 2 is shown in Figure 4. Finally, detailed results of parameter grouping based on irradiation event type and acquisition plane for the Overall group are listed in Table 3. Supplementary Tables S1–S4 provide a similar overview of the parameters grouped by irradiation event and acquisition plane for the matched subgroups.


TABLE 1 Patient characteristics for the Overall group and for four matched subgroups: stenting procedures of the pulmonary artery (StentPUL), angioplasty procedures (balloon dilatation and/or stenting) of the aorta (PlastyAO), angioplasty procedures of the pulmonary artery (PlastyPUL), and angioplasty procedures of the aorta and/or pulmonary artery (Plasty).
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TABLE 2 Procedural characteristics, i.e., cumulative radiation exposure parameters and contrast media usage, for the Overall group and for four matched subgroups: stenting procedures of the pulmonary artery (StentPUL), angioplasty procedures (balloon dilatation and/or stenting) of the aorta (PlastyAO), angioplasty procedures of the pulmonary artery (PlastyPUL), and angioplasty procedures of the aorta and/or pulmonary artery (Plasty).
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FIGURE 4
Box plots without outliers of the data in Tables 1, 2.



TABLE 3 Radiation exposure parameters grouped by irradiation event type and acquisition plane, listed as median (Q1–Q3) values for the Overall group.
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Overall group

In terms of patient characteristics, there were no significant differences observed among the Overall group. FT(B) was reduced by 69.6%, resulting in a 71.7% and 69.9% decrease of AKF(B)BW and DAPF(B)BW and consequently a reduction of AK(B)BW (57.7%), DAP(B)BW (55.3%), AKF(B) (65.2%), and AKFBW (46.1%). Furthermore, the MMIF2D−3D group demonstrated lower values for AKA(A)BW (32.4%) and AKABW (46.6%), contributing to an overall decrease in AKBW (43.9%). DAPBW decreased by 39.3%. However, this difference was not statistically significant (p = 0.052). AKFBW × FT and AKA(A)BW × FR exhibited significantly lower values, resulting in a decreased cumulative AKBW × FT.



Procedure-type subgroups

Significant differences in patient characteristics were not observed among any of the subgroups. In terms of radiation exposure quantities, similar findings to that of the Overall group were noted for the Plasty subgroup, with a 36.7% reduction in AKBW. Similarly, the PlastyAO subgroup showed reductions of 49.3% and 54.9% in AKBW and DAPBW, respectively. Both the PlastyAO and Plasty subgroups exhibited decreases in AKFBW × FT and AKA(A)BW × FR, while AKA(B)BW × FR and eventually AKABW × FR were only lower for the Plasty subgroup. These results led to a notable decrease in both AKBW × FT and DAPBW × FT within both the PlastyAO and Plasty subgroups.

In the remaining two subgroups, StentPUL and PlastyPUL, only some BW × FT or BW × FR normalized quantities showed significantly lower values. For PlastyPUL, there were eight exposure quantities showing significant reductions. These included AKF(A)BW × FT, AKF(B)BW × FT, and AKFBW × FT as well as their associated acquisition counterparts AKA(A)BW × FR, AKA(B)BW × FR, and AKABW × FR. In addition, AK(A)BW × FT and AKBW × FT also exhibited significantly lower values in this subgroup. For StentPUL, only AKF(B)BW × FT showed significantly lower values in the test cohort. Although patient characteristics were not significantly different, it is worth noting that patients were, respectively, 1.73 and 1.82 times heavier and 2.32 and 3.13 times older in the StentPUL and PlastyPUL subgroups.




Questionnaire


Question 1—spared acquisitions

Of the 54 cases, at least one spared acquisition compared with the conventional workflow was reported in 17 cases (31.5% of cases). In these cases, a median of 2.0 (IQR, 2.0–3.0) spared acquisitions were reported, which were considered to be mostly biplane. The cardiologists estimated a corresponding median saved CMC of 18.3 (IQR, 10.0–21.7) ml and a median CMC normalized to body weight of 0.82 (IQR, 0.54–1.40) ml kg−1.



Question 2—redundant acquisitions

Cardiologists reported a median of 2.0 (IQR, 2.0–3.0) redundant acquisitions in 27 procedures (50.0% of cases). The associated median redundant CMC was estimated at 30.0 (IQR, 23.5–35.8) ml, while the median redundant normalized CMC was 0.63 (IQR, 0.40–0.98) ml kg−1.



Question 3—relevance of 3D overlay

The cardiologists reported the image fusion to be very useful, with a median score of 4.0 (IQR, 3.0–4.0). None of the cases received a score of 1, indicating that the image fusion was never considered to be misleading.

For 38 cases (70.4%), either spared or redundant acquisitions were reported. There was good agreement among observers regarding the number of spared acquisitions (κ = 0.847), and substantial agreement for redundant acquisitions (κ = 0.631).





Discussion

Interventional cardiac catheterization has improved the care of patients with CHD (5). Complex congenital cardiac lesions often require long and even multiple procedures during the lifetime follow-up of patients (9, 29, 30). Therefore, these procedures should be optimized to achieve satisfactory diagnostic and therapeutic yields at as low as reasonably achievable radiation and contrast dose levels (1). The current study assessed the potentially beneficial impact of multimodality 3D image fusion, on radiation and contrast dose.

To the best of our knowledge, this study presents the largest population ever examined to compare radiation and contrast dose in MMIF2D−3D-guided procedures vs. conventional biplane 2DA among CHD patients. Furthermore, this is the first study evaluating the effect of MMIF2D−3D on radiation exposure levels grouped by irradiation event type and acquisition plane, exploiting the full potential of the data available inside the DICOM RDSR.

To reach accurate conclusions, we looked at weight-normalized exposure parameters because of the wide range of ages and body weights in the population. The reductions discussed in the following were statistically significant, unless otherwise stated.

Our findings showed a reduced FT(B) in the MMIF2D−3D cohort of the Overall group. This resulted in decreased lateral fluoroscopy-related exposure quantities [AKF(B)BW and DAPF(B)BW], which consequently reduced overall lateral plane exposure [AK(B)BW and DAP(B)BW], and eventually led to a cumulative reduction of AKBW. Similarly, AKBW was reduced for the Plasty subgroup, whereas both AKBW and DAPBW decreased in the PlastyAO subgroup. FT(B) can hence be considered the main factor driving the reduction in weight-normalized exposure parameters. In conventional biplane 2DA, a reference angiography is typically performed and used as a roadmap in both planes. This often requires biplane fluoroscopy or switching between frontal and lateral fluoroscopy to navigate guidewires, catheters, and devices to the desired location. However, with the MMIF2D−3D software, a transparent 3D roadmap registered with the frontal plane (unfortunately it cannot register with the lateral plane) is now available. This allows for movement of the frontal C-arm to different projection angles without losing registration of the 3D roadmap. In contrast to conventional biplane 2DA, most of the procedures can be done using the frontal plane without the need of lateral fluoroscopy.

The use of MMIF2D−3D resulted in a reduced FT(B), leading to a decrease in AKBW for the fusion population in the Overall, PlastyAO, and Plasty (sub)groups. However, only in the PlastyAO subgroup a DAPBW reduction was shown. This could be due to differences in imaging detector sizes between the frontal and lateral planes. As a result, AK(B) contributes more significantly to cumulative AK compared with DAP(B) contributing to cumulative DAP. Therefore, even though there may be an overall reduction in cumulative AKBW by decreased AK(B)BW in the lateral plane [which also leads to decreased DAP(B)BW], this does not necessarily reduce cumulative DAPBW.

Furthermore, the Overall and Plasty (sub)groups show lower AKFBW × FT and AKABW × FR. The reductions in exposure rate could be the result of several actions taken during the procedure. First, using lower dose imaging protocols in the MMIF2D−3D population may result in lower AK and DAP rates. The availability of MMIF2D−3D allows for lower yet adequate image quality with reduced radiation dosage. Second, utilizing larger field of views (FOVs) instead of the zooming function can lead to lower AK rates, but this also increases x-ray field areas. Because DAP is the product of these parameters and their effects cancel each other out to some extent, the overall impact on average DAP rate will be limited in this case. If operators wish to visualize the full scope of the 3D roadmap, they need to utilize the largest FOV available. Zooming in to a smaller FOV might no longer be necessary. Lastly, the use of less steep angulations in the fusion cohort, such as reducing the use of the lateral plane or employing less steep angulations in the frontal plane, can effectively decrease both AK rate and DAP rate. It is worth noting that the 3D roadmap is always accessible without x-ray exposure. This allows operators to identify the optimal viewing angle even before starting fluoroscopy. Once this optimal angle is determined, operators have the option to choose a less radiation-intensive projection while still ensuring good visibility during subsequent x-ray exposure. In addition, as mentioned earlier, operators mainly shift their focus from the steeper lateral plane to the frontal plane. In the current study, only two DAP quantities normalized by BW × FT or BW × FR were reduced in the Plasty subgroup [DAPA(A)BW × FR and DAPBW × FT], whereas many BW × FT and BW × FR normalized AK quantities exhibited a decrease, both cumulative and grouped, in multiple (sub)groups. This suggests that the most likely reason for the reduced AKFBW × FT and AKABW × FR mentioned previously is the use of larger FOVs.

This study found a reduction in the number of acquisitions and acquisition frames and their associated CMCBW, but these differences were not statistically significant. The questionnaire responses also supported these findings. Of the 54 cases, 17 reported at least one spared acquisition, while 27 had redundant acquisitions. This indicates the potential to further reduce radiation exposure and associated CMC. Furthermore, the cardiologists also confirmed the clinical benefit of MMIF2D−3D by scoring its relevance as very useful, with a median value of 4 on a 5-point Likert scale.

The literature presents similar findings regarding cumulative radiation exposure. Table 4 summarizes the key results from relevant studies for comparison purposes. In general, studies comparing CT and MRI image fusion with conventional biplane approaches tend to report lower average or median radiation exposure and contrast volume. Although more than half of the studies in Table 4 reported significantly lower values of one or several radiation exposure and CMC quantities, it is important to note that they primarily focus on a single procedure type and include small patient cohorts (15, 24, 27, 28).


TABLE 4 Summary of the main findings in the literature relevant to the current study.
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Several publications in the literature compare radiation exposure associated with 3DRA imaging vs. conventional biplane 2DA (35). Some studies show higher radiation exposure with 3DRA, yet more recent research suggests lower values when using optimized exposure settings for the 3DRA imaging protocol. Some authors argue that diagnostic 3DRA is outdated for primary diagnosis and 3D guidance due to the availability of MMIF2D−3D (24, 36). However, it remains valuable when preprocedural imaging is not possible (36).



Limitations

This study has several limitations. First, there are a limited number of available MMIF2D−3D cases. The procedures involved diverse procedure types and complexities, including patients with and without preprocedural surgery and catheterizations, as well as a wide range of patient characteristics owing to the long-term follow-up. This poses challenges in achieving meaningful matching between the test and control groups. For example, StentPUL and PlastyPUL subpopulations show higher patient weight and age, yet these differences were not statistically significant. Moreover, StentPUL was the smallest procedure-type subgroup with different number of lesions, whether or not pretreated. Even though procedures were regrouped by similar procedure types, variations in patient-specific factors and technical challenges can significantly influence the imaging protocol and the projection views chosen by the operators. These choices will determine how the dose rate varies by patient thickness, fluoroscopy time, number of frames used, collimation, and FOV, and hence the eventual cumulative radiation exposure of the procedure. Nevertheless, referenced literature deals with similar limitations, while often reporting smaller sample sizes than the current study.

Furthermore, the reasons for the lower weight-normalized AK and DAP rates could not be confirmed as information regarding the use of lower dose imaging protocols and larger FOVs was unavailable in the DICOM RDSR.

Regarding the questionnaires, the numbers of the spared and redundant acquisitions were in line with the lower median number of frames and acquisitions in the MMIF2D−3D group. However, this evaluation is subjective and there was no statistically significant difference in the number of frames and acquisitions between the MMIF2D−3D and conventional 2DA cohorts.

To enable multimodality image fusion, a preprocedural cardiac CT or MRI is required. In this study, 30 cases were CT-guided and 24 were MRI-guided. The radiation exposure from the preprocedural CT should be considered for cumulative radiation exposure. However, organ or effective doses (OD or ED) are needed for both modalities to calculate the total radiation dose delivered to the patient. In this study, organ and effective doses were not assessed as the study did not impact clinical routine: MMIF2D−3D was only used when preprocedural CT or MRI was available without requesting additional imaging when unavailable. For the cardiac catheterizations included in this study, organ and effective doses could potentially be calculated using previously established DAPBW-to-ED conversion factors, which were determined for the same x-ray imaging system as the current study (13). Finally, the current study was performed in a single center and was not randomized.



Conclusion

MMIF2D−3D enables significant radiation exposure reduction in a single-center matched CHD population. It moves the focus of the operator toward the frontal plane, obviating the need for most of the lateral fluoroscopy exposure, hence reducing FT(B) and ultimately AKBW. Subgroup analysis similarly showed significant AKBW reduction in the Plasty and PlastyAO subgroups. DAPBW was significantly lower in the PlastyAO subgroup. No significantly lower CMCBW was observed in the MMIF2D−3D population for any of the analyzed (sub)groups.
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Background: Left pulmonary artery (LPA) stenting is often required in single ventricle (SV) patients. Due to their close anatomical relationship an LPA stent could potentially compress the left main bronchus (LMB). We assessed the impact of LPA stenting on bronchial size, pulmonary volumes, and lung function in a cohort of SV patients.



Methods: Forty-nine patients underwent cardiovascular magnetic resonance (CMR) and 36 spirometry 11 (8–15) years after Fontan. All patients were free of respiratory symptoms. LPA stents were inserted in 17 (35%) patients at 8.8 (3.4–12.6) years. Area/shape of the main bronchi (n = 46) and lung volumes (n = 47) were calculated from CMR-ZTE images for each lung and transformed in right-to-left (r/l) ratio and indexed for BSA. The effect of early stent insertion (prior to stage III) was analyzed.



Results: Patients with LPA stent had larger r/l ratio for main bronchus area (p < 0.001) and r/l ratio difference for lung volumes was slightly larger in patients with early stenting. A trend toward a deformation of LMB shape in patients with LPA stent and toward a higher prevalence of abnormal spirometry in patients with early stent implantation was observed.



Conclusions: In this cohort of patients, early insertion of LPA stents seems to relate with smaller LMB sizes and a trend toward smaller left lung volume and higher prevalence of impaired lung function. Whether these findings are caused by the stent or, at least to a certain degree, present prior to the implantation needs to be verified.
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Introduction

Surgical treatment of patients with a single ventricle (SV) consists of a staged palliation, which is considered completed after the Fontan operation (1). In the Fontan circulation, the systemic veins are directly connected to the pulmonary arteries, and the pulmonary blood flow circulation is passive, driven by the remaining post-capillary pressure and enhanced by inspiration (2). Over the last 50 years, continuous improvement in surgical, interventional, and medical approaches has significantly reduced the mortality of SV patients (3). At the same time, complications related to their unphysiological circulation have become more evident and remain a burden during mid- and long-term follow-up (1–3).

Adequate pulmonary artery growth and low pulmonary vascular resistance are major determinants of long-term outcome in Fontan patients (1). Stenosis of the central pulmonary arteries is frequent and leads to an obstruction and imbalance of pulmonary blood flow (4, 5). The left pulmonary artery (LPA) is mainly affected, as it may be compressed by the dilated (neo-)ascending aorta, or be hypoplastic due to a reduced blood flow (6–8). In these cases, the treatment of choice is percutaneous stent implantation, since it is minimally invasive, and the radial force of the stent permits to overcome external vessel compression (6, 7).

The left main bronchus (LMB) is anatomically located between the (neo-)ascending aorta and the LPA anteriorly and the descending aorta posteriorly. In case of stent implantation, ipsilateral bronchial compression or worsening of a pre-existing compression may occur due to the close proximity of these structures (9–11). Moreover, during follow-up, the stent needs to be re-dilated to match the patient's growth (4, 5, 12). In addition, restrictive ventilatory patterns have been described using lung function tests in these patients (13–16).

The aim of this study was to analyze the impact of LPA stenting not only on bronchial size, but also on pulmonary volumes and lung function. We hypothesized that: (a) patients with LPA stent have a relevant bronchial compression: the ratio of the area of the LMB to the right main bronchus (RMB) [right-to-left (r/l)] is increased in patients with LPA stent in comparison to those without LPA stent; (b) patients with LPA stent have a smaller relative left lung volume: the r/l ratio of the lung volume is increased, (c) a restrictive respiratory dysfunction is more frequent in patients with LPA stent in comparison to those without LPA stent; (d) patients with early LPA stent implantation have a significantly larger bronchial area r/l ratio and lung volume r/l ratio in comparison to those with later or no stent implantation.



Methods


Study design and patient selection

This is a single center, observational study (2019–2021) in a cohort of 49 Fontan patients (children and young adults). The patients were recruited from the cardiac electronic database of our institution. Inclusion criteria were ability to undergo CMR without the need for sedation (usually from school age), as well as written informed consent of the subject and his/her legal guardian. Exclusion criteria were younger age, any contraindication for CMR or pregnancy. Every examination was performed following the clinical standards of our institution. All examinations were performed within a maximal time interval of 4 months from each other.

LPA stents were implanted percutaneously. Early stent implantation was defined as any implantation before stage III (Fontan surgery). Patients with LPA stent implantation after stage III or no LPA stent implantation had similar bronchial area and similar lung volumes and were defined as a control group.



Cardiovascular magnetic resonance

All patients underwent cardiac magnetic resonance (CMR) examination in supine position on a 1.5 Tesla system (Discovery MR450 and Signa Artist, GE Healthcare, Waukesha, WI) using a 32-channel cardiac surface coil (GE Healthcare, Waukesha, WI). The MRI scanner was exchanged during the study period. Dedicated pulmonary imaging was performed in 47 patients using a 4D Zero echo time (ZTE) sequence in the first 22 subjects, a 3D ZTE sequence with respiratory triggering in the next 24, and an ultra-short echo time (UTE) radial cones sequence in one (17). MRI acquisition parameters for the lung imaging sequences are provided in Appendix 1. Lung segmentation was performed in a semi-automatic manner with manual quality control and adjustment where necessary. External bronchial segments were excluded from lung volume measurements, but intra-parenchymatous vasculature was included (Figure 1).


[image: Figure 1]
FIGURE 1
Lung volumes by magnetic resonance. Axial slices inferior to superior (A–C) from a 3D radial Zero TE CMR sequence of the lungs showing segmentation lines of left (blue) and right (orange) lungs. The 3D image (D) shows the complete lung segmentations as well as a rendering of the heart and major blood vessels. Segmentation was performed in a semi-automatic manner with manual quality control and adjustment where necessary. Lung volumes were calculated from the apex of the right and left lungs respectively and included lung vasculature.


Main bronchial diameters were measured on multiplanar reformatted images in the middle segment of the RMB and LMB between the carina and the segmental bronchial branching. All measurements were also indexed for body surface area and expressed as r/l ratio. The shape of the main bronchi was evaluated visually fand defined as oval, round or semilunar. The area was extrapolated with a geometrical formula by combining the diameters of the bronchi and their optical shapes. Examples of bronchial shapes and diameter measurements are shown in Figure 2.


[image: Figure 2]
FIGURE 2
Bronchial diameters by magnetic resonance imaging. Examples of different bronchial shapes obtained from multiplanar reconstructions of the ZTE sequence: (A) round, (B) oval, (C) semilunar, (D) semilunar shape including diameter measurements.




Spirometry

Spirometry tests were performed in 36 patients according to the European Respiratory Society/American Respiratory Society guidelines using Masterlab (Jaeger, Würzburg, Germany). Main parameters included the expiratory volume in 1 s (FEV1), forced vital capacity (FVC), and the FEV1/FVC ratio. We calculated z-scores using the Global Lung Function Initiative reference equations (18). Results with z-score <−1.64 were defined as abnormal test results.



Statistics and ethics

Statistical analysis was performed using SPSS 27.0.0 (SPSS Inc, IBM Company, Chicago Illinois/USA). Continuous variables are expressed as median [interquartile ranges (IQR)], categorical data as counts (percentages). For normally distributed continuous variables, Levène's test for equality of variance was used to analyze if the variances in the two groups were significantly different, and group comparison was performed using independent two-sample t-tests. Kolmogorov-Smirnov analyses were used for group comparisons of non-normally distributed continuous variables. Ordinal, nominal, and dichotomous variables were evaluated with contingency tables and chi-square-tests. Significance was defined by values of p < 0.05.

The study followed the ethical guidelines of the declaration of Helsinki for medical research involving human subjects. The study was approved by the local ethical authorities (KEK ZH: 2018-01878).




Results


Patients and cardiac parameters

A total of 49 Fontan patients, 30 (61%) males, were included in the study. Median (IQR) age was 13 (11–16) years, weight 46 (35–59) kg, height 154 (142–166) cm, and body mass index 18.3 (17.1–21.2) kg/m2. Twenty-five (51%) patients had a single right ventricle, and hypoplastic left heart syndrome was the most frequent diagnosis (16 patients, 33%). Cardiac diagnoses are shown in Table 1. All patients had a left-sided descending aorta. Median age at Fontan surgery was 2.5 (2.2–2.9) years, and the time interval between Fontan surgery and the study exams was 11.8 (8.5–15.8) years. In all patients the Fontan technique consisted of an extracardiac tunnel. Cardiac medication was taken by 16 patients (33%) and consisted of an ACE inhibitor in 11 (22%), diuretics in 7 (14%), and sildenafil in 4 (8%). Anticoagulation consisted of aspirin in 44 (89%) and phenprocoumon in 5 (10%) patients.


TABLE 1 Patient characteristics.
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Stent implantation

LPA stenting was performed in a total of 17 patients (35%; Figure 3). Eight (47% of all stent patients) patients underwent early stent implantation at an age of 7.5 (5.6–16) months. At implantation, stent length was 15 (15–18) mm and diameter 6.5 (6–9) mm. All stents but one were re-dilated prior to Fontan surgery to a diameter of 8 (8–9) mm. Seven of these eight patients with early stent implantation underwent a stent-in-stent implantation after stage III while in one patient, the stent was partially longitudinally opened during stage III and no further stent was implanted. Nine further patients (53% of all stent patients) underwent stent implantation after stage III. After stage III, LPA stent implantation was at an age of 8.8 (3.4–12.6) years and stent diameter was 12 (10–16) mm and length 26 (21–35) mm.


[image: Figure 3]
FIGURE 3
Flow chart of patients with/without stent. An LPA stent was implanted in a total of 17 patients (35%). Eight patients (47% of all stent patients) underwent early stent implantation, 7 of these underwent stent-in-stent implantation after stage III; while in one patient, the stent was partially longitudinally opened during stage III and no further stent was implanted. Nine further patients (53% of all stent patients) underwent late stent implantation after stage III.


All stents were pre-mounted, balloon expandable, bare metal stents with a closed cell or hybrid cell design (Cordis® Palmaz blue or Palmaz Genesis, or Cook® Formula, or Bentley BeGrow™ stents). No coronary stents were used.



Bronchial area and shape

Bronchial area and shape could be assessed in 46 of 49 patients (Table 2 and Figures 2, 4). Two patients were excluded due to lack of lung imaging and one due to severe image artifacts.


TABLE 2 Bronchial area and shape.

[image: Table 2]
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FIGURE 4
Box plots showing the ratio of right-to-left lung volume and bronchial area in patients with and without early LPA stent implantation. Patients with LPA stents had a larger r/l ratio for main bronchus area (p < 0.001) and a larger r/l ratio for lung volumes than patients without LPA stents. However, the difference in lung volume r/l ratio was only significant in patients with early LPA stenting (p = 0.04).


In the overall group of patients with LPA stent, a smaller LMB area and a higher r/l ratio of the bronchial area were observed (p < 0.001). A similarly significant difference in both, bronchial area, and r/l ratio, was found comparing patients with early LPA stent implantation and patients with late implantation or no stent (Table 2). The most frequent bronchial shape—right and left—was oval. LPA stent presence caused a shift from an oval towards a more semilunar shape.



Lung volume and surface

Lung volumes and lung surfaces were assessed in 47 of 49 patients. Two patients were excluded because of missing lung imaging. Lung volumes and lung surfaces were similar in patients with and without LPA stents (Table 3). Early LPA stent implantation also was not associated with any significant changes in surface area or r/l lung volume ratio (Figure 4), regardless of the p value obtained by statistical tests.


TABLE 3 Lung volume and surface.
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Lung function—spirometry

Spirometry was performed in 36 of 49 patients. FEV1 was abnormal (defined as z-score <1.64) in 13 patients (36%) and FVC in 12 (33%), indicating that both airway obstruction and restriction was present in approximately one third of the patients. Tiffeneau index was however normal 0.89 (0.85–0.93). No difference in prevalence of abnormal test results of FEV1 or FVC was observed in patients with or without LPA stent. Abnormal FEV1 (67% vs. 43%, p = 0.08) and abnormal FVC (67% vs. 39%, p = 0.07) tended to occur more frequently in patients with early LPA stent implantation.




Discussion

In this study, we systematically assessed the impact of LPA stenting on bronchial area, lung volumes, and lung function in a cross-sectional cohort of Fontan patients. Our results show that early LPA stent insertion, i.e., implantation between stage II and III of Fontan palliation, seems to relate to smaller LMB area and a trend towards smaller ratio of left-to-right lung volume. Restrictive respiratory dysfunction was prevalent in all patients and especially in those with an early stent implantation.

We have recently investigated the reasons for LPA stenosis and found that patients with a single right ventricle and history of a Norwood I surgery required more frequently LPA stenting, and that the diameter of the reconstructed ascending aorta after DKS anastomosis was an independent risk factor (8).

As expected also in the specific cohort of this study, 13/17 patients of the stent group had a single right ventricle.

Extrinsic airway compression is a well-known complication directly after surgery and during long-term follow-up in patients after repair for congenital heart disease (19), particularly during staged palliation of single ventricle lesions (20, 21). Surgical and interventional procedures performed in a small thorax may affect the geometry of the intrathoracic structures. In many cases, the space between the reconstructed ascending aorta and the descending aorta is tight and may result in LPA and LMB compression (10). In our patient group, we observed that the LMB shape tends to become more semilunar than oval, which may be the result of a certain degree of stent-induced compression of the LMB.

The largest study on the prevalence of airway compression in patients with congenital heart disease was published by An et al. (19). They retrospectively analyzed computer tomography (CT) images of 2.729 patients (10% with a reconstructed aortic arch) and described airway compression in 58 (2.1%). Patients with aortic arch anomalies and vascular rings where found to be at higher risk; however the effect of endovascular stents on the adjacent airways was not assessed (22).

The first report of an ipsilateral LMB compression after LPA stenting was published in 2005 by Ferandos et al., who described the “mass effect” of PA stents on the adjacent structures with bronchial compression in 6 of 21 patients (29%) (23). All these patients had relevant respiratory symptoms that were assessed by computed tomography imaging (23). Since two patients died and one required tracheostomy, this study raised some concerns regarding critical clinical complications caused by LMB compression after LPA stent implantation. Our results are more reassuring, even though all our patients were free of symptoms and therefore may represent a different study collective.

In SV patients, airway compression may have even greater impact on Fontan circulation, as this is heavily dependent on a normal ventilation/perfusion relationship. Therefore, special precaution should be taken at time of LPA stent implantation (10, 11, 20, 24). Grohmann et al. (11) have described severe LMB obstruction in 2 of 19 SV patients after LPA stent implantation and successful treatment with balloon dilatation of the LMB. Others have suggested to simultaneously perform flexible bronchoscopy during stent insertion and inflation in order to prevent significant bronchial compression (9, 22). Pre-interventional risk stratification should be performed by using cross-sectional imaging (22, 23). More recently, Krings et al. (24) applied a novel double balloon technique in 11 SV patients to achieve an oval shaping of the LPA stent and prevent LMB compression.

As discussed above, genuine airway compression can occur in approximately 2% of all children with early surgery for CHD, independent of the presence of endovascular stents (19). In addition to the tight spatial conditions, in very young patients the airway tissue may still be soft and vulnerable to external compression. Our results support this hypothesis, as only patients with early stent insertion presented with a smaller bronchial area. Nevertheless, a relevant question remains unsolved; namely, is the growth of the bronchi being mainly affected by the presence of a stent or merely by diminished pulmonary blood flow? By using three-dimensional rotational angiography, Borik et al. (10) assessed anomalies of the pulmonary arteries and the airway in 25 children after SV palliation and found LMB stenoses in 10/12 children with concomitant LPA stenosis, even in the absence of pulmonary artery stents. These findings suggest that smaller bronchial areas may be present, at least to a certain degree, even before LPA stent implantation.

In the Fontan circulation, a preserved inspiratory function is more important than in other patients (16). In contrast to biventricular circulation, in Fontan patients, inspiration represents the main driving force for atrial and ventricular filling and therefore the most critical component for cardiac output at rest and during exercise, whereas myocardial contraction acts as a pump for forward flow (3, 16). A restrictive pattern of lung function is frequently found in Fontan patients (13, 14) and has been described to correlate with reduced exercise capacity and quality of life (15, 16). In our study, we found a similarly high prevalence of restrictive lung disease, with up to 33% of patients with pathologically diminished FVC. Moreover, our results show that early LPA stent implantation is related to smaller LMB and slightly smaller left lung volume, which potentially affect ventilatory function. Nevertheless, due to the small number of studied patients we were not able to statistically confirm this trend.



Limitations

Our study was performed in a selected cohort of patients. Since we included only children able to undergo a CMR scan without sedation, younger patients, and patients with MR-incompatible devices could not be evaluated.

The control group was tailored specifically for our study, since CMR normal values for bronchial dimensions and lung volumes in Fontan patients do not exist. Thus, as we did not find any significant differences between patients without any stent and patients with late LPA stent implantation, we defined this group as the control group, and this could be a relevant bias in our analysis.

MR scanner exchange during the ongoing study with concomitant change of the lung imaging sequence, i.e., different type of ZTE, did not have an impact on bronchial delineation and lung volume quantification.

The cross-sectional design of the study does not provide any information about the longitudinal development of pulmonary dimensions, respiratory symptoms, and lung function. This may become subject of a further study.



Conclusions

Percutaneous LPA stent implantation is an established procedure for relief of branch pulmonary artery stenosis in SV patients after Fontan. LPA stent insertion early during staged Fontan palliation seems to relate with smaller size of LMB and with a trend toward smaller left lung volume in relation to right lung volume. Early insertion of LPA stents might increase the prevalence of impaired lung function pattern in Fontan patients. Nevertheless, whether these findings are caused by the LPA stent implantation or, at least to a certain degree, are present prior to the implantation due to a combined vascular and air-way hypoplasia needs to be verified with further studies.
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Appendix 1 MRI lung imaging sequence parameters.
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Background: The Occlutech Atrial Flow Regulator (AFR) is a self-expandable double-disc nitinol device with a central fenestration. Its use has been approved in the adult population with heart failure and described for pulmonary hypertension (PH). Only case reports and small series have been published about its use in the paediatric population and for congenital heart disease (CHD).



Objectives: The authors sought to investigate the feasibility, safety, and short-term follow-up of AFR implantation in patients with CHD or children with PH or cardiomyopathy.



Methods: This is a multicenter retrospective study involving 10 centers worldwide. Patients of any age with CHD or patients aged < 18 years with PH or cardiomyopathy needing AFR implantation were included.



Results: A total of 40 patients underwent AFR implantation. The median age of the population at the time of the procedure was 58.5 months (IQR: 31.5–142.5) and the median weight was 17 kg (IQR: 10–46). A total of 26 (65.0%) patients had CHD, nine (22.5%) children, a cardiomyopathy, and five (12.5%), a structurally normal heart. The implantation success rate was 100%. There were two early and one late device thrombosis. Two patients (5.0%) with dilated cardiomyopathy on extracorporeal membrane oxygenator (ECMO) died during the hospital stay. At a median follow-up of 330 days (IQR: 125–593), 37 (92.5%) patients were alive. At follow-up, 20 patients improved their New York Heart Association (NYHA) class, 12 patients did not change their NYHA class, and one patient with idiopathic PH worsened.



Conclusions: AFR implantation in patients with CHD and children with severe PH or cardiomyopathy is promising and seems to have beneficial effects at short-term follow-up.
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Introduction

The Occlutech Atrial Flow Regulator (AFR) (Occlutech Holding AG, Schaffhausen, Switzerland) is a self-expandable double-disc nitinol device with a central fenestration, approved in Europe only for patients with heart failure with preserved and reduced ejection fraction (1, 2) and currently for compassionate use in patients with severe pulmonary hypertension (3–5). It is available in 4, 6, 8, and 10 mm but only 8- and 10-mm devices have a CE Mark in adult patients with heart failure with preserved or reduced ejection fraction. Its off-label use with internal technical review by Occlutech has been described in patients with congenital heart disease (CHD), especially in children with Fontan palliation to create or reduce the size of the conduit fenestration, but also in patients with cardiomyopathy (6–15). Finally, it has been successfully implanted in children on extracorporeal membrane oxygenator (ECMO) to unload the left cavities (16, 17).

Despite the enormous potential of this device in many congenital settings, the current literature is anecdotal and large series and long-term multicentric trials are missing. The aim of this study is to describe the clinical characteristics and the short-term follow-up of patients with CHD and children with severe right heart failure due to pulmonary hypertension or cardiomyopathy necessitating the implantation of an AFR.



Material and method

This multicenter study was conducted in 10 international tertiary care pediatric cardiology centers. All consecutive patients at any age with CHD or patients aged less than 18 years with pulmonary hypertension or cardiomyopathy needing AFR implantation between June 2017 and September 2022 were retrospectively included. The indication for AFR implantation was decided independently by each cardiac center within their respective multidisciplinary team. The procedure was performed by at least two expert congenital interventional cardiologists. Demographical and clinical information was collected. The indications for AFR implantation were divided into five groups: left heart failure, right ventricle hypertension, severe desaturation in fenestrated Fontan, Fontan failure, and to unload left cavities during the ECMO run. Procedural and postprocedural data, including details on the technique, device size, complications, postoperative medications, and intensive care stay were also recorded. Finally, data regarding the last follow-up such as clinical status, device patency, and late complications were collected. The New York Heart Association (NYHA) Functional Classification was used to assess the functional status of the patients before and after the procedure. The institutional review committee approved the study and all patients or their caregivers gave their informed consent for the procedure.



Statistical analysis

Patients were described according to their demographical and clinical characteristics. Collected data were presented as count and proportions (categorical data) or median and interquartile range (continuous data). Comparisons between groups were performed using Chi-squared test for categorical data while Mann–Whitney U test and Kruskal–Wallis test were used for continuous data. A p-value < 0.05 was considered statistically significant. All statistical analyses were conducted using STATA 17 (Stata Corporation, College Station, Texas, USA).



Results


Demographic and clinical characteristics of patients

A total of 40 patients were included in this international study. There were 33 pediatric patients and seven adult patients. The median age of the population at the time of the procedure was 58.5 months (IQR: 31.5–142.5 months) and the median weight was 17 kg (IQR: 10–46 kg). According to the baseline anatomy, 26 patients had congenital heart disease, nine patients had cardiomyopathy, and five had a structurally normal heart. General characteristics and indications for AFR implantation are reported in Table 1. Approximately 55% of all patients had at least one previous surgical or percutaneous intervention: nine patients with single ventricle physiology were palliated with Fontan circulation, nine patients reached a biventricular repair, and four needed ECMO because of end-stage cardiomyopathy (Table 1).


TABLE 1 Demographic and clinical characteristics of the study population at the baseline.

[image: Table 1]



Procedural data and early results

An AFR device was successfully implanted in all patients with a median procedure time of 81.5 min (IQR: 41–135) and a median radiation exposure of 715.0 cGy/cm2 (IQR: 180–1,877). Almost all the procedures (95.0%) were performed under general anesthesia, while 5.0% were done under conscious sedation. Venous access was femoral in 36 patients (90.0%), transhepatic in 2 patients (5.0%), subclavian in one patient (2.5%), and hybrid transatrial in one patient (2.5%). Heparin was administered at the beginning of the procedure or after transeptal puncture at an initial dose of 100 IU/kg with an activated clotting time (ACT) target >200 s. Periprocedural antibiotic prophylaxis was administered to all patients. Baseline hemodynamic data were obtained (Table 2). The maximum venous sheath was 16 Fr (range 8–16F). Access to the left atrium was obtained with a transeptal needle in 25 patients (22 interatrial septa and three Fontan conduits), in nine cases the device was implanted through an existent interatrial communication and in six cases through a Fontan fenestration (the five patients with severe desaturation in a fenestrated Fontan and one patient with a failing Fontan with a small fenestration). The fenestration was then dilated with a balloon before AFR implantation in 26 patients (65.0%). The most used balloon was the Powerflex PTA balloon (Cordis corporation), which was used in nine patients, followed by cutting balloons in five patients, the Sterling PTA balloon (Boston Scientific), Advance PTA balloon (Cook Medical), and Atlas Gold PTA balloon (Bard Medical) in three patients, and Conquest or Dorado PTA balloons (Bard Medical) in two patients. More than one different balloon was needed in six patients. The mean balloon size: AFR Fenestration ratio was 1:6. The most used device was the 4-mm one in 13 patients (32.5%), followed by the 8 mm in 12 patients (30.0%), the 6 mm in nine patients (22.5%), and the 10 mm in six patients (15.0%). The median gradient across the AFR device at the end of the procedure was 8.5 mmHg (IQR: 4–12 mmHg) with mainly left-to-right shunt in patients with left heart failure or ECMO and right-to-left shunt in patients with Fontan circulation or right ventricle hypertension. There was a 5.0% rate of intra-procedural complications, consisting of two immediate AFR occlusions. The first was a patient weighing 13.9 kg with a Fontan failure in which a 4-mm AFR was used to decompress the circulation. The device clotted soon after implantation during the procedure despite heparin, and it was left in place and replaced with a 6-mm device 1 month later. In the second patient weighing 19.6 kg with a fenestrated Fontan with desaturation, a 4-mm device clotted soon after implantation during the procedure despite heparin. It was removed, snaring the device, and replaced with a 6-mm device during the same procedure. No intraprocedural deaths were registered.


TABLE 2 Baseline hemodynamic data.
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Postprocedure data

About 65% of the patients were admitted to intensive care unit (ICU) after the procedure with a median length of ICU stay of 5 days (IQR: 1–15). The median length of hospital stay was 5 days (IQR: 1–20). Two children (5.0%) died during the hospital stay and one infant experienced a severe complication not directly related to the implanted device. More in detail, an 8-year-old child affected by dilated cardiomyopathy on ECMO died of sepsis 16 days after the implantation of a 10-mm AFR to unload the left cavities on ECMO. Similarly, a 10-year-old child affected by dilated cardiomyopathy died of severe brain hemorrhage on ECMO 24 days after the implantation of a 10 mm AFR to unload the left cavities on ECMO. Finally, a 7-month-old patient with dilated cardiomyopathy survived a cardiac arrest and cerebral ischemia few hours after a hybrid procedure of pulmonary artery banding and AFR implantation, needing an ECMO run for 5 days. In all these three patients, the device remained patent.

A total of 38 patients were discharged alive with a patent AFR device. Anticoagulant or antiplatelets therapy at discharge was hugely variable. Indeed, 32.5% were discharged on Warfarin, while novel oral anticoagulant drugs (NOACs) were used in three patients without complications. Another 25.0% of patients were discharged on double antiplatelets (aspirin and clopidogrel) and the remaining with single antiplatelets (aspirin). None of the patients were administered clopidogrel loading before the procedure, aspirin was continued for at least 6 months.



Follow-up data

At a median follow-up of 330 days (IQR: 125–593), 37 (97.4%) of the discharged patients were alive without experiencing any complications. Only a 4-year-old child with Hypoplastic left heart syndrome (HLHS) died of sepsis in the local hospital 103 days after the implantation of a 6-mm AFR implanted for Fontan failure. During the follow-up, three patients (two cardiomyopathies on ECMO and one critical aortic stenosis with biventricular restrictive physiology after multiple surgical interventions) successfully underwent heart transplantation and one patient underwent ventricular assist device (VAD) implantation. All devices maintained their patency on echocardiography at the follow-up with the exclusion of a 4-mm AFR which clotted 14 months after implantation in a 10-kg child with a Shone-like physiology, despite therapy with aspirin and clopidogrel. It was successfully treated with balloon angioplasty.

Thus, in total there were two early and one late thrombosis on 40 implanted devices, which represented 7.5% of all devices implanted. None of these patients experienced a stroke or died as a result of device thrombosis. Patients with device thrombosis did not appear to differ significantly from those without thrombosis in terms of age (median age 52 months, IQR: 30–58 vs. 60 months, IQR: 33–153; p = 0.4) and weight (median weight 14.0 kg, IQR: 10–20 vs. 17.5 kg, IQR: 10–47; p = 0.6). At the bivariate analysis there was no difference in AFR device thrombosis between patients with congenital heart disease or not (p = 0.2) and according to the NYHA class at presentation p = 0.8. The smallest 4-mm device clotted significantly more than the group constituted by 6-, 8-, and 10-mm devices (p = 0.009).

Interestingly, only 4-mm devices clotted despite anticoagulant or antiplatelets therapy, which represented 23.1% of this size of devices implanted. Finally, the device clotted in two out of nine patients (22.2%) with Fontan circulation, which was not statistically significant if compared with patients with other indications (p = 0.06). At the bivariate analysis, there was no significative difference in the survival outcome between patients with CHD and patients without (p = 0.3). AFR implantation in patients with ECMO was significantly associated with death in comparison to other indications (p = 0.01) (Tables 3, 4).


TABLE 3 Characteristics of AFR device thrombosis.
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TABLE 4 Survival outcome after AFR implantation.
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At follow-up, 20 patients improved their NYHA class, 12 patients did not change their NYHA class, and only one patient with idiopathic pulmonary hypertension worsened his NYHA class.




Discussion

This is the largest series of CHD patients or children with pulmonary hypertension or cardiomyopathy in whom an AFR device was implanted. This device was effective in creating a stable fenestration at different levels, with a low complication rate and an encouraging improvement in functional capacity in the short-term follow-up. The AFR device has proved to be very versatile, both in patients with CHD and children with cardiomyopathies or structurally normal hearts. Most of the patients of this multicenter case series had a CHD (65.0%) with the majority being affected by left heart lesions varying from critical aortic stenosis with fibroelastosis to Shone-like complex to HLHS. Four patients had an ASD and pulmonary hypertension, one tetralogy of Fallot (ToF), one pulmonary atresia with ventricular septal defect (VSD) and major aorto-pulmonary collateral arteries (MAPCAs), and finally a patient with hemitruncus arteriosus. Among non-CHD patients, nine children had cardiomyopathies (six dilated, two restrictive, and one hypertrophic) and five presented with idiopathic pulmonary hypertension not responsive to medications and a structurally normal heart.

Despite the extreme variety and complexity of baseline anatomies, often modified by multiple surgical and percutaneous interventions, the AFR device was implanted following five main indications. In 40.0% of these patients, the AFR device was implanted for left heart failure. This population was composed of patients with congenital left ventricle inflow or outflow obstruction often undergoing multiple surgeries or children affected by dilated or restrictive cardiomyopathy. The preliminary experience of AFR implantation in patients with restrictive cardiomyopathy, as described for the first time in humans by Hansmann et al., has great potential in children with limited treatment options, and can be considered a bridge to heart transplantation or destination therapy in this particular setting (13). The rationale for implanting an AFR device in patients with dilated and restrictive cardiomyopathies, left atrial hypertension, and severe LV diastolic dysfunction is to unload the left cavities creating a left-to-right shunt, alleviate lung congestion, and improve subendocardial perfusion with a decrease in myocardial oxygen consumption (18). In particular, for three children with dilated cardiomyopathy and two with restrictive physiology and severe increase in LV end-diastolic pressure and LA pressure, the device was implanted to create a left-to-right shunt and unload the left atrium. Included in the series is a 15-year-old with complex CHD in natural history, with complete mixing, ductal-dependent systemic circulation, and combined pulmonary hypertension (PH), where the AFR device proved effective in reducing left atrial pressure, alleviating symptoms of pulmonary hypertension.

In a quarter of the cases, an atrial communication was created to unload the right heart cavities, at the price of a potential decrease in oxygen saturation, in the presence of severe pulmonary hypertension unresponsive to standard drug treatment. The intent was to maintain stroke volume during an acute pulmonary hypertension crisis that dramatically reduces transpulmonary blood flow with significant dilation of the right ventricle, which compresses the left ventricle, reducing the cardiac output and causing syncope (3–5, 19). The promising results of AFR in adults and children with advanced pulmonary arterial hypertension were shown by Sivakumar et al., who demonstrated the benefits after AFR implantation in terms of cardiac output, systemic oxygen transport, and symptoms. Indeed, over the one year follow-up, there was no recurrence of syncope, with a significant change in NYHA class and 6-min walk distance (4). However, the AFR does not pressure-unload the RV in systole and thus the AFR in severe pulmonary arterial hypertension (PAH) may prevent recurrent syncope and sudden death in PH crisis, without preventing progressive right heart failure and death in severe PAH.

This category also included four adults with a secundum ASD and severe pulmonary hypertension unresponsive to standard drug treatment in whom the two largest devices, 8 and 10 mm, were used to enlarge the existing fenestration. Finally, in a 22-month-old child with pulmonary atresia with VSD and MAPCAs in native history, the AFR device was implanted in an existent small atrial communication to unload the hypertensive right cavities (Figure 1).


[image: Figure 1]
FIGURE 1
Atrial flow regulator implantation in a 22-month-old child with pulmonary atresia, restrictive ventricular septal defect, absent central pulmonary arteries, major aorto-pulmonary collaterals arteries (MAPCAs), and a hypertensive/hypertrophied right ventricle. (A) Aortography showing multiple MAPCAs arising from the descending aorta. (B) Successful implantation of an 8-mm AFR in the interatrial septum. (C,D) Unrestrictive bidirectional shunt across the AFR.


In the context of Fontan palliation, the implantation of an AFR was deemed to reduce the failing Fontan pressure or to reduce the size of an existing fenestration. In the patients with failing Fontan presenting with ascites, protein losing enteropathy, and/or plastic bronchitis, the creation of a right-to-left shunt at the level of the conduit allowed a reduction in the Fontan pressures at the expense of a predictable systemic desaturation (8, 9). The choice to implant an AFR device in the Fontan conduit in this setting appears to be a valid alternative to the use of a blade/balloon septostomy, stent placement, or Amplatzer-fenestrated ASD device, which presents a rate of spontaneous reocclusion of 63% with fenestrations of about 5 mm (20). In five cases, a small AFR device was implanted in patients with a Fontan circulation and severe desaturation caused by a conduit fenestration larger than 4 mm. The AFR implantation allowed the reduction of systemic cyanosis with negligible increase in pressure in the Fontan system (10, 11). A special category is that of patients with end-stage cardiomyopathy on ECMO. After the first description of AFR implantation in a child with end-stage heart failure on venoarterial ECMO (16), in this series the AFR was used in three patients with dilated cardiomyopathy and one with end-stage hypertrophic cardiomyopathy on ECMO with diastolic dysfunction and high filling pressure to unload the left cavities by creating a regulated atrial shunt. In two patients on ECMO this procedure was essential to tackle acute pulmonary edema secondary to left ventricular afterload increase and to bridge the child to heart transplant. Half of the patients on EMCO died after AFR implantation, due to sepsis and brain hemorrhage, associating this indication more with worse survival outcomes in comparison to the others.

The implantation of the AFR device proved to be procedurally safe with a success rate of 100%. Furthermore, the use of a relatively low delivery profile has allowed the implantation of this device in small children, especially because the AFR can be delivered through sheaths that are 1–2 Fr smaller than the ones recommended by the manufacturer (7). The median weight at the procedure in this series was 17 kg and 25% of the patients weighed ≤10 kg, confirming the safety data reported in low-weight children by Bautista et al. (7). The AFR implantation technique is relatively easy and similar to percutaneous secundum ASD closure. The procedure was generally performed under general anesthesia with ultrasound-guided femoral access. However, in the absence of femoral vascular access, it was possible to implant the device in the interatrial septum through a transhepatic access or via the right subclavian vein in a Fontan conduit. In the two transhepatic cases, a short sheath 3–4 Fr larger than the required Occlutech delivery system was used to avoid friction in the hepatic vein and liver parenchyma (Figure 2). Access to the left atrium was obtained in most cases with the help of a transeptal needle used in 22 cases to puncture the atrial septum and in three cases in a Fontan conduit. In one case, a previously stented Fontan conduit was perforated with the association of electrocautery to the Brockenbrough needle and the hard tip of a coronary wire (Figure 3). In the remaining cases, the needle was not necessary and the device was implanted through a pre-existing fenestration. As previously described, it is very often useful to predilate the created fenestration with a balloon (21). In our series, predilation was performed in 65.0% of cases with the use of intermediate-high pressure balloons with a diameter of about 4–8 mm larger than the final AFR device deployed. In some cases, a cutting balloon was used both at the level of the atrial septum and the Fontan conduit. When the fenestration was already present, it was generally not predilated with a balloon before AFR implantation.


[image: Figure 2]
FIGURE 2
Atrial flow regulator implantation through transhepatic access in a 12-kg child with critical aortic stenosis after multiple interventions, restrictive physiology of both ventricles, and postcapillary pulmonary hypertension, on waiting list for heart transplantation. (A) Hepatic vein position was confirmed with injection of a small amount of contrast under fluoroscopy. (B) A 12-mm Powerflex balloon was inflated to predilate the intertribal septum. (C,D) A 6-mm AFR was implanted with unrestrictive left-to-right shunt on transesophageal echocardiography.



[image: Figure 3]
FIGURE 3
Atrial flow regulator implantation in a patient with a failing Fontan circulation. (A,B) Previously stented extracardiac Fontan conduit was perforated with a Brockenbrough needle associated with an electrocautery and the hard tip of a 0.014″ coronary wire. (C,D) A 8-mm atrial flow regulator was implanted with unrestrictive right to left shunt on transesophageal echocardiography.


The choice of the device remains the most challenging aspect, as there are no universal selection criteria according to the patient's weight, underlying anatomy, or indication. Assessment on a case-by-case basis is mandatory to determine the appropriate size of the fenestration. In this case series, the choice was reasonably based on patient weight and age, with 4-mm devices implanted in smaller patients (median age 33 months, IQR: 28–55) compared with 10-mm ones implanted in older patients (median age 160 months, IQR: 98–312). Moreover, a trend toward the two larger devices emerged in adult patients with ASD and pulmonary hypertension and toward the 4 and 6 mm in patients with desaturated Fontan. In patients with dilated and restrictive cardiomyopathies, a smaller balloon size/AFR fenestration ratio of 1:3 was considered to avoid unrestrictive shunts. Indeed, in this particular setting, it is essential to create a calibrated shunt that reduces left atrium volume overload and postcapillary pulmonary hypertension with a tolerable impact on cardiac output.

The rate of implantation success was 100%, free of early complications in 95.0% of the cases. Only two procedures were complicated by early device thrombosis, probably because of aggressive intraprocedural heparinization. Both occlusions in our series occurred in Fontan patients. In one patient, a fenestration was created for early extr-cardiac Fontan failure and dilated with a 7-mm high-pressure balloon. The initially implanted 4-mm AFR partially occluded during the procedure, but it was decided to leave it in and anticoagulate the patient. There was no improvement in flow and a few weeks later it was removed and replaced with a 6-mm AFR after further dilatation of the fenestration with an 8-mm cutting balloon and a 12-mm high-pressure balloon. This new device remained patent suggesting the importance of adequate preparation/predilation of the Goretex conduit or atrial septum. The risk of device embolization is reasonably low, and predilatation reduces the compressive forces on the middle of the device and potentially decreases risk of thrombosis.

Moreover, the AFR device has proved to remain patent in the majority of cases at follow-up. Indeed, the rate of patency was 91.5% at 330 days with only one late thrombosis. In total, three 4-mm devices clotted (two early and one late thrombosis) placing the smallest device at higher risk of thrombosis. However, due to the 7.5% rate of device thrombosis, the risk of systemic embolus or stroke remains one of the main concerns especially when a right-to-left shunt is created, including failing Fontan patients, which express higher rates of thromboembolism. This risk is even higher during intervention on a clotted AFR such as balloon angioplasty or removal of a clotted device.

The data from this AFR study are very valuable given the previous different techniques described to create interatrial or intrabaffle fenestrations (20, 22). We speculated that this result is due to the inability of balloon atrial septostomy to create and maintain a stable fenestration and the higher thromboembolic risk of a stent protruding on both sides of the atrial septum or baffle.

Most of the patients were discharged without complications (92.5%) after spending a median of 5 days in hospital.

One patient experienced severe brain hemorrhage on ECMO and another had a cardiac arrest and cerebral ischemia a few hours after a hybrid procedure. These events were probably related to the ECMO run and the cardiac arrest, despite the potential for embolic events in the setting of the AFR device.

Interestingly, at a mean follow-up of 330 days, 97.4% of the discharged patients were alive. Only a child died of sepsis in the local hospital more than 3 months after the procedure and all but one device maintained their patency at last follow-up.

A further encouraging aspect is that in 97.0% of patients in whom the NYHA functional class was evaluated before and after the implantation of AFR devices, a clinical improvement or non-worsening was noted.

In conclusion, AFR implantation in patients with congenital heart diseases and children with severe pulmonary hypertension or cardiomyopathy is promising and at a short-term follow-up seems to have beneficial effects. The AFR has the potential to provide benefits in terms of symptoms and survival to a variety of patients with limited treatment options and indeterminate prognosis. However, despite these promising results, large multicenter prospective registries and trials are required to confirm the efficacy and safety of this device in children and patients with CHD.



Limitations

This retrospective study carries some limitations being a retrospective study with a relatively small sample. Furthermore, the study population is highly variable and heterogeneous, making the comparison of the different subgroups challenging. Indeed, the presence of 10 different centers made the population variable in terms of patient selection, procedural technique, and postprocedural management, making it difficult to compare patients and related outcomes. The wide heterogeneity of indications for AFR implantations and scarcity of scientific evidence for the implantations make evaluation of outcomes even more difficult. The functional status was evaluated only by the NYHA functional class as follow-up with functional capacity tests was not standardized among different centers. Another limitation is that several hemodynamic data after AFR implantation are missing. Finally, 12 patients of this study have been already published as smaller case series as single-center experiences.
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Objectives: The purpose of this study was to assess the clinical outcome after right ventricular outflow tract (RVOT) stenting in late presenter patient with unrepaired Fallot physiology.



Background: In younger patients, RVOT stenting is an alternative to mBTT shunt; however, there have been few reports of this palliative technique in late presenter population, including adults.



Methods: This was a single-center, retrospective study of nonrandomized, palliated Fallot patients. Clinical outcomes such as left ventricular ejection fraction and saturation were measured in 32 individuals following RVOT stenting in adults (n = 10) and children (n = 22). The Statistical Package for Social Science (SPSS) 26.0 software was used to analyze the statistical data.



Results: During the procedure, the average stent diameter and length were 8.84 ± 1.64 mm and 35.46 ± 11.23 mm, respectively. Adult patients received slightly longer stents than pediatric patients (43.60 ± 11.64 mm vs. 31.77 ± 9.07 mm). Overall, patients' saturation increased from 58.56 ± 19.03% to 91.03 ± 8.98% (p < 0.001), as did their left ventricular ejection fraction (LVEF) from 64.00 ± 18.21% to 75.09 ± 12.98% (p = 0.001). Three patients improved their LVEF from 31 to 55%, 31 to 67%, and 26 to 50%. The median length of stay was 8 (2–35) days, with an ICU stay of 2 (0–30) days. The median time from RVOT stent palliation to total repair was 3 months (range: 1 month–12 months).



Conclusions: RVOT stenting is a safe and effective method for increasing saturation and ejection fraction not only in newborn infants but also in late presenters, including adults with unrepaired Fallot physiology.
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adults, ejection fraction, late presenter, tetralogy of Fallot, palliative, RVOT stent





1 Introduction

The initial palliative strategy of patients with ventricular shunts and narrow right ventricular outflow tract (RVOT) with reduced pulmonary blood flow remains challenging. During the last decades, creation of modified Blalock–Thomas–Taussig (mBTT) shunt has been well established, however complication and mortality has yet to be very high (1, 2). To countermeasure this issue, right ventricular outflow tract (RVOT) stenting has been developed as initial palliation of symptomatic patients. However, the efficacy of RVOT stenting is only highlighted in current literature for newborns and young children (3, 4).

Late presentations in developing countries is common, making the problems more complicated. Previously, uncorrected Fallot physiology in late presenter patients was exclusively treated conservatively with medication, especially with significant desaturation and diminished ventricular function. Tetralogy of Fallot patients frequently showed late in low-income countries, accounting for 85.1% of cases (5, 6).

Nonetheless, there have been few reports of the benefit of RVOT stenting in patients with unrepaired Fallot physiology, particularly in late presenter patients (7, 8). Therefore, this institutional experience aims to investigate the outcome of RVOT stenting in late presenter patients with Fallot physiology.



2 Methods


2.1 Study design and setting

Between December 2019 and April 2023, thirty-two patients with unrepaired ventricular shunts and severely narrow right ventricular outflow tract physiology resulting in profound desaturation were considered for RVOT stenting in a retrospective, single-center study. The local hospital ethics review board approved RVOT stenting as an alternative to mBTT shunt. The primary endpoints were saturation and ejection fraction before and after palliation in late presenter tetralogy of Fallot patients (beyond one year old). Subjects were chosen after a multidisciplinary team meeting in a weekly surgical conference. The decision not to operate is justified by evidence-based medicine and in the patient's best interest considering very high mortality in this patient's group. The main indications for RVOT stenting in late presenters and adults in our center are (1) Profound desaturation (typically below 40%–50%), (2) Low ejection fraction (LVEF <40%), (3) Patient who had a high risk for performing mBTT shunt, and (4) Patient who had a high risk for total repair despite adequate pulmonary artery size (4, 5).

Each procedure were performed while the patients were sedated and mechanically ventilated. To enable for biplane angiography, patients were positioned on the table with their arms lifted. To prevent hypothermia, all patients were given a warming device. A sterile dressing was applied to the patient's chest and upper abdomen to enable for intraprocedural echocardiographic assessment with a standard ultrasonography probe in a sterile sleeve. The preferred method was right femoral or right internal jugular venous access, while in certain circumstances a carotid approach may be employed (9).

The first right ventricular angiography was conducted with a diagnostic catheter positioned near the apex of the right ventricle with a 30″ RAO, 30″ cranial tilt, and a straight lateral projection. Heparin 50 IU per kgBW was administered to the patient. The diagnostic catheter was removed from the right ventricle and inserted in the superior vena cava following the angiography. The right ventricular outflow tract, pulmonary valve annulus, and branch pulmonary arteries were measured and compared to earlier or simultaneous ultrasonography data (9).



2.2 Stent choice

The size and type of stent were chosen based on Kirklin's full size and the anticipated length of palliation. Our center had stent lengths of 28 mm, 39 mm, and 56 mm available. The type and diameter of the stent were chosen in general based on the patient's body weight, the length of the RVOT infundibulum, and the need for palliative surgery. We employed peripheral vascular stents in adult and adolescents patients, and coronary stents in young children above the age of one year. The stent's diameter is typically 1–2 mm bigger than the measured infundibulum during diastole, and the stent's length should include the distal muscular section of the RVOT, the pulmonary valve, and/or the main branch of the pulmonary artery before the bifurcation (9).

Following stent selection, the suitable delivery sheath or guide catheter was chosen. A 4–5 F Right Judkins catheter was pushed past the tip of the delivery sheath after the delivery sheath was inserted in the superior vena cava. On the hub of the Judkins catheter, a spinning haemostatic valve was attached to the pressure line and side arm contrast syringe. A 0.014″ coronary wire was threaded through the haemostatic valve near the catheter's tip. After withdrawing the entire system, the right ventricle was reintroduced under pressure monitoring and the right ventricular outflow tract was intubated using the catheter. Instead of the wire, side arm test injections were utilized to check the location of the catheter. The catheter was then moved to the distal branch pulmonary artery while continuous pressure was recorded and an angiography was performed. The coronary wire was inserted into the distal branch pulmonary artery, and the delivery sheath or guide catheter was advanced into the distal branch pulmonary artery over the diagnostic catheter. The diagnostic catheter was then withdrawn from the coronary wire, and the sheath was aspirated and flushed (9).

The wire was wrapped around the pre-mounted stent, which was then advanced to the desired spot within the RVOT. The stent was slightly exposed, and side arm test injections were repeated. When the position was deemed satisfactory, the stent was totally exposed. The delivery balloon was manually inflated with one hand while the stent system was managed with the other. Following stent implantation, the balloon was gradually deflated as the delivery sheath was advanced over the balloon to re-sheath it. This enabled for a secure placement of the delivery system's tip into the stent (9). Predilatation with a coronary or vascular balloon should be considered if necessary, especially in cases of multilayer stenosis. Following the procedure, furosemide IV 1 mg/kgBW IV and milrinone drip 0.375 mg/kgBW IV were administered. A repeat angiography and a brief ultrasound assessment were performed. The balloon was subsequently advanced over the pulmonary valve in all cases for valvuloplasty. Oxygen saturations were regularly measured.

Another cardiac ultrasonography assessment and right ventricular angiography were performed. An additional blood gas study was performed. Finally, the coronary wire was removed under fluoroscopic control through the delivery sheath, the delivery sheath was removed, and manual hemostasis was applied. Hemoglobin should be 14g% after the procedure.



2.3 Statistical presentations

Exploratory analysis with graphical and tabular displays evaluated evidence in favor of trends and associations. Normally distributed data was presented as mean ± standard deviation. Data that is skewed is presented as the median, minimum, and maximum. Where appropriate, categorical data is expressed as counts and percentages. Boxplot graphs depicted the difference in saturation and ejection percent between the pre- and post-palliation procedures. The Shapiro–Wilk test was used to determine the normality of numerical data because the subjects were less than 50. The paired t-test was used to compare the change in both saturation and LVEF before and after the procedure. The Statistical Package for Social Science (SPSS) 26.0 software was used for all data analyses (10). p < 0.05 values were considered significant.




3 Results

The RVOT stenting was performed on 32 individuals, with the patient flow diagram depicted in Figure 1. Table 1 shows the baseline parameters of this investigation. In two cases, mBTT shunt was performed initially; however, due to blocked mBTT shunt, the patients were scheduled for rescue (secondary) RVOT stenting (rescue RVOT stent was performed to improve the patient clinical condition). The patient was followed for a median of 13.5 (1–31) months. There were 14 female patients (43.75%). The median age at stent implantation was 9.5 (1–40) years. The median weight ranged from 23 (5.5–55) kilos. During presentation, ten adult patients (31.25%) had unpalliated Fallot physiology. Nine were diagnosed with tetralogy of Fallot.


[image: Figure 1]
FIGURE 1
Patient flow diagram showing the cohort of unrepaired late presenter fallot physiology. Every patient who received RVOT stenting was included in this diagram. This study did not record any intraprocedural patients deaths. mBTT modified-Blalock–Thomas–Taussig; RVOT right ventricular outflow tract.



TABLE 1 Patient characteristics.
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3.1 Procedural details

The procedural details was summarized in Table 2. The approach for this procedure was 26 femoral, 5 jugular and 1 carotid. All adults patient was performed using the femoral approach. Median fluoroscopy time was 17.9 (6.07–44.6) minutes. During the learning curve stage, the procedure time was greatly reduced. During the procedure, the average stent diameter and length were 8.84 1.64 mm and 35.46 ± 11.23 mm, respectively. Adult patients received slightly longer stents than pediatric patients (43.60 ± 11.64 mm vs. 31.77 ± 9.07 mm). Overall, patients' saturation went from 58.56 ± 19.03% to 91.03 ± 8.98% (p < 0.001). Adults' saturation went from 65.20 ± 15.36 to 92.00 ± 5.29 (p = 0.005), while pediatrics' saturation went from 55.54 ± 20.08 to 90.59 ± 10.32 (p < 0.001). The overall left ventricular ejection fraction (LVEF) increased from 64.00 ± 18.21% to 75.09 ± 12.98% (p = 0.001) with adults' LVEF went from 60.33 ± 19.37 to 70.66 ± 12.13 (p = 0.097) and pediatrics' LVEF saturation went from 65.50 ± 17.96 to 76.90 ± 13.15 (p = 0.002). Figures 2, 3 illustrate boxplots of the saturation and ejection fractions comparing adult and pediatric populations. Three patients improved their LVEF from 31 to 55%, 31 to 67%, and 26 to 50%. The median length of stay was 8 (2–35) days, with an ICU stay of 2 (0–30) days.


TABLE 2 Right ventricular outflow tract stenting procedural details.
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FIGURE 2
Boxplot diagram illustrating oxygen saturation pre- and post-palliation. Overall, patients’ saturation went from 58.56 ± 19.03% to 91.03 ± 8.98% (p < 0.001). Adults’ saturation went from 65.20 ± 15.36 to 92.00 ± 5.29 (p = 0.005), while pediatrics’ saturation went from 55.54 ± 20.08 to 90.59 ± 10.32 (p < 0.001). Pre-palliation is shown in blue. Post-palliation is shown in red. Box is first to third quartile. Median is thick line in box. The whiskers extend to the data point that is no more than 1.5 times the interquatile range from the box.



[image: Figure 3]
FIGURE 3
Boxplot diagram illustrating ejection fraction pre- and post-palliation. The overall left ventricular ejection fraction (LVEF) increased from 64.00 ± 18.21% to 75.09 ± 12.98% (p = 0.001) with adults’ LVEF went from 60.33 ± 19.37 to 70.66 ± 12.13 (p = 0.097) and pediatrics’ LVEF saturation went from 65.50 ± 17.96 to 76.90 ± 13.15 (p = 0.002).Pre-palliation is shown in blue. Post-palliation is shown in red. Box is first to third quartile. Median is thick line in box. The whiskers extend to the data point that is no more than 1.5 times the interquatile range from the box.




3.2 Complications

One fractured stent was discovered in an 18-year-old woman who had reintervention using the stent-in-stent approach (see Figure 4). The patient clinical condition improved and was able to undergo total repair one week after the second RVOT stent. Three patients (9.37%) experienced a dislodged stent (two in the right atrium and one in the descending aorta), requiring a rescue RVOT stent. In three cases of dislodged stent, total repair was performed not directly after the complication, but several months after the initial palliation with the median time from RVOT stent palliation to total repair 3 months (range: 1 month–12 months). Referral to surgical ward was only to remove the dislodged stent. Arrhythmias were found in two young patients, one with supraventricular tachycardia and the other with severe bradycardia.


[image: Figure 4]
FIGURE 4
Right ventricular outflow tract stenting in unpalliated Fallot physiology. Adult patients (A,B) with tetralogy of Fallot face particular difficulties with RVOT stenting in comparison to pediatric population (C,D) because of their greater muscular infundibular pulmonary stenosis (red arrowhead), which increases the risk of stent fracture as seen in figure (B) The green arrowhead points to the stent.


In both the adult and pediatric populations, there was no intraprocedural death. There was no post-procedural death in the adult Fallot physiology populations. However, three pediatric patients died from sepsis during in-hospital treatment. Total repair was performed on nine patients, four adults and five children.




4 Discussions


4.1 Right ventricular outflow tract stenting in Fallot physiology patients

Total repair was the definitive treatment for TOF patients, which was usually done before the age of one year (11). However, not all TOF patients may benefit from total repair because the remainder required palliative care for issues such as cyanotic spells, severe and broad RVOT blockage, stenotic or hypoplastic branch pulmonary artery, or ventricular dysfunction. Similarly, patients with ventricular shunts and pulmonary stenosis physiology or a blocked mBTT shunt may benefit from RVOT stenting prior to definitive treatment, as in our instance (12–14). Quandt et al. discovered that 26.6% of TOF patients required palliative care before undergoing total repair. The mBTT shunt was one of the most commonly performed palliative procedures, with a death rate ranging from 2.3 to 18.4% (4). The mBTT shunt produced various unintended consequences, including pulmonary artery deformation and stenosis, as well as the existence of cicatrix formation, which could complicate the total repair surgery (1). RVOT stents were known to have a better prognosis than mBTT shunts (2). Luxford et al. shown in their study that high-risk infants undergoing RVOT stent had lower morbidity and mortality than those undergoing mBTT shunt, and achieved an effective bridge to definitive surgery (15). However, we did not directly compare the efficacy of the procedures between mBTT shunt and RVOT stent in this study because of the different nature of the patient undergoing those two procedures in our center (This pilot study primarily included late presenter and adult patients, whereas mBBT shunts were typically performed in neonates in our center).

TOF patients commonly presented late in nations with lower incomes, accounting for 85.1% of cases. Due to limited resources, TOF is frequently identified late in adulthood. Despite advancements in diagnostic technologies and a better understanding of the ailment compared to earlier centuries, certain delayed presentations are still being documented (5, 6). Unfortunately, no additional late presenter Fallot type lesion has been studied. In our particular instance, ten patients with Fallot physiology presented as adults. Because Fallot physiology in adults is uncommon, they were initially treated with different diagnoses. Furthermore, there are no acknowledged recommendations or consensus on the age of late-presenter TOF patients or how to manage them (16–19). The majority of late-presenter TOF patients who lived into adulthood had chronic polycythemia with hyperviscosity and consumptive coagulopathy with varying manifestations. Though uncorrected TOF survival is uncommon, it has been observed that approximately 10% of affected individuals live to adulthood, with only 5% reaching the age of 40 (5, 6). Chronic hypoxia and fibrosis are thought to be the causes of late-presenter TOF patients' left or right ventricular dysfunction. Pre-operative elevated hematocrit (>45%), age greater than 4 years, and RVEDP ratio greater than 12 mmHg were identified as risk factors for cardiomyocyte degeneration and interstitial fibrosis in RVOT, which could result in ventricular dysfunction (20, 21). According to Chowdury et al., 29.3% of TOF patients aged 4–15 years and 81.8% of those aged >15 years had right ventricular dysfunction and low cardiac output (20).



4.2 RVOT stenting as a potential primary palliative treatment for unrepaired adults Fallot physiology

Previously, most RVOT stenting research focused on the effects of saturation and pulmonary artery growth in babies (22–26). However, in this investigation, we discovered an intriguing occurrence in which saturation and ejection fraction improved dramatically, particularly in adults with unrepaired Fallot physiology. The decision not to operate is justified by evidence-based medicine and in the patient's best interest considering very high mortality in this patient's group. The stage approach with initial palliation should be the preferential approach. Palliative non-surgical treatments may thus be considered in individuals with unrepaired Fallot physiology, cyanosis, and ventricular dysfunction, with the goal of improving ventricular dysfunction before to total repair. Li et al. demonstrated that pre-operative ventricular function predicts improved post-operative ventricular function (27). The palliative technique also served to prepare the left ventricle for enhanced blood flow when total repair was performed.

The placement of an RVOT stent is intended to enhance pulmonary blood flow, which will increase systemic saturation and possibly repair ventricular function in late-presenter TOF patients. Prolonged hypoxia in people with unrepaired Fallot physiology and borderline ventricular function resulted in hybernating myocardium. As a result, when the hybernating myocardial regained blood supply, the EF improved considerably. In contrast to pediatric populations, children had high EF despite being severely cyanotic due to their still well-maintained reserve (8).

Arrhythmia, cerebrovascular accident, tamponade, stent thrombosis, malposition and embolisation, and vascular access problems such as hemorrhage and thrombosis have previously been documented following RVOT stent insertion. Post-procedural problems were confined to a transitory conduction disruption, clinically inconsequential RVOT perforation, and proximal stent embolisation (22–26). We also discovered various issues in adult populations, such as fractured or dislodged stents, which we believe are caused by hypertrophied infundibular stenosis. However, reintervention resolves the majority of these issues (8). Interestingly, all of our adult patients improved clinically and were able to undergo total repair with no intra- or post-procedural death reported.



4.3 Long-term outcome: stent fracture and restenosis

Regarding RVOT stenting in late presenter tetralogy of Fallot, there were not many long-term data available, particularly for adult populations. Main causes of reduced patency with RVOT stenting include intimal hyperplasia, early thrombosis, and stent fractures. In the RVOT, fractures have been identified as a major risk factor for late stent failure. The stent was exposed to distortive stresses during the heart contractions due to the presence of very tight infundibular stenosis and hyperdynamic motion, which are common in patients who present with TOF late (7, 8). Roughly 1%–8% of cases are reported to have a stent fracture; higher prevalence is noted in structures with excessive motion and hinge movement (28). The stent's torsion and muscle compression in the RVOT context may be comparable to those in the femoropopliteal artery. Untreated stent fractures may increase the risk of in-stent restenosis and stent thrombosis (7, 8).

Total repair should ideally be carried out three to six months following initial palliation. Because of this reason, the stent was not intended to be durable for long-term use. Thus, by (1) developing stents to better respond to the dynamic mechanics of the RVOT region and (2) determining the ideal implantation site to decrease mechanical stresses, the rate of stent fracture and its related problems could be reduced.




5 Limitations

The limitations of this study stem from its retrospective approach and limited cohort size. The cohort is a high-risk, diverse collection of patients with distinct anatomical substrates. Because our institution's practice has evolved over time, a consistent technique was not used on all patients.



6 Conclusions

RVOT stenting is a safe and effective method for increasing saturation and left ventricular ejection fraction in late presenter patients with unrepaired Fallot physiology. In a few cases, repeat RVOT stenting is required prior to definitive correction of very tight pulmonary stenosis, this method allows for somatic growth and pulmonary artery rehabilitation before to definitive total repair.
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Case Report: Transcatheter interventional procedure to innominate vein turn-down procedure for failing fontan circulation
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Fontan physiology creates a chronic state of decreased cardiac output and systemic venous congestion, leading to liver cirrhosis/malignancy, protein-losing enteropathy, chylothorax, or plastic bronchitis. Creating a fenestration improves cardiac output and relieves some venous congestion. The anatomic connection of the thoracic duct to the subclavian-jugular vein junction exposes the lymphatic system to systemic venous hypertension and could induce plastic bronchitis. To address this complication, two techniques have been developed. A surgical method that decompresses the thoracic duct by diverting the innominate vein to the atrium, and a percutaneous endovascular procedure that uses a covered stent to create an extravascular connection between the innominate vein and the left atrium. We report a novel variant transcatheter intervention of the innominate vein turn-down procedure without creating an extravascular connection in a 39-month-old patient with failing Fontan circulation complicated by plastic bronchitis and a 2-year post-intervention follow-up.
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1 Introduction

The staged surgical palliation through total cavopulmonary anastomosis greatly improved patients’ survival with functionally univentricular cardiac anatomy to over 80% survival rate at 20 years of surgical completion (1). This circulatory setting involves a lifelong state of elevated central venous pressure. Creating a fenestration improves cardiac output and relieves some venous congestion, at the cost of decreasing oxygen saturation (2).

The anatomic connection of the thoracic duct (TD) to the subclavian-jugular vein junction exposes the lymphatic system to systemic venous hypertension. This situation induces pathophysiologic modification and causes potential lethal complications such as ascites, protein-losing enteropathy (PLE), chylothorax, or plastic bronchitis (PB). The prognosis of these complications is improved with new medical therapies and interventional approaches such as lymphatic embolization. Hraska et al. (3) described a surgical method to decompress the TD by diverting the innominate vein to the atrium. Smith et al. (4) described a transcatheter procedure using a covered stent to create an extravascular connection between the innominate vein and the left atrium. Both techniques allowed connecting the TD via the innominate vein to a physiological venous pressure system and through the usual “diastolic suctioning” to increase the lymphatic drainage/return.

We report a novel variant transcatheter intervention of the innominate vein turn-down procedure without creating an extravascular connection by a 39-month-old patient with failing Fontan circulation complicated with plastic bronchitis. The procedure was successful and we present this report after a 2-year follow-up.



2 Case description

A 39-month-old boy with hypoplastic left heart syndrome, large ventricular septal defect, and mitral and aortic atresia underwent a staged single ventricle palliation (Giessen I procedure) at the age of 3 days followed by a comprehensive stage II procedure at the age of 3 months. Because of decreasing transcutaneous saturation (<75%) without improvement with oral sildenafil and Bosentan introduced secondarily, one large venovenous collateral (diameter 6–9 mm) connecting the innominate vein to the coronary sinus was closed with an Amplatzer Vascular Plug II 12 mm (Abbott, Illinois, USA). This was followed, the day after, with surgical completion of Fontan circulation with a 16 mm extracardiac tube (at age 28 months). The Fontan circulation was fenestrated with a modified fenestration (Gore-Tex® 6 mm, Gore Medical, Delaware, USA) connecting the innominate vein to the right atrial (RA) appendage (5), which is done routinely in our center.

Signs of failing Fontan marked the postoperative course: an elevated mean pulmonary pressure of 18–22 mmHg and, on day 5, acute plastic bronchitis with bilateral chylothorax. In the absence of clinical improvement, despite the administration of pulmonary vasodilators, and because of critical venous congestion, it was decided to surgically clip the TD at the diaphragmatic level and to increase the fenestration size to 8 mm. Plastic bronchitis resolved and the patient was discharged with a low peripheral oxygen saturation of 75%–80% on sildenafil and Bosentan therapy as well as oral anticoagulation. The patient was listed for a heart transplant, but a severe alloimmunization HLA prevented a compatible donor.

After 10 months without plastic bronchitis, the patient relapsed with infections that triggered several bronchial cast expectorations on a daily basis, an atelectatic right upper lobe, and severe transcutaneous desaturation at 60%–65% on room air. The optimization of the conservative medical treatment with low-fat diet, high-dose spironolactone, sildenafil, Bosentan, and steroid sprays did not improve the symptomatology. Adding aerosolized tissue plasminogen activator has had no effect.

Primarily, a magnetic resonance lymphangiography (Siemens Magnetom Vida 3 T, Erlangen, Germany) showed a re-permeabilization of the TD just above the subdiaphragmatic clip and a pulmonary lymphatic perfusion syndrome type 4 mainly from the right upper lobe (Figure 1) (6, 7). A dynamic lymphography with possible embolization had to be interrupted due to the patient's ventilatory instability during the procedure.


[image: Figure 1]
FIGURE 1
Coronal images from a three-dimensional, heavily T2-weighted MRI sequence (siemens magnetom vida 3 T). Cisterna chyli (A; ©) and the lower third of the thoracic duct (A,B; arrowheads) are demonstrated. The tubular aspect of the thoracic duct is lost in its middle and upper portions with an increased abnormal signal intensity at these levels (B; arrows). Increased abnormal signal intensity is also seen in the bilateral supraclavicular regions, in particular on the left side (B; *) extending into the mediastinum and with an interstitial pattern into the right lung (A–C), surrounding the right bronchus (C; arrow).


A transthoracic echocardiogram (TTE) showed a preserved systolic function and ruled out a new-onset valvular regurgitation. The patient had persistent sinus rhythm without any arrhythmia.

To decompress the TD, we decided to adapt the original innominate vein turn-down procedure (3) by stenting the modified fenestration and plugging the distal innominate vein to relieve the pressure of the TD.



3 Transcatheter interventional procedure

Under sedation with spontaneous ventilation, we obtained access to the right and left internal jugular veins under ultrasound guidance. We administrated unfractionated heparin 100 UI/kg at the beginning of the procedure and controlled after 1 h the activated clotting time (ACT). To keep an ACT over 200 s during the procedure, we then checked the ACT every 30 min and gave a new bolus of unfractionated heparin as needed.

Hemodynamic measurements showed elevated cavopulmonary pressure (mean 22 mmHg) and a mean RA pressure of 8 mmHg. Angiography demonstrated no vena cava or pulmonary artery obstruction but a proximal stenosis at the level of the fenestration.

Through a 6 Fr sheath placed in the left internal jugular vein, a V-18 guidewire (Boston Scientific, Massachusetts, USA) was advanced from the innominate vein through the fenestration to the atrium. Under fluoroscopic control, a Formula® 418 7/16 mm balloon-expandable stent (Cook Medical, Indiana, USA) was placed in the proximal part of the fenestration and dilated at 8 bars for a diameter of 7 mm. Afterward, an Amplatzer Duct Occluder I (ADO I) 10/8 mm (Abbott, Illinois, USA) was placed at the distal part of the innominate vein (Figure 2). Before the device's release, a sudden and profound desaturation with severe bradycardia occurred. The patient stopped breathing and immediate cardiopulmonary resuscitation was initiated. As the ventilation was inadequate with a laryngeal mask, a tracheal intubation was placed. An emergency bronchoscopy was performed with the removal of several bronchial casts allowing adequate oxygenation and ventilation. This was followed by a prompt clinical improvement with restoration of the patient's initial cardiopulmonary parameters.


[image: Figure 2]
FIGURE 2
(A) native fontan circulation without any stenosis (B) permeable fenestration connecting the innominate vein to the single atrium (C) stenting of the fenestration (formula® 418 7/16 mm) (D) placement of ADO I® 10/8 mm to close the distal part of the innominate vein.


Because of increasing cavopulmonary pressure over 25 mmHg, angiography in the innominate vein was repeated and demonstrated complete occlusion of the newly stented fenestration. After removing the ADO I to restore the permeability of the innominate vein to the superior vena cava and despite the risk of systemic embolism, we decided to perform local thrombolysis through an end-hole catheter at the entry of the fenestration with alteplase (1 mg/kg), and the fenestration could be permeabilized. The V-18 guidewire was placed in the RA again, the access sheath was changed to a Super Arrow-Flex 7 Fr 65 cm (Teleflex, Pennsylvania, USA), and a Viabahn 7/19 mm covered stent (Gore Medical, Delaware, USA) was deployed at the proximal end of the fenestration. The stented fenestration was free of obstruction with a mean gradient between the innominate vein and the RA of 3 mmHg. The ADO I was repositioned at the connection between the innominate vein and the superior vena cava. The device was released after a fluoroscopic check of the position and absence of occlusion of the stented fenestration (Figure 3). The final measurement demonstrates a mean pressure of 7 mmHg in the RA, 10 mmHg in the innominate vein, and an aortic SaO2 of 85%. At the superior vena cava and pulmonary artery levels, the mean pressure was 22 mmHg without stenosis.


[image: Figure 3]
FIGURE 3
(A) objectivation of the fenestration thrombosis (B) removal of the ADO and reconfirmation of the fenestration thrombosis (C) local thrombolysis with alteplase (D) covered stent (gore viabahn® 7/19 mm) in the fenestration and ADO I® 10/8 mm closing the distal innominate vein creating a transcatheter innominate vein turn-down procedure.


Three hours after the transcatheter procedure and despite removal of bronchial casts by rigid fibroscopy, the patient was still in respiratory failure, reason why he was put on peripheral venoarterial extracorporeal membrane oxygenation (VA ECMO). Following a positive respiratory evolution, the patient was weaned from VA ECMO on day 6, extubated on day 8, and discharged on day 24 on oral anticoagulation (acenocoumarol) with no further cast expectoration.

At 6 months follow-up, the patient had two days of hospitalization due to new spontaneous bronchial cast expectoration. An unenhanced chest CT showed significant proximal stenosis of the fenestration (Figure 4). We proceeded with a new interventional procedure and got venous access in the left internal jugular and femoral veins under ultrasound guidance with the placement of 4F sheaths using the Seldinger technique. The initial hemodynamic assessment demonstrated an elevated pressure in the Fontan circulation of 19 mmHg. The innominate vein-RA fenestration was stenotic (Figure 4) with an invasive mean gradient of 9 mmHg (15 mmHg in the innominate vein vs. 6 mmHg in the RA). Through the 4 Fr sheath placed in the left internal jugular vein, a 0.035 exchange guidewire (Terumo, Tokyo, Japan) was advanced from the innominate vein through the fenestration into the atrium. With fluoroscopic control, a Formula® 535 7/20 mm balloon-expandable stent (Cook Medical, Indiana, USA) was implanted at the proximal anastomosis of the fenestration. The angiographic control showed a release of the stenosis, and the final hemodynamic assessment showed a reduction of the mean gradient between the innominate vein and RA to 3 mmHg. The patient did not experience any bronchial cast anymore, and transcutaneous saturation stayed stable at around 85%.


[image: Figure 4]
FIGURE 4
Unenhanced CT image of the ADO I® 10/8 mm closing the distal innominate vein and the covered stent (gore viabahn® 7/19 mm) in the fenestration with proximal stenosis of the fenestration (arrow).


Triggered by an upper respiratory tract infection, the patient developed plastic bronchitis again 18 months after the initial transcatheter intervention. Chest CT and TTE ruled out restenosis of the fenestration. Despite desensitization strategies, 26 months later, the patient is still waiting for a heart transplant.



4 Discussion

The optimal fenestration of the Fontan circulation is a long-lasting debate in the literature (8, 9). Even if it has a similar hemodynamic effect, then venovenous collateral from the innominate vein to the coronary sinus, modifying the fenestration by connecting the innominate vein to the RA appendage, has multiple advantages. First, after weaning the cardiopulmonary bypass, it offers the possibility of assessing the hemodynamic situation and adapting the polytetrafluoroethylene graft for hemodynamic optimization. Second, it is easily viewable on TTE in a suprasternal view with an estimation of the mean gradient between systemic venous pressure and RA pressure. Third, it is easy to access from the left internal jugular vein for angioplasty, stenting, or closure. Fourth, we claim it reduces the risk of paradoxical embolic events because these emboli are more prone to arise from the lower body. Only small case series using this modified fenestration have been published (5, 10) but have suggested similar hemodynamic benefits as the fenestration between the extracardiac conduit and the atria.

As Smith et al. reported, other complex transcatheter strategies exist to decompress the TD into a lower-pressure chamber. These are of higher risk due to the creation of an extravascular connection and necessitate a complex 3D evaluation of the cardiac and mediastinal anatomy (11). Although the modified fenestration from the innominate vein to the RA was not intended for this purpose, it offers this new possibility of TD decompression through neither surgical procedure nor technically engaging extravascular connection. This procedure is technically more accessible and probably safer than the ones already described in the literature and can be done in all types of native anatomy. We strongly believe that the oxygenation with secondary hemodynamics difficulties encountered during and after the procedure are linked to the patient’s precarious respiratory status and not to the technique of the procedure. One reason for this is the significant improvement in respiratory status in the days following the procedure with no short-term relapse of the plastic bronchitis.

The median follow-up described by Smith et al. is 6 months with a range of 1–20 months, with improvement or resolution of the lymphatic problem in about two-thirds of the patients (11). Unfortunately, despite an initial complete relapse of the symptoms, the follow-up, in our case, showed a reappearance of the bronchial casts at 6 months secondary to fenestration's restenosis and a second relapse at 18 months, triggered by an airway tract infection. The long-term relapse of the symptoms by surgical or interventional TD decompression is still uncertain. More efforts are needed to better diagnose and stratify the patients and identify those likely to achieve good long-term outcomes without symptom relapse.



5 Conclusion

Although the modified fenestration from the innominate vein to the RA was not intended for this purpose, it offers this new possibility of TD decompression without surgical procedures. This rescue intervention isolates the innominate vein from the Fontan circulation by decreasing the pressure of the TD. This procedure seems technically more accessible and probably safer than the ones already described in the literature and could be done in all types of native anatomy. For this type of intervention, further evaluations and extended follow-up are required to identify the patients likely to achieve good long-term outcomes without symptom relapse.
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Background: Venus P-valve™ (Venus Medtech, Hangzhou, China) is a self-expandable bioprosthetic valve that can be transcatheter-implanted in native right ventricular outflow tract (RVOT) patients. Valve implantation is technically challenging. Due to the implantation technique, left pulmonary artery (LPA) stents represent a relative contraindication to Venus P-valve. In this case series, we describe our experience in implanting Venus P-valve in patients with previous LPA stents and the use of holographic models to facilitate procedural planning.



Methods and results: From January to October 2023, 17 patients were scheduled for Venus P-Valve implantation. 16/17 (94%) patients were successfully implanted. 3/16 (18.7%) patients underwent Venus P-valve implantation with LPA stents. All patients underwent pre-operative CT scan. CT data set were employed to create three-dimensional (3D) holographic models (Artiness, Milan, Italy) of the entire heart, which were useful to plan valve implantation with a modified technique. Procedural success rate was 100%. No procedural complications occurred. All three patients presented good haemodynamic and angiographic results at discharge and follow-up visits.



Conclusion: This case-series underscores the feasibility of Venus P-valve implantation in patients with previous LPA stents. The use of holographic models facilitated procedural planning in these challenging anatomical scenarios.



KEYWORDS
mixed reality, holographic models, procedural planning, pulmonary valve, Venus P-valve, self-expandable valves, left pulmonary artery stents





Background

Pulmonary valve regurgitation (PR) is common in patients with congenital heart disease (CHD) (1). Severe PR and RVOT dilatation can compromise right ventricular hemodynamics by the imposition of a volume and pressure load (2, 3). With improved CDH survival (1), the complications related to right ventricular overload that result from PR have come to light, including arrythmias and right sided heart failure (3). Historically, these issues were managed through multiple surgical interventions, with increased risk of related morbidities and increased mortality (2, 4–6). Nowadays, transcatheter pulmonary valve implantation (TPVI) represents a valid therapeutic option (7). TPVI is minimally invasive compared to surgical pulmonary valve implantation and has been reported as a feasible procedure with successful implantation rates greater than 95% (5, 7). However, it can present challenges due to the anatomical variability of the RVOT and pulmonary artery (PA) (5, 8). Due to the variability in patient anatomy, TPVI requires 3-dimentional (3D) and personalised procedural planning. Patients usually undergo pre-operative computed tomography (CT) scan, and cardiac magnetic resonance (CMR). Recently, innovative rendering systems, such as Mixed Reality (MxR), have been introduced into the market, offering new visualization capabilities, and enhancing the 3D perception of rendered information (9). MxR exploits dedicated headsets overlaying virtual contents directly on the user field of view (e.g., Microsoft Hololens, Magic Leap), with a 3D stereoscopic projection replicating a holographic experience (10). In cardiovascular medicine, MxR technology creates stereoscopic images by combining the three-dimensional virtual model reconstructed from preoperative clinical images (3D echography, CT scan, CMR ± 4D flow), with a real-world surface, therefore enhancing the visualization and navigation of 3D anatomical structures with a patient-specific approach (11) (Figure 1).


[image: Figure 1]
FIGURE 1
Holography-guided pre-procedural planning.


TPVI is commonly performed in previously placed conduits with bioprosthetic valves of appropriate size (12). More recently, TPVI has been used for the treatment of the native patched RVOT, as devices that accommodate a larger dimension have become available (13). Self-expanding systems provide valve competence despite significant dilatation of the native RVOT (8). For this reason, self-expandable valves have been developed and recently tested internationally and in Europe (14). The Venus P-valve™ (Venus Medtech, Hangzhou, China) is a self-expandable bioprosthetic valve that was granted CE-Mark approval under EU MDR (2017/745) for treating patients with pulmonary regurgitation (PR) in the setting of native outflow tracts on April 8, 2022. It is available in two different designs; the straight design has been used for conduits, and the flared one is more appropriate for the treatment of the native RVOT previously repaired with transannular patches (14, 15). The flared Venus P-valve consists of a self-expanding nitinol frame and a tri-leaflet valve sutured to a scalloped skirt (Figure 2). The valve leaflets are made of porcine pericardium preserved in low-concentration solutions of buffered glutaraldehyde (15). The frame has proximal and distal flares to anchor the valve in the RVOT and PA bifurcation. The proximal flare is completely covered by pericardial tissue, whereas the distal flare is open to allow access into the PA branches. In newer valve generations, there are six radiopaque markers to identify the valve location during implantation. The diameters of the middle part range from 28 to 36 mm (within 2 mm increments). The device is available in two lengths, 25 and 30 mm. The Venus P-valve size must be appropriate to fit the patient's anatomy. It is recommended that the device's middle section diameter is 2–4 mm over size of the main pulmonary artery (MPA). The waist of the MPA is measured by the sizing balloon and the length is equal to or less than the distance from RVOT to PA bifurcation, as measured by fluoroscopy. However, pulmonary arteries have many configurations other than a uniform tubular shape. Therefore, the clinicians should make the final decision based on the anatomy of the patient, with 2–4 mm over sizing in mind for securing the valve implant and preventing peri-annular leak. The transcatheter implantation of the Venus P-valve involves the opening of the distal valve flare into one of the PA branches, usually the LPA but also the right pulmonary artery (RPA), to guarantee valve stability during and after the device deployment (15). For this reason, the presence of a previous LPA stent has been reported as a relative contraindication to Venus P-valve implantation (14).


[image: Figure 2]
FIGURE 2
IV generation of flared Venus P-valve™.




Aim and objectives

This case series aims to describe our experience of Venus P-valve implantation in patients with LPA stents and the use holographic models to facilitate procedural planning in these complex clinical cases.

The objective determinants related to the use of patient-specific holographic reconstructions for procedural planning in this patient population could be summarised as follows:


	1.Understanding the anatomical morphology of the heart structures

	2.Investigating the relationship between LPA, RPA, MPA and valve landing zone

	3.Gaining confidence in performing a high-risk procedure by simulating it on the virtual model





Methods

Monocentric retrospective clinical study approved by the ethics committee.


Patients

From January 2023 to October 2023, a total of 17 patients admitted to our centre were scheduled for Venus P-valve implantation, after discussion with the Venus Medtech specialist team. Out of the total 17 patients, 16 patients actually underwent Venus P-valve implantation, reaching a procedural feasibility of 94% (n = 16/17). One patient, who was initially classified as suitable, was assessed during cardiac catheterisation, and found not to be suitable for Venus P-valve implantation, because he had a cone-shaped RVOT, with a landing zone greater than 34 mm. According to the Venus P-valve instructions for use, a cone-shaped MPA may cause the valve to fall into the right ventricle. Procedural success in suitable patients was 100% (n = 16/16). No mortality or serious post-procedural complications were reported. Three patients (18.7%, n = 3/16) underwent Venus P-valve implantation with previous LPA stents and were selected for inclusion in this study (Graph 1). Two patients underwent LPA stenting and, after a few months, went back to the cardiac laboratory for Venus P-valve implantation; and one patient underwent LPA stenting and Venus P-valve implantation in the same procedure. The three patients were selected for inclusion according to the eligibility criteria displayed in Table 1. These criteria are based on the ESC guidelines for the management of adult congenital heart disease (ACHD) (16) and the Venus P-valve instructions for use.


TABLE 1 Eligibility criteria.
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GRAPH 1
Patient selection process. *All 17 patients were previously discussed with the Venus Medtech specialist team and considered suitable for Venus P valve implantation.




Patient demographics

The patient age range was 20–63 years old. Two patients were females, and one patient was a male. The patients' diagnoses were Tetralogy of Fallot (TOF) or Fallot-type double outlet right ventricle (DORV). The detailed pre-procedural patient characteristics are listed in Table 2. Patient 1 was diagnosed with TOF in neonatal age and underwent palliative treatment with left modified BT shunt when she was 19 months. Then, she was operated at 3 years old, undergoing ventricular septal defect (VSD) closure with dacron patch and RVOT reconstruction with transannular heterologous pericardial patch. Patient 2 had a diagnosis of Fallot-type DORV, we do not have any previous surgical records, but, on the basis of CT scan and CMR data, we supposed that his defect was corrected with transannular patch (TAP). Patient 3 was diagnosed with TOF and underwent correction with TAP at the age of 5 years old. All three patients presented with severe PR and significant LPA stenosis.


TABLE 2 Patient characteristics.
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Clinical evaluation/procedural planning

All included patients underwent pre-operative ECG-gated CT scan and CMR. The CT scan data sets of the three patients were analysed by the Venus Medtech team for RVOT dimension and shape, PA branches anatomy, and coronary position in relation to the landing zone. Consequently, a pre-procedural discussion and planning was performed, as it is normally done for all patients scheduled for Venus P-valve implantation, in order to confirm procedure feasibility and anticipate intra-procedural risks. The three patients were considered suitable for Venus P-valve. However, all of them were categorized as “amber 2”, which is an alert for a high to moderate intra-procedural risk, because an unusual implantation manoeuvre was anticipated due to the presence of the LPA stents. Considering the anticipated difficulty of implantation, CT images were used to create three-dimensional (3D) holographic models (Artiness, Milan, Italy) of the entire heart with a focus on RVOT, PA anatomy, and coronary arteries. The CT segmentation for the holographic reconstruction was done by the bioengineers from Artiness. The holographic models were used for procedural planning by the interventional cardiologists who performed the procedure. During holography-guided procedural planning, dedicated headsets are used to visualize the holographic model of the patient's heart. The interventional cardiologist was then able to interact with the virtual heart, moving it and turning it around, to examine the anatomical structures from different perspectives. In particular, the PA branches and the previous LPA stents were observed in relation to the valve landing zone. The user was also able to use a virtual plan to create sections of the RVOT and take measurements when needed. Furthermore, starting from microCT data of a demo Venus P-valve provided by Medtech, the bioengineers of the 3D laboratory at our centre have created a library of holographic Venus P-valves in all their dimensions. This is useful because the interventional cardiologist can now simulate the implantation of the Venus P-valve of the appropriate size in the patient-specific holographic model, anticipating potential intra-procedural complications (Figure 3).


[image: Figure 3]
FIGURE 3
Patients’ holographic models and intra-operative angiograms.




Transcatheter procedure

Included patients were operated in the chronological order displayed in Graph 2. Patients 1 and 2 underwent LPA stenting and Venus P-valve implantation in different procedures, whereas for patient 3 this was done in the same procedure. The interventions took place in our cardiac catheter laboratory. All three patients underwent general anaesthesia and were operated via femoral access. 100 IU/kg heparin dose was administered with an additional heparin bolus when needed, maintaining ACT > 250 s throughout. Initially, a diagnostic angiographic catheter was used to take measurements of the RVOT, MPA and PA branches. At this point, the Venus P-valve of the appropriate size was selected. Then, an extra stiff guidewire (Lunderquist) was positioned distally into the RPA. A 26 Fr long/sheath (DrySeal GORE) was also advanced distally into to the RPA. The delivery system of the previously selected Venus P-valve was subsequently advanced into the long-sheath. The valve was deployed coming from the RPA but starting to open the distal valve flare into the MPA trunk, just below the LPA stent (Figure 4). This implantation technique avoided valve infolding, impingement, and dislocation. After valve deployment, stent patency was confirmed via pulmonary angiography. For patient 3, we placed, as planned, the LPA stent first and then we implanted the Venus P valve with the same modified technique used for patients 1 and 2.


[image: Figure 4]
FIGURE 4
Venus P-valve modified implantation technique. The valve was implanted coming from the RPA and flaring in the distal MPA, below the LPA stent.
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GRAPH 2
Procedure timeline.





Results


Clinical outcomes

All procedures were successful and good final haemodynamic and angiographic results were reported. In particular, a good and balanced flow across both PA branches was reported for all three patients. No procedural complications occurred. All three patients were discharged within 72 h from the procedure. The pre-discharge echocardiogram showed no residual transpulmonary gradient at Continuous Wave Doppler (CWD), with no residual pulmonary regurgitation (PR) and/or paravalvular leaks. All patients were discharged with dual antiplatelet therapy (aspirin 100 mg/day and clopidogrel 75 mg/day for 6 months). After 6 months, the pharmacological treatment was changed to aspirin only. One of the patients (patient 3) underwent CT scan due to chest pain the day after the procedure. The CT scan showed no PA dissection, embolism, or effusion secondary to LPA stenting or TPVI. The patient's symptoms were responsive to nonsteroidal anti-inflammatory drugs (NSAIDs) and the pain disappeared after 48 h.



Follow-up

All patients who undergo TPVI in our centre, undertake several follow-up visits, at 1 month, 6 months, and 12 months. Therefore, all three included patients followed the same clinical pathway. In particular, the 1-month follow-up visit included clinical examination, echocardiography, Holter ECG, and fluoroscopy, in order to exclude stent frame fractures and/or valve or stent dislocation. No patients presented complications at the 1-month follow-up visit. Furthermore, 6 months after the procedure, all patients underwent clinical examination, echocardiogram, Holter ECG, and CT scan. The Holter ECG showed no significant arrhythmias, and positive clinical outcomes were reported by clinical and ultrasound evaluation for all three patients. Moreover, the CT scan at 6 months confirmed the positive procedural outcomes for all three patients. Finally, all patients will undertake a 12-month follow up visit, when they will repeat clinical evaluation, echocardiography, and Holter ECG. Additionally, CMR will also be performed at 12 months.




Discussion

The aim of this case series was to describe Venus P-valve implantation in patients with LPA stents and the use of holographic models to facilitate procedural planning in this patient population. We have included in this case series three patients with previously repaired native RVOT, who were suitable for Venus P-valve implantation, and presented severe LPA stenosis or previous LPA stents. The reported frequency of PA abnormalities in patients with TOF is high (18.92%) and the commonest PA abnormality is isolated LPA stenosis (10.4%) (17). In our series of patients who were suitable for Venus P-valve implantation, the patients with LPA stenosis or previous LPA stents were 18.7% (n = 3/16) of the total. For the first two patients, we decided to perform two separate procedures, the first one for LPA stenting, and the second one for Venus P-valve implantation, because we were at the beginning of our experience with Venus P-valve in this patient cohort. After gaining confidence with the modified implantation technique, we decided to perform both interventions in the same procedure because we believe that this has the potential to reduce intra-procedural adverse events, such as the exposure to general anaesthesia, radiations, and contrast. For patient 3, we placed the LPA stent first and then we implanted the Venus P valve with the same modified technique used for patients 1 and 2. The reason why we decided to proceed in this order, is that we believe that manipulating long sheets inside the valve just after implantation can be compromise valve stability, therefore increasing the risk of valve dislocation and related complications. Venus P-valve implantation was successful in all three patients with no procedural complications and good post-procedural clinical outcomes, confirmed at follow-up visits. To our knowledge, there are no other cases described in the literature in which the flared Venus P-valve was implanted with pre-stented or after stenting the LPA. Sivakumar et al. (14) reported modifications of the flared Venus P-valve implantation technique in patients with narrow LPA. In particular, LPA stenosis in three patients was managed with RPA deployment in two patients and balloon-assisted deployment in one patient (14). These results supported the hypothesis that a narrow LPA should not be considered as an absolute contraindication for Venus P-valve. Our case series, not only agrees with this finding, but also demonstrates that even a previous LPA stent can be overcome with careful procedural planning and appropriate implantation technique modifications. In particular, 3D and personalised planning, including the use of holographic models, may have facilitated procedural planning in these complex clinical cases. This is a promising result for a new technology, such as MxR. A recent review on augmented reality (AR) and MxR for healthcare education reported several healthcare educational benefits of both AR and MxR, significantly outperforming traditional learning approaches (18). In particular, AR and MxR were claimed to significantly improve the learning process in all or in the majority of outcome measures, such as the acquisition of anatomy knowledge (18). In a recent study, MxR was evaluated as an effective and engaging tool for undergraduate students learning the anatomy of complex congenital heart disease (CHD) (19). Even if some students complained that the devices were difficult to use, especially at first attempt, they generally agreed that the immersive experience helped them understand the anatomy of the heart structures (19). 3D physical and holographic models have been also used for patient and family education (20). Biglino et al. (21) demonstrated the benefit of patient-specific 3D printed models in the realm of doctor-patient communication, in a group of parents of children with congenital heart disease (CHD). Given the complexity of repaired CHD, a real replica of the area of interest is helpful for the parents to better understand, manipulate, and visualize the anatomical structures, including a specific area that the cardiologist is describing, and what the repair has been or what it will entail (21). Overall, both 3D-printed models and holographic models seem to have the potential to provide significant benefits, including education, training, and improved procedural planning of complex procedures (9, 22). When it comes to procedural planning, the benefits related to the use of holographic models are still to be demonstrated. However, in our experience, it was particularly useful to be able to use personalised holographic heart models, when planning a challenging procedure, such as the Venus P-valve implantation in patients with LPA stents. We achieved this “navigating” inside the anatomical structures of the virtual heart, in order to understand the relationship between the origin of the RPA, the origin of the stented/stenotic LPA, and the MPA trunk. In particular, this helped us understanding how to accommodate a self-expandable valve with a large distal flare, such as the Venus P-valve, without interfering with the LPA stent. In fact, when accomplishing the transcatheter implantation of the Venus P-valve, it is particularly important to consider the length between the pulmonary bifurcation and the pulmonary valve anulus. The possible risks related to the transcatheter implantation of an auto-expandable valve, such as the Venus P-valve, in the presence of a LPA stent, include stent dislocation and/or valve impingement in the stent itself. These complications could compromise the success of the procedure. We think that we were able to reduce intra-procedural risks by planning the procedure using patient-specific holographic models. Doing so, have enhanced the perception of the real spatial relationship between the LPA stent and the potential valve landing zone. Finally, our virtual library of Venus P-valves was useful to simulate the implantation of the Venus P-valve of the desired size in the patient-specific virtual RVOT.


Strengths and limitations

This study has several strengths and limitations, and the authors believe that it is important to discuss them in relation to the study findings. First of all, we are aware that the study design that we have adopted presents several weaknesses, including the intrinsic risk of patient selection bias, reporting bias, and confounding variables. Furthermore, low generalizability and limited statistical power are inevitable given the small sample size. However, we presented very complex and rare clinical cases, which have never been described in larger studies before. The exploratory insight and the retrospective nature of the study of the study gave us an opportunity to reflect on the real-world clinical practice, offering an insight into how interventions are performed outside of a controlled research setting. This has provided valuable information about the feasibility of interventions in routine clinical care. Moreover, in this case series, we described a pioneer technology, MxR, and its role as procedural planning tool. We believe that the use of holographic models for procedural planning has the potential to reduce procedural time and intra-operative complications. However, to date, the role of pre-procedural planning tools remains limited. Even if the use of MxR can support the interventional cardiologist when studying a complex case, the intra-procedural assessment of tissue characteristics (distensibility of RVOT checked with balloon exploration) and the angiographic RVOT measurements remain central in the decision-making process. Furthermore, the interventional cardiologist's previous experience and confidence may influence patients' outcomes.




Conclusion

It can be concluded that LPA stenting should not be considered as an absolute contraindication for Venus P-valve implantation in native RVOT patients. Careful patient selection and procedural planning are mandatory. Furthermore, the use of holographic models may support procedural panning and technique adaptation in this complex patient population. Additional studies are necessary to further investigate the role of MxR in procedural planning of complex procedures in the field of CHD.
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The past five years have yielded impressive advancements in fully absorbable metal stent technology. The desired ultimate ability for such devices to treat a vascular stenosis without long-term device-related complications or impeding future treatment continues to evoke excitement in clinicians and engineers alike. Nowhere is the need for fully absorbable metal stents greater than in patients experiencing vascular anomalies associated with congenital heart disease (CHD). Perhaps not surprisingly, commercially available absorbable metal stents have been implanted in pediatric cardiology patients with conditions ranging from pulmonary artery and vein stenosis to coarctation of the aorta and conduit/shunt reconstructions. Despite frequent short term procedural success, device performance has missed the mark with the commercially available devices not achieving degradation benchmarks for given applications. In this review we first provide a general overview detailing the theory of absorbable metal stents, and then review recent clinical use in CHD patients since the release of current-generation absorbable metal stents around 2019. We also discuss the challenges and our center's experience associated with the use of absorbable metal stents in this pediatric population. Lastly, we present potential directions for future engineering endeavors to mitigate existing challenges.
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1 Introduction

Historically, the origin of pediatric devices has stemmed from the success of such devices for adult patient populations. The development of absorbable metal stents for use in pediatric cardiology is currently on a similar trajectory. Engineering a fully absorbable stent for this purpose is an attractive endeavor, which could potentially rectify long term challenges associated with the use of permanent metal stents in treating congenital cardiovascular diseases. These challenges include aggressive restenosis rates for some conditions, challenges during reintervention and accommodating somatic vessel growth (1, 2). Staged use of fully absorbable stents throughout the pediatric vascular tree could be realized in the future, however minimal industry effort has been focused on engineering such stents for pediatric applications (2), which is one of the purposes of this review as discussed in more detail below.

A fully absorbable stent for use in coronary artery treatments has been regarded among recent revolutionary technology in interventional cardiology (3), beginning with the introduction and first clinical use of the coronary poly-l-lactic acid (PLLA) based Igaki-Tamai stent in the early 2000's (4, 5). Clinical trials of an absorbable polymer stent followed with the emergence of Abbot's PLLA backbone/poly (D-L-lactide) (PDLLA) everolimus releasing Bioresorbable Vascular Scaffold (BVS) (6), but the stent was removed from the market after U.S. Federal Drug Administration (FDA) approval due to mounting evidence of device oriented thrombosis in 2017 (3). This issue was predominately due to the large strut size of the polymer BVS and malapposition, greatly affecting endothelialization and subsequent thromboresistance of the stent.

Absorbable metal stents were under investigation around the timeframe of 1st generation absorbable polymer stents (7, 8), but also suffered from shortcomings such as too rapid or slow degradation. Despite these initial challenges, the first off label clinical use of a 3 mm Absorbable Metal Stent (AMS, Biotronik, 90% Mg and 10% rare earth elements) was performed by Zartner et al. in 2005 to treat an inadvertent ligation of the left pulmonary artery in a preterm infant (7, 9). The authors reported circumferential stability for up to 4 weeks, a slight increase in vessel diameter at 5 months demonstrating some vessel growth, and minimal changes within the vessel wall after full degradation (7, 9). In 2006, Schranz et al. implanted the AMS stent for treatment of re-coarctation of the aorta in a 3 week old patient, who then required a larger AMS stent (4 mm) after just 3 weeks due to rapid degradation of the first AMS stent that had been implanted (10). Since these studies, substantial engineering advancements have been made regarding materials and optimizing stent design. In this review we first provide a general overview detailing the theory of absorbable metal stents, and recent clinical use in congenital heart disease (CHD) since the release of current-generation absorbable metal stents around 2019. We also discuss the challenges associated with the use of absorbable metal stents in this pediatric population and potential directions for future engineering endeavors.



2 Mechanical behavior and benefits of absorbable metal stents

Stents for cardiovascular applications have generally utilized self-expanding or balloon-expandable deployment mechanisms. Self-expanding stents are made of materials that allow for intrinsic expansion upon removal of a diameter-limiting sheath once they are tracked to a stenosis within the vasculature. In contrast, (as the name implies) the material properties of balloon-expandable stents require controlled plastic deformation of stent linkages via an underlying angioplasty balloon according to pressures and diameters usually provided for reference in an associated compliance table. While there have been some applications of devices leveraging self-expanding material properties (e.g., septal occluders), vascular stenoses presenting in pediatric cardiology usually require stents capable of high radial strength, which is an inherent limitation with self-expanding stents. For example, the prevailing causal hypothesis surrounding coarctation of the aorta (CoA) is based on histology showing that tissue with features similar to the ductus arteriosus also exists near the coarctation, suggesting CoA may be created during closure of the ductus arteriosus in the first week of life (11, 12). This ductal tissue has a pronounced contractile phenotype (13), necessitating balloon-expandable stents with high radial strength to expand the coarctation region.

Desirable material design features of balloon expandable stents include low yield stress to allow for significant plastic deformation and subsequently increasing strength (work hardening) at manageable balloon pressures, high ductility to be able to withstand large deformations from their crimped dimension to the implantation diameter, and a steep strain hardening rate for strength during expansion. These properties can be adjusted using different metal alloys as discussed below, changing the strut thickness, and applying thermal treatment methods such as annealing. The preferred material characteristics for traditional bare metal stents are also critical for the acute success of absorbable metal stents, but consideration of additional factors describe below relative to a given clinical application are also necessary and further complicate the process.

While there are research groups focused on developing and modeling custom polymer-based stents for use in CHD with some success to date (14–16), they are only briefly discussed here since their low radial strength and large strut thicknesses limit applicability for most vascular anomalies in pediatric cardiology. Mechanical challenges associated with polymers for use as balloon expandable stents include creep susceptibility at body temperature, low stiffness, and relatively low degradation times with a high propensity for inflammatory reactions towards degradation products (17). Metals and polymers differ greatly in all aspects of material properties including mechanical behavior, biocompatibility, and degradation mechanism. Metals significantly increase in strength as they are plastically deformed as mentioned above and have orders of magnitude increase in strength and stiffness values compared to polymers, which allows for less recoil upon expansion and more exerted radial force per volumetric unit of material. These properties alone allow for easier application of metals in balloon expandable designs. Absorbable metal materials are often comprised as alloys consisting of multiple metal elements to augment the properties of a particular base material. Metals possess inherently large material design spaces, allowing for complex alloy designs to manipulate material properties as needed for a given application when design criteria are known. The three most well studied absorbable metal materials are based on magnesium (Mg), iron (Fe), and zinc (Zn), which have all been extensively alloyed within the past 15 years to achieve appropriate degradation and mechanical benchmarks (18–21). Molybdenum (Mo) was recently introduced as a candidate material but is still in its infancy regarding clinical application (22, 23). To date, it is likely that hundreds of iterations of absorbable metal alloys have been fabricated, although only a fraction of these materials will contain the appropriate mix of mechanical and corrosion properties required for stents to be successful in pathologic vascular stenosis where high radial strength with a low strut thickness are required (20). While the radiopacity of absorbable metals is generally greater than polymers (24) allowing easier clinical visualization using x-ray and magnetic based imaging modalities, it is still lower than conventional permanent implants (25). Hence, some strategies to improve the radiopacity of absorbable metals have been developed and others are currently under investigation (26). This includes incorporating silicon covered tantalum or platinum markers at the proximal and distal ends of an otherwise radiolucent stent (27, 28).


2.1 Absorbable metal stents for acquired cardiovascular disease

Researchers and companies have been successful in developing absorbable metal materials capable of clinical use for the treatment of acquired cardiovascular diseases in adults. Biotronik initially pioneered the development of the bare metal rectangular strut (80 µm × 165 µm) AMS (29) for treatment of chronic limb ischemia (30), which was implanted in the previously mentioned CHD case by Zartner et al (7). The second-generation Mg alloy based Biotronik stent, marketed as the DREAMS 1G stent, featured reduced degradation, and improved more square strut geometry(130 µm × 120 µm) (29) coupled with a paclitaxel eluting poly lactic-co-glycolic acid (PLGA) coating. Refinements in strut design by using a 6 crown 2- link platform (150 µm × 140 µm) (27) and a new sirolimus releasing poly-L-lactic acid (PLLA) drug eluting coating, 70% of which is eluted within 90 days (27), were made with DREAMS 2G (31) and the product was remarketed as Magmaris (32). Biotronik's third generation (3G) generation DREAMS 3G stent features a new alloy backbone, comprising of a Mg-aluminum (Al) alloy and a lower strut thickness (99 µm–147 µm at nominal diameters of 2.5 mm and 4.0 mm respectively) (33–35). A randomized control trial involving ∼2,000 patients is expected to start in 2024 for DREAMS 3G following the stent recently receiving CE mark in Europe and being marketed as Freesolve.

Historically, Fe was a non-tractable material for absorbable stents due to its slow corrosion rate. However, Fe has gained clinical utility recently in the form of the nitrided Fe-based coronary scaffold (IBS) by Lifetech Scientific (Shenzhen, China) (36, 37). The stent applies a sirolimus eluting poly-d, l-lactic acid (PDLLA) coating with a Zn buffer layer to accelerate corrosion through acidification of the microenvironment via PDLLA hydrolysis. The corrosion rate is further increased by nitriding the pure Fe base material and using ultra-thin 53 µm and 70 µm strut thicknesses, making IBS the thinnest strut sized absorbable metal stent to date (38). With these advancements, balloon expandable Fe stents in the clinic have been able to achieve scaffolding times of ∼18 months and full absorption within 2–3 years in adult coronary arteries, which is substantially shorter than prior attempts with iron stents (8, 39). Zn was initially introduced in 2013 (40), and since then extensive alloying and development has taken place for this class of materials to increase mechanical stability under complex dynamic loading (20, 41, 42). So far, Biotronik and Lifetech stents have been applied throughout the arterial tree clinically in adults (coronary, femoral, iliac), and in complex pediatric cardiology applications discussed later in this review.



2.2 Corrosion mechanisms of absorbable metal materials and vascular pathophysiology

There are substantial differences between absorbable polymer and metal materials in their mechanism of degradation (corrosion for metals). Unlike polymers that degrade primarily through hydrolysis of esters linkages (43), absorbable metals degrade via the micro galvanic coupling of a local anode and local cathode, which usually begins at the surface (18). Polymer degradation, such as the hydrolysis of PLGA, can be controlled by manipulating the ratio of hydrophilic glycolic acid vs. hydrophobic lactic acid. The mechanism of metal degradation is inherently more complex than that of polymers, and subsequently more difficult to control (44). In sequential order (1) the local anode (more reactive: typically, the metal matrix, dislocations, grain boundaries etc.) couples with local cathodes (more noble: intermetallic particles, secondary phases) to form a galvanic cell, resulting in oxidation of the metal into its cationic species (MX+), and reduction at the cathode to ultimately produce H2 gas and/or OH− ions. (2) Cascading reactions involving ions released from the interface produce initial corrosion products [e.g., Mx−Oy, M−(OH)x] forming a semi-protective (passivating) corrosion layer at the surface. (3) This film changes over time due to thermodynamic instability of the product, diffusion of corrosive molecules, fluctuating product concentration, and biotransport processes (21). Terminal late-stage corrosion products generally include ions derived from the physiological environment and are more stable than their precursors, usually manifesting as metal substituted apatite and other Ca/P based products, which have been observed at long time points within the strut footprint of Mg and Fe stents experimentally. Intermetallic particles in the metal which originally act as cathode sites, will also be released into the interfacial environment and likely not degrade, although they can be phagocytosed by macrophages at the implant interface. When compared with Mg, Zn and Fe based materials can consume high amounts of local O2 which can create hypoxic areas near the interface of the material and produces voluminous physiologically insoluble oxides at the interface. Due to the complexities of metal degradation progression, multiple factors can directly contribute to the overall degradation rate seen clinically. These factors can range from location of implantation, available molecular oxygen, diffusion characteristics, pH, and mechanical deformation, which can also impact vascular inflammation and pathophysiology.

Vascular cells are exposed to a fluctuating microenvironment during the corrosion process, which can result in resident cell toxicity and innate immune responses due to high amounts of metal ions and pH disturbances. To the authors knowledge, no T cell-based metal hypersensitivity responses have been reported for the use of absorbable metals, most likely due to the fact that most absorbable metal alloys due not include the immunogenic metal haptens such as Ni2+, Co2+, and Cr3+ (45). When considering the main metal ions eluted from absorbable metals, Mg2+, Fe2+/Fe3+ and Zn2+ have all shown dose dependent cytotoxicity to resident vascular cells, which generally follows trends of the recommended daily intake of the metals (e.g., cytotoxicity of Zn2+ > Fe2+/Fe3+ > Mg2+, with Mg generally being the least toxic in high doses and most tolerated (44). Interestingly, multiple groups have reported vascular cell specific responses towards these metal ions. An example is the highly bioactive Zn2+ cation which has been shown to be involved in multiple cellular processes, with 10% of the human genome estimated to encode Zn proteins (46). Evidence has indicated that endothelial cells can tolerate higher concentrations of Zn2+ ions without toxicity when compared to smooth muscle cells (47), which experience caspase dependent apoptotic death upon Zn2+ exposure (48). A growing body of evidence supports the notion that Zn2+ material biocompatibility can be regulated via corrosion rate, surface features, and microstructural manipulations (20, 42, 49–52). Smooth muscle cell Zn2+ based suppression could be responsible for the initially favorable neointimal response of pure Zn2+ biomaterials, however chronic macrophage-based inflammation towards some multielement Zn alloys (e.g., Ag, Mn, Zr, Cu additions) still occurs, and should be further explored (53).

The removal of corrosion byproducts from the implant site is critical for inflammatory resolution and tissue regeneration within the original stent strut footprint. Soluble ionic products can be removed from the implant site via cellular uptake/metabolism, binding of the metals to extracellular components such as structural or soluble proteins, or general diffusion within the interstitial fluid until a subsequent binding event. It is generally hypothesized that macrophage based inflammation is required for the implant site clearance of insoluble corrosion products from absorbable metals via phagocytosis (20, 21, 49). Early evidence demonstrated that insoluble products generated by absorbable metals can be phagocytosed by macrophages and cleared via lymphatic drainage. This was initially seen by Peuster et al. in 2006 with an Fe stent implanted in a porcine aorta (8) and confirmed as a mode of implant site clearance for nitrided Fe stents (54), although the product can still remain for years. Whether significant macrophage-based inflammation during the corrosion phase increases neointimal area, and as a result, decreases luminal patency needs to be thoroughly explored and decoupled from the lumen loss experienced due to diminished outward radial force during absorption (20). More studies are also needed to properly describe the inflammatory potential of the variety of corrosion products produced during metallic degradation, and their relationship to neointimal tissue progression.

Fragmentation of absorbable stents can occur in cases of implantation where the stent is malapposed or extends into a branch where it is not fully covered with neointimal tissue. One animal study examined the fracturing behavior of Magmaris stents implanted in aorto-iliac bifurcations in rabbits, where single and double strut fractures were observed (55). In another small pilot study, Magmaris stents were used in bifurcated coronary lesions (56). Although no serious clinical effects were observed, stent fragmentation was observed in 3 cases and the study was halted prematurely. Future studies may characterize and then disseminate guidance related to ostia/overhang that absorbable metal stents can experience without significant fragmentation-related events, although this will also likely be highly dependent on corrosion rates.



2.3 Factors that influence the corrosion rate of absorbable metals

Controlling the corrosion of metals is one of the primary engineering hurdles related to the class of materials. Absorbable metal development has historically focused on decreasing Mg's naturally fast corrosion rate, increasing Fe's naturally slow corrosion rate, and mitigating the unstable mechanical properties of Zn, all while maintaining biocompatibility. The principal routes of controlling degradation rates are through alloying and surface treatments, although the base materials possess specific corrosion properties (Figure 1). The most critical factor in determining the degradation rate is the base material selection/alloy, as degradation rates follow the galvanic series reactivity of each metal (Mg > Zn > Fe) (18). A combination of tiers usually yields good control of degradation.
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FIGURE 1
Schematic denoting the tiers that determine the corrosion rate for absorbable metal materials as discussed in the associated text. Created with BioRender.com.


For example, IBS stent is made of Fe, which inherently possess a very slow degradation rate, and without substantial modifications can take multiple years to fully corrode (8, 38). The IBS stent uses plasma implanted nitrogen onto the pure Fe to increase base material degradation in Tier 1. In Tier 2, IBS stents are designed with some of the thinnest absorbable metal strut sizes to date, which increases the surface-volume ratio. Next, an acidic PDLLA coating is applied which accelerates Fe corrosion due to the lowered pH. Secondary to this, a sacrificial electrodeposited Zn layer is placed between the Fe and PDLLA, which allows for the tunability of the corrosion rate through controlling the Zn layer thickness, and ultimately buffers the aggressive action of the degrading PDLLA coating. It is noted that in Tier 3, coatings can be used to reduce or increase degradation rates. Contrary to Fe, coatings on Mg stents allows for a reduction in corrosion rate due to a barrier effect limiting diffusion of water and other corrosive ions to the surface.

Upon use of an absorbable metal material in its resulting application, researchers have documented changes in degradation rate depending on location of implantation and mechanical/fluidic implications. Stent-induced mechanical stimuli should therefore also be considered among the factors that influence the corrosion rate of absorbable metals. For example, residual wall stress (RWS) and wall shear stress (WSS; the frictional force on a vessel from blood flow) are two mechanical stimuli commonly implicated in restenosis after stenting. RWS depends on the material properties of the stent and expansion during implantation, which also impacts vascular injury (57). For example, platelets, leukocytes and RWS after stenting depend on the stent-to-vessel deployment ratio (58). Plastic deformation is well known to accelerate Mg, Fe, and Zn degradation, as the increase in crystal defects can act as local anodes, increasing the overall corrosion activity (59–61). Additionally, stress and fatigue corrosion are a significant mechanical-corrosion mechanism in the failure of absorbable metals (62–64) and intrinsically linked to stent deployment in vivo. Stenting also alters vascular geometry that, although alleviating an associated stenosis, may result in adverse WSS as a result of overall stent geometry that correlates with sites of restenosis (65). Local WSS, which is largely driven by overall stent design and strut thickness (66, 67), has been repeatedly shown to influence the corrosion progression of absorbable metals (68, 69). It is well documented that absorbable metals used in bone of the same alloy type degrade much slower when compared to vascular applications. This is largely attributed to the comparative reduction in molecular diffusion in bone vs. arteries, and fluctuating availability of molecular O2.




3 Potential benefits for absorbable metals in pediatric cardiology

The potential of a fully absorbable metal stent offers several exciting clinical benefits for anomalies commonly presenting in pediatric cardiology patients. There are few stents currently available that can be safely implanted in a small infant or in some older children (usually limited by the blood vessel/sheath size and the available stent lengths) and can be expanded to a full adult size in that patient without having to subsequently impair the structural integrity of the stent through fracturing. It is a relatively common clinical practice for pediatric interventional cardiologists to select permanent metal stents for the treatment of conditions such as CoA, branch pulmonary artery stenosis, pulmonary vein stenosis, and others so that they can be re-expanded as the child becomes older and the adjacent vasculature grows. This often means using a slightly larger stent that is underexpanded relative to the nominal dimension upon initial implantation. Importantly, much of the premarket testing conducted for commercially available stents is performed relative to the nominal dimension, so there is less data on foreshortening, blood flow disturbances, recoil, radial strength, and related metrics for underexpanded stents. Alternatively, the pediatric interventional cardiologist often overexpands bare metal stents beyond their nominal diameter to maintain their functionality as the child grows. This often leads to significant stent foreshortening, radial strength weakening and even stent failure. At times, stents cannot be expanded to an appropriate diameter as a child grows and surgical removal or incision and patch plasty is necessary. We view this need for clinicians to improvise as a limitation in the tools available, as discussed more in the final section. As compared to these potential shortcomings with permanent metal stents, fully absorbable metal stents should, in theory, allow for somatic growth. Studies also suggest repeat expansion and localized strut fracture via angioplasty balloons may also be possible as has been conducted with permanent metal stents for years (70).

Studies employing Magmaris for the treatment of coronary artery lesions in adults suggest vasomotion may be restored after device corrosion, with responses to endothelial and non-endothelial derived agents continually improving at 6 and 12 months as recounted in a recent review (27, 31). Even if normal vasomotion is not restored after absorption, the absence of an intact stent at that point should at least allow for staged expansion to the next necessary diameter. Fully absorbable metal stents should also limit the need for extended antiplatelet therapy, provide more options for re-intervention from surgical or interventional perspectives without restrictions including extensive residual metal linkages that are present with permanent stents and allow for short term vessel patency when desired. Studies reviewed below suggest that while radial strength, scaffolding and deliverability are favorable with current absorbable metal stents, there is a need to further tailor material properties to balance radial strength and degradation rates according to the biology and mechanisms of restenosis for each application in pediatric cardiology for which stents are thought to offer a clinical benefit.



4 Clinical experience of absorbable metals in pediatric cardiology cases

The ongoing development of absorbable metal stents over the last 2 decades has led to their market maturity, predominately in China and Germany. Multiple clinical research groups have implanted commercially available absorbable metal stents for a variety pediatric cardiovascular anomalies (Table 1; Figure 2). Biotyx has produced initial pediatric sized absorbable metal stents based on the scientific premise of the IBS, termed the IBS Angel, under a spin-off company called Biotyx Medical (Shenzhen) Co., Ltd. A Zn based stent has recently been given device exemption for use in pediatric cases of native aortic coarctation (ZeBRa, PediaStent LLC). In this section, we will discuss the recent use of commercially available absorbable metal stents in various pediatric cases. We focus on recent platforms, with these implantations primarily being performed using the IBS Angel and Magmaris since there are no data on the use of Freesolve or ZeBRa with pediatric cardiology patients to date. It should be noted that none of the bioabsorbable stents discussed below are approved for use in the U.S. to date and therefore require applications to the FDA for implantation under compassionate use. It is also required to have an institutional review board application approved with consent prior to the devices being brought into the U.S. for use. Such applications can take 30–90 days before approval. An alternative approach is possible via emergency use in limited situations. Nonetheless, it is recommended to follow regulatory guidelines for the country of use.


TABLE 1 Summary of clinical uses of absorbable metal stents in pediatric cardiology since 2019.
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FIGURE 2
Absorbable metal stents discussed in the current review. Adapted and used with permission where applicable (72, 76–78).



4.1 IBS Angel

Upon review of the literature, we found a total of 20 patients who had IBS Angel stents implanted at a range of diameters and lengths described in Table 1. The IBS Angel is a specialized stent for pediatric applications, which does not possess a drug eluting coating. Critically, it appears the main differences between IBS and IBS angel are the dimensions offered, which can range from 4 mm to 10 mm in diameter and 8 mm to 38 mm in length. Bjorkman et al. explored the overexpansion ability of a variety of IBS Angel stents on the benchtop in vitro. They did not notice fragments upon stent rupture, however longer stents tended to fracture into independent pieces (70). They also reported that use in patients with pulmonary vein stenosis and right ventricular outflow tract obstruction has begun, although no further updates have been provided (70).

Two main studies investigated the IBS Angel for applications in pediatric cardiology. Sun et al. implanted the IBS stents in 11 cases of pulmonary artery stenosis (72). They found that there were no significant major cardiovascular events related to implantation, and small acute improvements in right ventricular systolic and diastolic function were observed after implantation. The authors describe the outcomes at a 3 month follow up time, and report encouraging results including no stent thrombosis, displacement, or severe restenosis. Corrosion data were not presented, but the authors mentioned that most stents were still intact and present at 3 months.

Mood et al. implanted IBS Angel stents in 9 neonates for short term palliation of patent ductus arteriosis (73). They report no major stent related complications during implantation. They found that at 6 month follow up, 4 stents were blocked and 4 were patent. One patient underwent restenting at 4 months due to restrictive flow. They report some corrosion via micro-CT (Figure 3) for 3 patients, with 65% volume loss at 16 months. Infiltrating macrophages were seen via histopathology near the struts phagocytosing stent particles, and progressive smooth muscle cell proliferation and matrix secretion were observed at the longer time points. The stents were not able to completely match the lengths required in two patients, resulting in overhang into the pulmonary artery. The authors observed small embolized stent segments to distal pulmonary artery branches (Figure 3). Fortunately these findings were without adverse clinical manifestations such as reduction in distal flow to the regions of embolized fragments.
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FIGURE 3
Figure adapted with permission from reference (73). (A–C) Show micro CT scans from stent materials explanted from three patients at 6 months (A) and 16 months (A,C). At 6 months, macrophages with hemosiderin in the cells are seen near the strut (D) At 16 months, the authors report the tissue repair was resolved without necrocytosis (E,F). (G) Shows embolized stent fragments to the right pulmonary artery (broken arrow) compared to the original implanted stent (solid arrow). (H) Right ventricular angiogram showing that flow is not compromised where the stent material was embolized. (I) Shows that the right atrium is not enlarged and there is no more septal bulge toward the left atrium, post right ventricle overhaul and right ventricular outflow tract reconstruction.




4.2 Magmaris

Biotronik's series of Mg based bioabsorbable coronary stents have been associated with the most human clinical data to date in terms of absorbable metal stents. According to clinical trials in adult coronary arteries (31), they report a proportional degradation of its backbone at 40% after 3 months and 95% after 1 year. Magmaris (DREAMS 2G) has also been used for implantation into children with congenital cardiovascular diseases. In 2019, Sallmon et al. implanted a Magmaris stent to bridge a 1,980 g infant with multiple vascular malformations to surgery for native CoA (75). While the stent was generally successful for this purpose, there were complications directly attributed to the rapid degradation. The team observed significant early restenosis at 21 days (Figure 4).
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FIGURE 4
Adapted with permission from reference (75). Restenosis of the Magmaris scaffold 21 days after prior implantation for native coarctation of the aorta (A), and after balloon dilatation (B) Maverick 4.0 × 20 mm, 8 bar and Maverick 4.5 × 20 mm 6 bar). Re-intervention led to a reduction in the blood pressure gradient from 48 to 18 mmHg with a minimal diameter of 3.2 mm.


Importantly, the authors report that no radial force was detectable upon reintervention, suggesting complete loss of mechanical integrity. Rapid resorption (within 2 weeks) has also been implicated in a case report with this stent following loss of radial force and collapse of the left pulmonary artery in a newborn after the Norwood procedure (71). Zartner et al. reports similar early loss in mechanical integrity for the Magmaris stent in pediatric cardiology patients with a range of conditions including primary and secondary pulmonary vein stenosis, stenotic aortopulmonary collateral arteries in pulmonary atresia, anomalous drainage of a pulmonary vein, recurrent thrombosis of the innominate vein tetralogy of Fallot, and to improve the angulation of a BT shunt at the brachiocephalic trunk (74). Overall, they implanted fifteen 3.5 mm stents in 9 children. The stents lost integrity between 30 and 48 days. They report that even though degradation was rapid, vessel growth or further interventions were not inhibited by the presence of the Magmaris stent.




5 Use of drug eluting coatings on absorbable metal platforms

For the studies outlined in this review, there was a mix of stents that were manufactured with or without drug eluting coatings. The IBS Angel stents used in both studies in Table 1 were prepared without drug eluting coatings. Conversely, the Magmaris stents possessed PLLA/sirolimus releasing coatings. Sallmon et al. suggests that the circulating sirolimus concentration measured in their patient approached concerning levels (5 ng/ml) and cautioned future use of drug eluting absorbable platforms due to the potential of systemic immunosuppression (75). Haddad et al. observed an infection 1 week after Magmaris implantation, although systemic sirolimus levels were not measured and they presume the bacterial infection was probably not caused by systemic immunosuppression (71). On the other hand, Mood et al. postulates the potential benefit of a drug eluting layer to increase neointimal durability out to 6 months to help reduce the restenotic failure of the stented segments with IBS (73). Drug eluting stents for use in cases of pediatric pulmonary vein stenosis is now standard practice (79, 80), alongside post implementation of systemic sirolimus (81, 82). Whether absorbable metal stents should contain drug eluting coatings for pediatric use remains an open question, and it is likely that the risks and benefits of such a modification should be assessed on a case-by-case basis, however there is clear precedent set for the use of suppressive drugs such a sirolimus in aggressive cases of pediatric pulmonary vein stenosis.



6 Use of absorbable metal stents at our center


6.1 Case 1

A complex case of a single ventricle anatomy with pulmonary atresia and infradiaphragmatic total anomalous pulmonary venous return (TAPVR) s/p TAPVR repair, s/p PDA stent and subsequent bilateral PA banding with recurrent pulmonary venous stenosis and balloon dilation/stent interventions in a child under 6 months of age and just over 5 kg was presented by an interventional cardiologist at the Children's Wisconsin case conference, with the family and cardiology team seeking an alternative option to repeat surgical intervention. After discussion at case conference, it was agreed to attempt replicating the interventions of the team at Boston Children's Hospital where they described hybrid implantation of pulmonary vein stents with suturing the stent material into the pulmonary vein (83) which they felt resulted in improved vessel patency and reduced complications compared to catheter-based stent implantation. We intended to use bioresorbable IBS Angel stents. The IBS Angel stents used here were non-drug eluting stents. A compassionate use application and IRB review were approved and informed consent was subsequently obtained from the family. During open surgical augmentation of the pulmonary veins, 2 stents were trimmed in length (all available stents were too long), expanded to 8 mm and sutured in place at the native ostia of both the left and right common pulmonary veins.

A CT scan at 7 weeks post op was performed to better evaluate the pulmonary veins. At that point the stents were patent and appeared to be draining well (Figure 5). Clinical deterioration was noted at 9 weeks post stenting with higher gradients by echo assessment, and the patient subsequently entered the cath lab to find severe pulmonary vein stenosis distal to the IBS stents, which required re-stenting of both pulmonary veins using a bare metal stent. The patient had multiple reinterventions for repeated severe in-stent restenosis that were able to keep the bilateral stents patent out beyond 2 years of age (Figure 5). She never progressed beyond her stented PDA. Unfortunately, this patient succumbed to her disease around 2 years of age given no available options to treat her complex single ventricle disease and her not being a heart/lung transplant candidate when evaluated in the past.
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FIGURE 5
Images from a complex case undergoing implantation of multiple IBS Angel stents at our center (case 1). (A) Posterior view of 3D CT 7 weeks post stenting showing PDA stent, banded branch pulmonary arteries and IBS Angle stents (arrows) in the proximal right (RPV) and left pulmonary veins (LPV). (B) RPV 7 weeks post hybrid IBS Angel implantation, (C) RPV recurrent stenosis at 2 months (arrow), (D) RPV following implantation of a second stent at 2 months, and (E) RPV angiogram after serial reinterventions. (F) Axial CT of LPV 7 weeks post hybrid IBS Angel implantation, (G) LPV recurrent stenosis at 2 months (arrow), (H) LPV implantation of a second stent at 2 months, (I) LPV angiogram after serial reinterventions.




6.2 Case 2

In a second use of absorbable metal stents at our center, a 10 kg 8 month old infant with Tetralogy of Fallot who had undergone repair with a transannular patch of the right ventricular outflow tract (RVOT) presented with severe RVOT obstruction with a peak instantaneous gradient by echo of 80 mmHg. This case was presented at case conference and a decision was made to proceed with IBS Angel stent implantation for the RVOT, as the child was small and any traditional stent in the area would limit transcatheter valve implantation ability and would likely commit the child to surgical revision (84). Applications to FDA for compassionate use and local IRB were approved with informed consent subsequently obtained from the parent. The cardiac catheterization procedure was successful with the placement of two non-drug-eluting 10 mm × 18 mm IBS Angel stents reducing the catheter-based gradient from 60 to 8 mmHg (Figure 6). There was a mild to moderate PS gradient (peak echo gradient of 30–40 mmHg) until routine imaging was performed at 21 months post stent implantation, which revealed a peak instantaneous gradient of 73 mmHg. Given good RV function and mild hypertrophy with an asymptomatic child, follow-up was arranged for 6 months and repeat cath intervention is anticipated in the near future. The child now weighs 21 kg.
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FIGURE 6
Images from another use of absorbable metal stents at our center (case 2). (A) 3D rotational angiogram of RV outflow tract prior to intervention, (B) lateral angiogram following direct injection in RVOT prior to stenting, and (C) lateral angiogram post implantation of 2 IBS Angel stents.





7 Tailoring corrosion behavior for pediatric cardiology applications

A Cardiology Needs Survey from nearly a decade ago sought to define what pediatric interventional cardiologists felt were the greatest innovation needs for the field (85). Bioabsorbable stents for pulmonary artery stenosis and CoA topped the list of choices offered at the time. Additional survey details provide a starting point to tailor absorbable metal stents for these purposes. For example, most of those surveyed indicated a preference for diameters between 5 and 10 mm. However, there was also a clear desire for devices capable of reaching 20 mm. This is likely more applicable to CoA, where absorbable metal stents could palliate to adolescence and then a permanent metal stent with dimensions closer to adult aortic dimensions could be implanted as needed. Ultimately, the pediatric interventional field would benefit from a small diameter bioabsorbable stent for use in pulmonary arteries, aortas and pulmonary veins in infants and small children. An approximate mechanical durability of 12–36 months is likely warranted in most cases (besides ones where only short-term patency is desired), with the ability to either fracture or fully absorb to not impede the implantation of a larger sized bare metal stent.

Clinicians risk unpredictable failure when implanting bioabsorbable stents into biomechanically heterogenous environments for which they have not been previously tested, nor designed to withstand. Unfortunately, there are currently no definitive guidelines detailing the appropriate corrosion rate of absorbable metal stents for use in pediatric cardiology, but it can be generally argued that each anatomical location throughout the pediatric vascular tree will require different degradation parameters (e.g., pulmonary veins, pulmonary artery, aortic coarctation, ductus arteriosus). For example, moderate in stent restenosis (>50%) after 1 year has been reported as 37 ± 10% after stenting for pulmonary vein stenosis (86). Restenosis in such cases are likely due to underlying vascular pathology (87) and traditional stent-induced mechanisms of restenosis have been mitigated by augmenting stenting with the use of sirolimus (81, 82). In contrast, longer durability of the stent and serial reintervention for CoA is often required to accommodate growth of the child, with restenosis likely being of less consequence given the larger caliber of the aorta in adulthood (∼2.5 cm in diameter). Nonetheless, the authors recognize that this requirement likely changes on a case-by-case basis. To further complicate the matter, corrosion rate is usually referred to using two related, but different metrics, which can be presented as volume loss or loss of mechanical integrity. To simplify the discussion, we will refer mainly to degradation as the loss of mechanical integrity, defined as when the stent no longer exerts significant outward radial force.

From the studies covered in this review, the mechanical integrity of the IBS Angel is reported to be more mechanically robust through 3 months of implantation as compared to Magmaris stents. Magmaris stents lost mechanical integrity in the reported investigations between a range of 21–48 days (71, 74), compared with the IBS Angel maintaining apparent integrity out to at least 3 months (73). From a theoretical perspective, this is due to two primary factors; the overall low degradation rate of Fe and the inherent higher strength (equating to more exerted radial force) of Fe stents when compared with Mg. The rapid loss in mechanical integrity for Magmaris appears to be slightly faster than what has been seen in adult human coronaries. Instances of rapid degradation and subsequent unexpected loss in integrity for Magmaris were observed in a few of cases in the BIOSOLVE trials, but the cause is largely unknown (88, 89). It could be possible that due to a variety of confounding biomechanical and microenvironmental factors, Mg absorption is slightly faster in pediatric applications, although this hypothesis remains to be tested. As previously discussed, Mg material degradation is a function of the implant environment and deformation state (59, 90), neither of which have been fully characterized in with respect to bioabsorbable metals in pediatric stenting. Interestingly, the IBS stent also displays sensitivity to implant location and species. For example, Lin et al. found that IBS absorption was faster in rabbit aortas when directly compared to porcine coronary arteries (91). It is possible that the IBS Angel implanted in children are displaying corrosion rates that do not align with the IBS adult coronary artery data, however little information regarding corrosion rate or mechanical integrity for the pediatric implants limits our interpretation. No current research has pointed towards an explanation for this phenomenon in children and given the complexity of metal-polymer corrosion kinetics, variety of clinical implantation geometries, and heterogeneity of tissue microenvironments, it will be challenging to identify a single culprit.

Although the loss in mechanical integrity was rapid for Magmaris in the applications outlined above, it could provide some benefits for situations where reintervention will inevitably occur in close succession, or time is needed to avoid acute stenosis and allow a patient's condition to improve. Zartner et al. identify key benefits in this regard, highlighting that the stents were easy to fracture at any time using an oversized balloon inflated to more than four atmospheres (74). However, they do point out that the challenging nature of pulmonary vein stenosis, as an example, may require mechanical scaffolding at times beyond the Magmaris platforms current reach. The third-generation stent platform from Biotronik (DREAMS 3G, Freesolve) should theoretically provide longer scaffolding times with increased degradation homogeneity, all at lower strut sizes due to improved material processing and alloying (35).

Ultimately, it is challenging to measure degradation progression in the clinic. Conventional techniques usually rely on destruction of the device to accurately measure corrosion penetration or removing implanted samples for high resolution inspection with µCT or weight loss measurements, both of which are not an option clinically. In prior clinical investigations of absorbable polymer and metal stents, intravascular ultrasound (IVUS) and optical coherence tomography (OCT) have been shown to provide qualitative insight into the degradation progression (92, 93). To our knowledge, Lin et al. have been the first to develop a semi-quantitative method to estimate corrosion progression based on serial intravascular OCT measurements (91). The method relies on extracting the angle of curvature difference between struts at different stages of corrosion, which they ultimately compared with weight loss measurements of the implanted stents. The method produced a maximum absolute error less than 7.4% for all samples when estimating weight loss based on imaging. This is a promising approach to measure degradation clinically, although it involves serial invasive measurements. Despite the utility of this approach, correlations to mechanical integrity cannot yet be directly gleaned from this information, and future research should integrate estimation of the mechanical integrity of absorbable metal scaffolds using clinically available tools.



8 Outlook and engineering advancements

Overall, the field of absorbable stents has seen considerable development in materials and device design within the past 15 years. For absorbable metal stents, significant progress has been made in bringing two different platforms for coronary treatments through multiple clinical trials. Despite this progress in adults, advancements in intentionally designed devices using absorbable metals for applications within pediatric cardiology is lacking. Initially, the only experience using absorbable metal stents in pediatric cases manifested from the use of adult dimensioned stents. Production of the IBS Angel has ushered in the first absorbable metal stents applicable to vessel dimensions and sheath sizes associated with pediatric cardiovascular anomalies. Mg based absorbable pediatric sized stents are currently lacking, although certain clinical situations could benefit from the more rapid absorption provided by Mg in larger dimensions. The engineering field possesses many strategies to manipulate the corrosion rate of pediatric sized stents through surface treatments, alloying, and geometric design modifications. Before significant progress can be made in engineering pediatric absorbable metal stents, a clear understanding of required mechanical properties and duration of degradation timeframe are needed for the variety of applications throughout the pediatric vasculature, as well as its changes over time with growth. Heterogeneity in patient lesions and concomitant anomalies often limits sample size at a given center, suggesting a registry or multicenter approach is likely needed to more clearly determine design criteria.

Despite the possibility of future multicenter studies, the survey mentioned above points to an unfortunate reality that must also be acknowledged as a potential impediment to the advancement of absorbable metal stents. When asked how many absorbable stents pediatric interventional cardiologists felt could be used at their center if a safe and efficacious option were available, respondents provided numbers ranging from single digits to a maximum of 73, 86 and 100 devices annually for pulmonary vein stenosis, CoA and pulmonary artery stenosis, respectively. On average, the pediatric interventional cardiologists surveyed indicated only 62 absorbable stents would be used annually across all application areas at their center. This undoubtedly presents a challenge to innovation despite ∼100 pediatric cardiology centers across the United States. The FDA and the Department of Health and Human Services have created several initiatives working with pediatric physicians and device manufacturers to alleviate barriers to pediatric device development. These include establishing a national pediatric disease network, developing the Pediatric Device Consortia Program, and re-evaluating the premarket approval process for pediatric devices. These initiatives have undoubtedly yielded advancements with FDA approval of bare metal and covered Cheatham-Platinum (CP) stents for the treatment of CoA in 2016 (94). Clinical trials (95) and subsequent reports (96) have yielded important information related to CoA that will undoubtedly influence future absorbable stent designs for pediatric patients and inform stents tailored to specific conditions frequently treated by pediatric interventional cardiologists to date without dedicated stents.
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Variable (Unit)

Conventional 2DA (n = 58)

MMIF;p_3p (n = 54)

DAPY (mGy cm’) 7,308.795 (1,896.989-25,287.69) 6,309.346 (2,684.514-16,094.01) 0771
DAP® (mGy cm?) 3,077,668 (510.902-13,862.318) 1,625.287 (593.289-5,090.852) 0183
AK™ (mGy) 73.266 (21.738-201.212) 54.738 (29.928-141.209) 0736
AK® (mGy) 52.559 (12.534-176.807) 27.553 (9.285-74.665) 0.069
DAP (mGy cm?) 9,324.848 (2,304.053-26,872.037) 7,744.786 (2,566.527-18,033.609) 0.736
DAP*™ (mGy cm?) 5,477.852 (1,513.517-21,054.668) 5,464.426 (2,268.587-14,404.911) 0625
DAPF® (mGy cm?) 1,513.162 (231.323-6,200.844) 678.634 (97.773-2,192.279) 0.061
AK" (mGy) 117.267 (45291-249.087) 76248 (29.58-164.302) 0130
AKX (mGy) 58.701 (18.129-153.391) 49306 (27.514-127.251) 0991
AK™® (mGy) 28591 (3.666-83.415) 9.945 (1.709-29.81) 0022
DAP* (mGy cmz) 2,356.695 (358.637-13,457.281) 2,056.087 (932.948-5,333.384) 0.958
DAPA™ (mGy em®) 949.163 (188.26-4,314.737) 936.341 (408.824-2,260.488) 0.893
DAP*® (mGy cm?) 641.767 (131.893-6,498.645) 933.456 (294.006-3,158.306) 0935
AK* (mGy) 23802 (6.591-129.816) 23,839 (11.112-56.454) 0816
AKAY (mGy) 8.655 (2.606-26.268) 7281 (3.815-15.565) 0.650
AKA® (mGy) 11.05 (3.177-89.176) 13,559 (4.548-47.648) 0.981
FTV 9035 (446.25-1,351.5) 758.266 (426.171-1,586.164) 0.958
FI'® 159.5 (42.5-484.75) 48.461 (14.531-182.944) 0.006
FRW 419.5 (220.0-637.0) 367.5 (242.5-503.0) 0614
FR® 388.0 (187.25-596.5) 323.0 (206.0-464.25) 0505
DAP{R}, (mGy cm” kg™) 228.953 (111.164-478.59) 194.924 (89.853-463.274) 0522
DAPHRY (mGy em” kg™) 124,627 (40.956-237.84) 55.681 (23.987-103.098) 0005
AKE (mGy kg™) 2422 (1.314-4.025) 1.754 (0.884-4.415) 0.164
AK{R; (mGy kg™) 1988 (0.878-3.454) 0841 (0.375-1.7) 0001
DAPfy (mGy cm’ kg™) 287.961 (161.619-546.347) 205.032 (96.407-476.367) 0077
DAPERY (mGy cm’ kg™) 209.729 (79.088-407.343) 168.418 (74.944-436.627) 0709
DAPER (mGy cm’® kg™) 54302 (13.682-185.212) 16363 (3.55-46.592) 0.004
AKfy (mGy kg™) 3462 (1.915-5.88) 1.868 (1.082-4.843) 0007
AKE® (mGy kg™") 1712 (0.918-3.555) 1555 (0.683-4.225) 0319
AKE® (mGykg™) 0924 (0.218-2.907) 0262 (0.073-0.718) 0002
DAPfy (mGy em” kg™) 62.965 (30.324-192.92) 46.051 (27.631-109.453) 0.249
DAPE (mGy e’ kg™) 30.142 (13.969-64.53) 20396 (14.343-40.217) 0256
DAPAE (mGy em® kg™) 26207 (12.994-114.462) 24.265 (13.009-62.499) 0.740
AKfhw (mGy kg™) 1157 (0.487-2.072) 0619 (0.355-1.313) 0048
AKAY (mGy kg™) 0305 (0.172-0533) 0206 (0.141-0331) 0036
AKAW (mGy kg™) 0542 (0.263-133) 0.408 (0.213-0.985) 0289
DAP@Y  pr (mGy cm? kg™ min™) 17.569 (12.843-23.272) 14.661 (11.101-19.876) 0.145
DAPE . r (mGy em’ kg™ min™) 36.096 (23.8-70.802) 59.847 (21.43-156.891) 0203
AK{R: pr (mGy kg™ min™) 0163 (0.125-0234) 0.138 (0.103-0.191) 0046
AKERY . (mGy kg™ min™) 0.717 (0.391-1.193) 0.947 (0.367-3.043) 0.501
DAPEw  pr (mGy cm® kg™ min™") 15.622 (10.479-21.753) 13.085 (10.499-20.162) 0244
DAPEW, pr (mGy cm? kg™ min™") 13.523 (9.806-19.966) 11.863 (9.303-17.781) 0.481
DAPER. rr (mGy em” kg™ min™") 21.141 (14.476-28.528) 17.937 (11.736-31.348) 0.688
AKfw .« pr (mGy kg™ min™) 0.198 (0.125-0.246) 0.137 (0.103-0.19) 0.008
AKE®. b (mGy kg™ min™") 0.124 (0.095-0.198) 0.125 (0.08-0.17) 0.259
AKE®, r (mGy kg™ min™") 0328 (0.252-0.477) 0.278 (0.189-0.478) 0.176
DAPfw pr (mGy em® kg™ fr™") 0.098 (0.064-0.164) 0.075 (0.055-0.126) 0.129
DAPAL, p (mGy cm® kg™ fr™!) 0.076 (0.053-0.128) 0.06 (0.044-0.088) 0.053
DAPHY, rr (mGy cm” kg™ ™) 0.11 (0.064-0.167) 0.099 (0.057-0.187) 0629
AKfw . (x107° mGy kg™ ') 1313 (1.072-2.151) 1.076 (0.693-1.557) 0.006
AR (<10 mGy kg™ ™) 0843 (0.488-1.162) 0569 (0.349-0.828) 0008
AKBE, g (x107° mGy kg™ 1) 1811 (1.404-2.821) 1.521 (0.988-2.789) 0.144

DAP, dose area product; AK, air kerma; CMC, contrast media consumption; DAPgy;, dose area product normalized by body weight; AKay, air kerma normalized by body
weight; CMCay, contrast media consumption normalized by body weight; DAPeyy -, dose area product normalized by the product of body weight and fluoroscopy time;
AKaw xr, aif kerma normalized by the product of body weight and fluoroscopy time.

Bold text indicates a lower median, Q1, or Q3 value in the MMIF2p_z group compared with the value

subscript *** refers to the overall DAP and AK without normalization.

2DA group. Rows
with a gray background indicate p<0.05 and therefore statistical significance. The first superscript, ie., either F or A, indicates grouping by flucroscopy or acquisition,
respectively. A missing first superscript refers to the overall (F + A) DAP and AK. The second superscript between brackets, i., either (A) or (B), indicates grouping by
the frontal or lateral plane, respectively. A missing second superscript refers to the overall [(A) + (B)] DAP and AK of both acquisition planes combined. A missing
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Author

Populations

Procedure type

Radiation exposure and CMC

Goreczny etal. (27)

MMIFE,p_sp (n=7) vs. biplane 2DA (n=8)

PPVR

Significantly lower CMCpyy (—60.5%), DAPgyy (—66.6%) and
AKpyy (~683%)

Zablah et al. (30)

MMIF;p_sp + optimized radiation settings + DrySeal
sheath + ICE* 8) vs. biplane 2DA (n =38)

(n=

PPVR

Significantly lower FT (~17.1%), CMCpy (~50.0%), DAPyy.
(—25.0%), and AK (-48.8%)

Goreczny etal. (28)

MMIFy5_sp, from MRI (n= 14) vs. MMIEyp_sp, from CT
(n=8)

RVOT Balloon Sizing,
PPVR

Significantly lower DAP (~35.0%) and DAPgyy (~64.5%) for
MRI-guided procedures vs. CT-guided procedures”

Goreezny etal. (31) | MMIFop_sp (1= 6) vs. biplane 2DA (n=6) Pulmonary Vein Lower FT (~27%), CMC (=31.5%), DAP (~88.5%), and AK
Interventions (~82%). The differences were not significant.

Stangenberg et al. | MMIFop_sp (1= 16) vs. biplane 2DA (1 = 16). EVAR Significantly lower FT (~31.3%), CMC (~51.6%), and AK

2 BMI matched pairs. (-39.6%)

Tacher et al. (32) | MMIFapsp (n=8) vs. biplane 2DA (n= 14) EVAR Significantly lower CMC (<72.3%)

Glackler et al. (15) | 3D-guided (MMIF,p,_yp, or 3DRA) (n = 12) vs. biplane 2DA | CoA Significantly lower FT (~18.1%) and lower DAP (~26.4%). DAP

(1=20) not significantly lower.

Arar (33) MMIF;p_sp (= 7) vs. biplane 2DA (n=17) CoA Lower DAP (43.1%). DAP not significantly lower.

Ehret et al. (24) | MMIF;p_sp (= 13) vs. biplane 2DA (n =20) Aortic Arch Significantly lower CMCany (~48.1%), DAP (~51.7%), and FT
Angioplasty (=55.9%) (yanr = 13, Napa = 20)

Abu Hazeem et al. | MMIF>p_sp from MRI (n=44) vs. biplane 2DA (n = 44). | Diagnostic Significantly lower FT (~14.6%), CMCaw (~39.4%), DAP®

(34

‘Weight and diagnosis maiched pairs

(~12.9%), DAP (=37.1%), and AK (~38.6%)

PPVR, percutancous pulmonary valve replacement; RVOT, fight ventricular outflow tract; EVAR, endovascular aortic aneurysm repair; Cof, coarctation aorta

Most of the MRI-guided procedures

g cardiac

unit known to

be performed ona |

catheterization in an adult population.
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Variable (unit) Conventional 2DA 3 p-value

Group

Weight (kg) 440 (13.0-73.0) 49.0 (2125-66.5) 0637

BMI (kg m™) 18.262 (15.609-23.504) 19.181 (16.525-23.616) 0438

Age (years) 12737 (2.817-28353) 15.259 (7.938-26.555) 0217
Group Stentpor. (n2pa = 10; napyr = 10)

Weight (kg) 205 (114-54.875) 355 (205-65.75) 0212

BMI (kg m™) 17.257 (14836-22.393) 18.115 (15572-22.315) 0597

Age (years) 661 (2817-14.205) 12,027 (9.634-22.125) 0174
Group Plastypur. (n2pa = 19 Nanare = 19)

Weight (kg) 16.4 (92-61.5) 380 (18.6-57.5) 0199

BMI (kg m™) 16225 (15.05-22.923) 185553 (16.481-20.051) 0466

Age (years) 4189 (2.032-25.189) 13.093 (7.419-20.745) 0148
Group Plasty o (npa = 16; nypae = 12)

Weight (kg) 555 (6.5-74.0) 510 (39.125-63.25) 0889

BMI (kg m™) 19.927 (15591-23.587) 18.501 (17.238-21.491) 0889

Age (years) 14,636 (0.434-20.99) 14.485 (10.771-19.851) 0610
Group Plasty (Ropa = 35 Ny = 31)

Weight (kg) 390 (7.85-73.0) 48.0 (26.0-62.0) 0362

BMI (kg m™) 18321 (15.05-23.388) 18553 (16.787-21.006) 0684

Age (years) 11,345 (1.108-21.06) 13.293 (9.081-20.215) 0131

204, the number of procedures in the matched control group for conventional 2DA; e, the number of procedures in the test group MMIFzo_so.
Bold text indicates a lower median, Q1. or O3 value in e MMIFa. o grous carmpared with the value: in the SO GrE.
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Group

Variable (Unit)

Conventional 2DA

palue

Overall Acquisitions (#) 155 (7.25-21.5) 12,0 (7.25-18.0) 0622
(nz2pa = 58; Ny = 54) FR (#) 792.0 (4235-1,221.75) 671.0 (454.5-942.0) 0.507
FT (min) 19.033 (11.054-27.779) 14.285 (8.876-30.09) 0169

DAP (mGy cm?) 13,050,336 (2,838.729-39,100.954) 10,307.832 (4,163.399-22,888.763) 0731

AK (mGy) 169.68 (52.329-405.202) 102,297 (44.624-192.634) 0188

CMC (ml) 60.0 (30.0-100.0) 610 (40.0-97.5) 0916

DAPgy (mGy cm® kg™) 442.398 (233.96-733.217) 268.577 (143.544-545.399) 0052

AKpw (mGy kg™') 4839 (3.012-8.969) 2713 (1.691-5.516) 0003

CMCyy (mlkg™) 1777 (1.214-2.985) 1.633 (0.769-2.843) 0193

DAPyyy .pr (mGy em” kg™ min 21.459 (15.14-30.037) 17.818 (14.113-26.849) 0264

AKpw 7 (mGy kg™ min™") 15709 (11.121-21.183) 11.653 (8.965-18.474) 0018

Stentpyy Acquisitions (#) 17.0 (14.25-20.0) 190 (14.5-25.5) 0677
(nypa =105 nypr = 10) FR (#) 828.5 (658.25-933.5) 945.0 (742.5-1,169.5) 0.496
FT (min) 24283 (19.775-30.292) 30.746 (15.233-38.54) 0762

DAP (mGy cm?) 14167111 (6,157.926-26,176.615) 13,017.231 (9,135.732-21,216.559) 0650

AK (mGy) 187.84 (110.477-237.212) 139.687 (107.26-190.142) 0705

CMC (ml) 72.5 (30.0-96.25) 54.0 (40.0-82.5) 0791

DAPyy (mGy cm’ kg™) 487.921 (381.192-985.04) 459.986 (300.059-880.857) 0705

AKpw (mGy kg™) 5.908 (4.331-12.288) 5.09 (2.853-8.802) 0364

CMCayw (ml kg™") 3137 (2.213-3.629) 1.669 (0.724-3.403) 0307

DAPgw «rr (mGy cm” kg™ 17.795 (14.794-30.741) 18881 (15.12-21.172) 0762

T (mGy kg~ m 15.303 (13.793-30.407) 10.759 (9.169-16.726) 0131

Plastypur Acquisitions (#) 140 (6.0-19.0) 140 (7.5-22.0) 0438
(n2pa = 195 nypye = 19) FR (%) 638.0 (445.0-890.0) 900.0 (424.5-994.0) 0293
FT (min) 215 (14.133-29417) 30482 (15.322-42.506) 0493

DAP (mGy cm?) 8,053.284 (2,905.003-25,738.685) 11,485,319 (6,257.413-29,964.438) 0389

AK (mGy) 157.483 (51.774-231.524) 122.701 (76.205-225.079) 0872

CMC (ml) 40.0 (30.0-925) 500 (40.0-77.5) 0693

DAPpy (mGy em” kg™") 502.994 (253.158-785.399) 390.228 (268.577-721.024) 0737

AKpw (mGy kg™") 4959 (3.101-12.973) 4.693 (2.652-7.744) 0249

CMCa (ml kg™) 2.439 (1.562-3.6) 1.667 (0.735-2.875) 0204

DAPyy «pr (mGy cm’ kg™ min™) 19.605 (14.93-29.486) 15.232 (12.058-22.598) 0249

Ay 7 (mGy kg™ min™") 16.111 (14.152-286) 10.481 (8.019-13.761) 0006

Plastyao Acquisitions (#) 140 (9.0-225) 135 (10.0-16.5) 0727
(nzpa = 16; nynar = 12) FR (%) 823.0 (395.75-1,149.75) 652.5 (471.5-758.0) 0318
FT (min) 14133 (6.729-17.608) 9.077 (7.343-10.355) 0150

DAP (mGy cm’) 16,657.327 (1,961.285-32,247.914) 6,045.466 (4,136.604-12,019.472) 0458

AK (mGy) 184257 (23.737-349.611) 67.496 (52.739-136.279) 0458

CMC (ml) 90.0 (26.25-130.0) 75.0 (60.5-100.0) 0816

DAPyy (mGy cm” kg™) 296.874 (138.95-503.661) 133.762 (109.28-241.567) 0046

AKpy (mGy kg™') 3.867 (2.72-5.809) 1.962 (1.211-2.531) 0014

CMCyyy (ml kg™) 1777 (1.463-2.698) 1.675 (0.989-2.345) 0330

DAPgy «rr (mGy cm’ kg™ min™) 22811 (20.741-29.015) 16272 (14.595-25.369) 0070

AKpw 7 (mGy kg™ min™") 18586 (14.865-21.707) 12.896 (9.859-16.649) 0051

Plasty Acquisitions (#) 140 (90-18.0) 0718
(M2pa =35; Mypie = 31) RE 7190 (4115-1,022.0) 688.0 (461.0-933.0) 0949
FT (min) 18.333 (8.708-25.85) 14.178 (8.884-31.784) 0974

DAP (mGy cm’) 8,829.225 (2,527.159-30,306.158) 10,007.708 (4,758.84-16,917.954) 0802

AK (mGy) 157.483 (46.572-313.083) 102,113 (60.661-177.917) 0500

CMC (ml) 70.0 (30.0-105.0) 60.0 (44.0-95.0) 0.898

DAPyy (mGy em’ kg™') 457.349 (218.506-624.543) 274384 (133.762-535.505) 0225

AKpw (mGy kg™) 4.72 (2.968-7.42) 2,988 (1.77-5.421) 0.037

CMCyw (ml kg™") 2062 (1.494-3.438) 1.667 (0.783-2.636) 0114

DAPgw 1 (mGy cm” kg™ min™) 21.455 (16.82-29.486) 15.739 (13.053-24.42) 0.037

AKpw «pr (mGy kg™ min™) 17.385 (14.862-23.844) 11.036 (8.549-15.915) 0.001

Napa the number of procedures in the matched control group for conventional 2DA; Ny, the number of procedures in the test group MMIFao_so; FR, number of
acquisition frames; FT, fluoroscopy time; DAP, dose area product; AK, air kerma; CMC, contrast media consumption; DAPay, dose area product normalized by body
weight; AKay, air kerma normalized by body weight; CMCgy, contrast media consumption normalized by body weight; DAPay v, dose area product normalized by

the product of body weight and fluoroscopy time; AKaw x . air kerma normalized by the product of body weight and fluoroscopy time.

Bold text indicates a lower median, Q1, or Q3 value in the MMIF;5_s5 group compared with the.

value in the

with's ‘orsy Backeround indicats p-<0.05 and therefors statistical sionificance:

2DA group. Rows
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The patient was referred to the congenital heart diseases clinic
complaining of progressive fatigue and exertional dyspnea and
underwent an echocardiography subsequently.

Right heart catheterization with hemodynamic assessment were done.

CT angiography was performed to evaluate the size and location of the
PDA and descending aorta.

The patient underwent TEVAR for PDA closure.

‘The patient was discharged with no major complications.

CT angiography performed one month after TEVAR revealed complete
occlusion of PDA with no endoleaks.

CT. computed tomography: PDA, patent ductus arteriosus, TEVAR, thoracic
endovascular aortic repair.
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Total, n= 52 ADO I, n=22 (42.3%) MFO, n =30 (57.7%) p-value

17 (32.7%) 6 (27.2%) 11 (36.6%)
35 (67.3%) 16 (728%) 19 (63.4%) 041
Age (months), median (IQR) 108 (43-15.2) 11 (41-147) 11 (48-166) 081
‘Weight (kg), median (IQR) 7.6 (37-98) 7.4 (27-9) 083
Associated CHD, 7 (%) 9(173) 4(181) 013
= 1 closure ASD £
1

Concomitant interventional procedure 2

Down syndrome 2
TTE findings
RV size of VSD (mm), median (IQR) 4.2 (3.7-54) 35 (3.1-49) 5.0 (35-6.2)
LV size of VSD (mm), median (IQR) 56 (49-113) 46 (38-57) 70 (5.2-11.3) 0065
Aneurysm (1, %) 17 (32.6) 8 (366) 9 (30) 057
SAR (mm), median (IQR) 31(21-49) 38 (28-47) 29 (19-5.1) 038
Qp/Qs, median (IQR) 23 (0.83-28) 20 (0.81-2.5) 24 (092-28) 0.029
Mean pulmonary artery pressure (mmHg) median (IQR) 23 (92-263) 20 (05-25.7) 25 (8.2-29.4) 049
Techniques utilized, n (%)
Antegrade 26 (50%) 7 (31.8%) 19 (63.3%) 047
Retrograde 26 (50%) 15 (68.2%) 11 (36.7%) 036
Device diameter (mm), median (IQR) 52 (3.1-119) 49 (32-57) 54 (35-118) 063
Fluoroscopy time (min), median (IQR) 27.4 (182-28.1) 295 (19.3-34.5) 192 (102-28.3) 0.039
Total DAP (Gy.cm’), median (IQR) 88 (79-13.5) 10.6 (9.6-12.7) 78 (98-13.2) 0195
Procedural success, n (%) 50 (96.1) 21 (954) 29 (96.6) 057
Procedural time (min), median (IQR) 592 (321-543) 615 (37.5-59.8) 557 (306-53.8) 053
Device embolization, n (%) 1(1.9) 1(45) 0.0 -
Residual shunt in the first 24 h, n (%) 8 (153) 2(9) 6 (20) 0.042
Residual shunt at 6 months, # (%) 1(19) 00 1(34) 078
Follow-up duration (months), median (IQR) 41.2 (197-49.3) 428 (18.9-44.2) 38.7 (186-47.5) 059

ADOII, Amplatzer™ duct occluder Il; MFO, KONAR-MF™ VSD occluder; DAP, dose area product; IQR, interquartile range; LV, left ventricle: RV, right ventricle; TTE,
ransthoracic echocardioaraphy: SAR. sulmoric fim: CHD. congenital hamt cisease: ASD). strial santal defect: PBV: pidimonary balloor valviloplasty.
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Major
complications
Valve injury

Total 1/52
(5.7%)
0

ADO I, n=22 | MFO, n=30

(42.3%)

CAVB

2

LBBB

1 (Transient
LBBB)

1 (Transient
LBBB)

Ventricular perforation

0

Device embolization

1

Th

0

Minor complications

Total 1/52
(1.9%)

Transient loss of pulse

0

New onset aortic
regurgitation

0

New onset RBBB

Mild tricuspid
regurgitation

Arteriovenous fistula

ADOI, amplatzer™ duct occluder II; MFO, KONAR-MF™ VSD occluder; CAVB,
complete atrioventricular block; LBBB, left bundle branch block; RBBB, right

N T Wy
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Variable Total PCP Group | PVP Group P

(n=205) | (n=138) (n=67) | Value

Age, year 50 (34,13.8) | 49 (3.,140) | 53 (34,13.1)

Age groups.
<3 year 53 (25.9) 35 (25.4) 18 (269)

4-14 year 103 (50.2) 70 (507) 33 (493)
214 year 49 (239) 33 (239) 16 (23.9)
Gender 020
Male 91 (44.4) 57 (41.3) 34 (50.7)
Femal 114 (556) 81(58.7) 33 (493)
Height, cm 109.0 (960, | 1095 (970, | 1080 (925, | 076
148.8) 149.8) 147.0)
Weight, kg 180 (140, | 180 (140, 180 (132, | 047
42.0) 41.2) 45.0)

BSA, m” 07 (0.6,14) | 07 (06, 14) | 07(06,13) | 078

VSD size, mm 45(35,60)  40(33,53) | 52(40,7.0) | 0.001
Missing value 1(0.5) 0(0.0) 1(15)

Subaortic rim < 64 (31.2) 38 (27.5) 26 (388) 006

1 mm
Missing value 1(0.5) 0(0.0) 1(15)

Multi-hole VSD 42 20.5) 23 (167) 19 (28.4) 003
Missing value 1(0.5) 0(0.0) 1(15)

Combined with other | 48 (23.4) 40 (290) 8(11.9) 0.004
Missing value 1(0.5) 0(0.0) 1(15)

Shape of VSD 002
‘Window-like 4(2.0) 32 1(15)
Infundibular 59 (28.8) 33 (239) 26 (38.8)
Aneurysmal 116 (56.6) 82 (59.4) 34 (507)

Tubular 24 (11.7) 20 (145) 4(60)
Missing value 2(1.0) 0 (0.0) 2(30)

TR severity 002
0 = none/trace 190 (92.7) 125 (90.6) 65 (97.0)
1=mild 14 (6.8) 13 (94) 1(15)

Missing value 1(05) 0(00) 1(15)

AR severity NA
0= none/trace 204 (99.5) 138 (100.0) 66 (98.5)
1= mild 1(0.5) 0 (0.0) 1(15)

PH 095
None 175 (85.4) 117 (84.8) 58 (86.6)

Mild 21 (102) 15 (10.9) 6(90)

Moderate 7(34) 5(36) 2(30)

Missing value 2 (L0) 1(07) 1(15)
LVEF, % 700 (670, | 710 (678, 695 (650, | 022

74.0) 74.0) 74.0)

Missing value 1(05) 0(00) 1(15)
CcRBBB 420) 2(14) 2030 041
iRBBB 17 (83) 10 (7.2) 7 (10.4) 042
LAFB 1(05) 10.7) 0(00) 060
PVC 3(15) 1(0.7) 2(3.0) 022

Data are presented as median (IQR) or n (%), unless otherwise specified.
IQR, interquartite range; BSA, body surface area; TR, tricuspid valve regurgitation:
AR, aortic valve regurgitation; PH, pulmonary hypertension; LVEF, left ventricular
ejection fraction; cRBBB, complete right bundle branch block; iRBBB
incomplete right bundle branch block; LAFB, left anterior fascicular block; PVC,
nremature ventricular contraction.
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Variable PCP PVP Group | p
Group Value
Success rate%
Reasons for procedure
failure
Track establishment 12 (59) 11 (80) 1(15)
New-onset AR> 420 322 1(15)
Grade 1

Large residual shunting |~ 4 (2.0) 1(07) 345)

Large VSD 1(05) 1(07) 0(0.0)
505 560 37.0

(36.0,70.0) | (40.0, 73.0) (200, 60.0)

Device time, min

Types of device
Symmetric 167 (88.4) | 119 (97.5) 48 (716)
Eccentric 12 (63) 1(08) 11 (164)
Asymmetric 10 (5.3) 2(16) 8(119)

Size of device 50 (50,7.0) | 50 (50,7.0) | 6.0 (50,7.0)

127 (67.2) | 60 (492) 67 (100.0)
52 (27.5) 52 (426) 0(00)
TTE + TEE 10 (53) 10 (82) 0(00)
Residual shunting
None 173 (91.5) 111 (91.0) 62 (92.5)
‘Trivial 4 (21) 2 (16) 2(3.0)
Small 10 (53) 9(74) 1(15)
Moderate 2(11) 0 (00) 2(30)
Ventilation time, min 1400 1200 2400 <0001
(98.0,2400) | (850, 174.5) | (1425, 3165)
Drainage Volume, ml | 0.0 (0.0,50.0) | 0.0 (0.0, 0.0) 800 <0001
(50.0, 150.0)
Post-operative length of | 40 (30,50) | 30 (22,30) | 5.0 (40, 60) | <0.001
stay, day

Data are presented as median (IQR) or n (%), unless otherwise specified.
AR, aortic i
schocadioomply:
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Adverse Event

Severe adverse events

PCP Group
(n=122)
No. (%)

PVP Group
(n=67)
No. (%)

p
Value

All-cause death

Cardiovascular perforation

Device embolization

Large residual shunting at
last FU

New-onset valvular
regurgitation > Grade 2

New onset II° or 11I° AVB.

New onset CLLLB.

New onset junctional rhythm

Minor adverse events

Small or moderate residual
shunting at last FU

2(16)

New-onset valvular
=Grade 1

5(41)

Pericardial effusion

New-onset LAFB

New onset RBBB

Thromboembolism

Hemolysis

Delayed healing of wound

Hematoma of the groin

0

‘Cumulative rate of adverse
events

14 (20.9)

FU, follow up; AVB, atrioventricular block; CLLLB, complete left bundle branch
block: LAFB, left anterior fascicular block: RBBB, right bundle branch block.
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Patients enrolled (n = 205)

Percutaneous procedure group Perventricular procedure group
(n=138) (n=67)

| Failed (n = 16) | | Surgically repaired (n = 5)

Untreated (n = 1)|

Surgically repaired (n = 7) I Perventricular procedure (n = 8)

| Surgically repaired (n = 3) | | Succeeded (n =5) | ISucceeded (n=62)

Percutaneous procedure succeeded (n = 122) Perventricular procedure succeeded (n = 67)
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In plane resolution (mm) | Slice thickness (mm) | Echo time (ms) | Repetition time (ms) | Flip angle (degrees)
ZTE 4D (n=22) 1.2+008 001600

ZIE3D (n=24) | 056 +0.03 001600
UTE Cones (n 091 0.032
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Total (n=47)

Volume right lung

LPA stent (n=17)

No stent (n = 30)

p

Early LPA stent (n=8)

No early LPA stent (n=39)

p

ml 862 (616-1,187) 855 (616-1,223) | 894 (612-1,194) [ 752 (668-1,249) 892 (601-1,187) |
mim® | 644 (550-722) 610 (534-755) | 645 (552-726) 7 | 665 (571-837) 644 (518-722) [
Volume left lung

ml 691 (540-874) 622 (491-815) 728 (574-888) 06 595 (490-719) 736 (542-885) 02
mlim? 512 (423-564) 471 (416-532) 523 (454-584) 0.2 481 (433-525) 519 (421-567) 07
Ratior/l | 13 (11-1.4) 13 (12-14) 12 (11-14) 0.1 13 (13-1.4) 12 (11-1.4)

Surface right lung

am’ 643 (501-776) 611(199-770) | 647 (497-787) 05 | 558 (530-785) 648 (486-776) | 04
cm¥m® | 456 (417-504) 449 (426-511) | 460 (403-501) 6 | 468 (441-572) 456 (391-500) | o1
Surface left lung

am’ 588 (475-687) 532 (455-643) 605 (486-704) 06 501 (450-602) 612 (478-700) 02
am’/m® | 407 (369-468) 394 (374-436) 419 (363-480) 03 402 (384-487) 417 (359-468) 07
Ratior/l | 1.1 (10-L1) 11(10-1.1) 10 (10-1.1) 0.06 114 (109-12) 10 (10-1.1) 01

Thi bokd valiles sre statistically sonifeant
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Total (n=46) | LPA stent (n=16) | No stent (n=30) p Early LPA stent (n=8) | No Early LPA stent (n=38) | p

Area (mm?)

Right 88 (69-104) 83 (66-101) 90 (6-108) 09 86 (66-86) 88 (69-105) 078
Left 32 (18-50) 17 (10-27) 42 (27-53) 0.001 17 (10-24) 36 (26-52) 0.009
Ratio r/l 25 (1.6-4.1) 4.6 (2.8-6.6) 2.0 (1.4-2.9) 0.001 4.3 (3.0-7.6) 2.0 (1.4-3.4) 0.025
Shape (right)

Round 7 (15%) 4.(25%) 3(10%) 08 1(12%) 6 (16%) 079
Oval 26 (56%) 9 (56%) 17 (56%) 096 5 (63%) 21 (55%) 07
Semilunar 14 (30%) 4(25%) 10 (33%) 055 2 (25%) 11 (29%) 097
Shape (left)

Round 5 (11%) 3 (19%) 2 (7%) 026 1(12%) 4(11%) 087
Oval 35 (76%) 9 (56%) 26 (87%) 0.002 6 (75%) 29 (76%) 097
Semilunar 6 (13%) 4.(25%) 2(7%) 007 1(12%) 5 (13%) 098

Thi bold valiies are statistically Sonificant
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Cardiac anatomy
Single left ventricle
Double inlet left ventricle

Tricuspid atresia

Pulmonary atresia with intact ventricular septum

Unbalanced atrioventricular septal defect
Single right ventricle

Hypoplastic left heart syndrome complex
Double outlet right ventricle

Unbalanced atrioventricular septal defect
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H control group

? M patients with stent

Early LPA stent p=0.025

— -

LPA stent

p<0.001
0 50 100 150
Ratio bronchial area r/I
M control group
e " M patients with stent
Early LPA Stent
oo *
1,34]
LPA Stent =0.06
50 1,00 150 2,00

Ratio lung volumes r/I
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49 SV pts.

17 pts. with LPA stent 32 pts. without LPA
implantation stent implantation

9 pts. with stent

8 pts. with early stent implantation after

implantation stage Il
age ;‘3:3;5'15) age 8.8 (3.4-12.6)
years
1 pt. with
longitudinally opened 7 pts. with stent-in-
stent during stage Il stent implantation
and no further stent after stage IlI

implantation
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Procedural variable

Approach

Femoral (n, %)

26 (81.25%)

Jugular (n, %) 5 (15.62%)
Carotid (n, %) 1(3.12%)
Fluoroscopy time (mins) 179 (6.07-44.6)

Stent

Diameter (mm)

884164

Length (mm)

35.46+11.23

Pre-procedural saturation, %

58.56 % 19.03

Post-procedural saturation, %

91.03 +8.98

Pre-procedural LVEF, %

64.00 1821

Post-procedural LVEE, %

75.00%12.98

Length of stay, days

8 (2-35)

ICU stay, days
[

2(0-30)

Fractured stent (n, %)

1 (3.12%)

Dislodged stent (n, %) 3(937%)
Reinterventions (1, %) 4 (12.50%)
Arrhythmias (1, %) 2 (625%)
Death (n, %) 3 (9.37%)

‘Time from initial palliation to total repair (median, | 3 months (1 month-12

min-max) months)

Total repair (n, %) 9 (28.12%)

ICU, intensive care unit: LVEF, left ventricular ejection fraction.
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Demographics

Patients (n, %) 32 (100%)
Female (n, %) 14 (43.75%)
Weight at initial palliation, kg 23 (55-55)
Age at initial palliation, years 9.5 (1-40)
Underlying anatomy and comorbidities
Tetralogy of Fallot 26 (81.25%)
DORV, VSD, PS 3 (9.37%)
Inlet muscular VSD, PS 1(3.12%)
Tricuspid atresia, ASD, VSD, PS 2(625%)

ASD, atrial septal defect; DORV, double outlet right ventricle; PS, pulmonary
stenosis: VSD, ventricular septal defect.
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Baseline anatomy

Survivor | p-Value
(N=37)

Congenital heart disease

| 1633

25 (676) |

Non-congenital heart discase

| 2(667)

12 (329) |

Previous surgery

Yes

| 30000)

19 GL4) |

No

| 000

18 (486) |

Indication for AFR i

ECMO

2 (66.7)

2(54)

Fenestrated Fontan desaturation

0(0.0)

5(135)

Fontan failure

1(33.3)

381

Right ventricle hypertension

0(0.0)

11(297)

Left heart failure

0(0.0)

16 (432)

Baseline NYHA class

-1

0(0.0)

15 (40.5)

-1V

3 (100.0)

21 (56.8)

Missing

0(0.0)

127)

Venous access

Femoral

| 3.1000)

33 (89.2)

Other

| 000

4 (108)

Access to LA

Fontan fenestration

1(33.3)

5 (13.5)

Atrial

1(33.3)

8 (21.6)

Needle

1(33.3)

24 (64.9)

Balloon predilation

Yes
No

2 (66.7)
1(33.3)

24 (649)
13 35.1)

AFR used

| 000

13 (35.1) ‘

| 3.(1000)

24 (649) |

Median of length of hospital stay (in days) | 20 (16-24)

5(1-8)
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Patients with | Patients without | p-Value
thrombosis thrombosis
(N=3) (N=37)

Baseline anatomy
Congenital heart disease 23 (62.2)
Non-congenial heart 14 (37.8)

1(33.3) 14 (37.8)
2 (66.7) 22 (594)
0 (00) 127

3 (1000) 10 (27.0)
0 (0.0) 27 (73.0)

Indication for AFR it
ECMO 0.(00) 4(108)
Fenestrated Fontan 1(333) 4(108)
desaturation
Fontan failure 1(333) 3(81)

Right ventride hypertension 0 (0.0) 11 (29.7)
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Sex
Female
Male
Age, years
Weight, kg
Hospital stay, d
Inlet diameter by TTE, mm
Outlet diameter by TTE, mm
Subaortic rim, mm
Membranous aneurysms
No
Yes
Aneurysmal tissue involving the tricuspid valve
No
Yes
The left disk placed within the aneurysmal tissue
No
Yes
Inlet diameter on angio, mm
Outlet diameter on angio, mm
Device type, n
Symmetric
Eccentric
Thin-waist
ADOII and others
Device diameter, mm
Device/defect
Device/weight
Procedure time, min
Fluoroscopic time, min

Radiation dose, mGy

Data presented as n (%) or mean = standard deviation. OR, odds ratio; CI, confidence interval; ADO II, Amplatzer Duct Occluder II.

Non-heart
block n = 842

420 (49.9%)
422 (50.1%)
451 +2.69
18.82 £ 8.99
9.11 +2.38
6.90 +2.92
371 +142
221 +1.51

310 (36.8%)
532 (63.2%)

461 (54.8%)
381 (45.2%)

691 (82.1%)
151 (17.9%)
647 £3.33
335+ 1.38

574 (68.2%)
105 (12.5%)
60 (7.13%)
103 (12.2%)
638 +2.04
2.01 +0.49
039 +0.18
80.47 & 36.91
1541 £ 13.46
147.77 4 166.92

Heart block
n=234

122 (52.1%)
112 (47.9%)
420 +2.38
17.40 £ 6.86
9.92 +3.49
6.98 +2.72
3.69 +1.42
2.03 +1.51

75 (32.1%)
159 (67.9%)

116 (49.6%)
118 (50.4%)

211 (90.2%)
23 (9.83%)
6.77 +£3.29
321+126

129 (55.1%)
44 (18.8%)
27 (11.5%)
34 (14.5%)
6.76 £ 2.32
2.18 £ 0.51
043 £0.18
95.35 =+ 47.40
2132 £21.01
167.95 4 154.10

0.542

0.109
0.010
0.001
0.685
0.896
0.104
0.179

0.160

0.003

0.225
0.165
0.002

0.022
<0.001
0.005
<0.001
<0.001
0.097

Multivariate analysis

Adjusted OR
(95% CI)

0.984 (0.947-1.022)
1.087 (1.031-1.146)

0.568 (0.348-0.928)

Ref.
1.312 (0.842-2.045)
1.759 (1.023-3.022)

1.037 (0.874-1.230)
1.809 (1.322-2.476)
1.202 (0.122-11.864)
1.000 (0.994-1.007)
1.031 (0.012-1.050)

P

0.407
0.002

0.024

Ref.
0.230
0.041

0.676
<0.001
0.875
0.944
0.001
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Female
Male
Age, years
Weight, kg
Hospital stay, d
Inlet diameter by TTE, mm
Outlet diameter by TTE, mm
Subaortic rim, mm
Membranous aneurysms
No
Yes
Aneurysmal tissue involving the tricuspid valve
No
Yes
The left disk placed within the aneurysmal tissue
No
Yes
Inlet diameter on angio, mm
Outlet diameter on angio, mm
Device diameter, mm
Device/defect
Device/weight
Procedure time, min
Fluoroscopic time, min

Radiation dose, mGy

Non-heart
blockn =574

296 (51.6%)
278 (48.4%)
435+2.53
18.26 £ 8.30
9.18 +2.38
7.01 +£2.75
381 +143
236 +1.42

180 (31.4%)
394 (68.6%)

309 (53.8%)
265 (46.2%)

457 (79.6%)
117 (20.4%)
6.63 = 3.00
3,55+ 1.38
6.51 £ 2.02
1.92 +0.44
041 £0.19
7752 £32.13
14.49 4 12.02
131.36 4 137.55

Heart block
n=129

69 (53.5%)

60 (46.5%)

434 +2.66
17.57 £7.32
9.70 +3.06
7.04 +2.39
3.69 +1.43
223+133

35 (27.1%)
94 (72.9%)

62 (48.1%)
67 (51.9%)

114 (88.4%)
15 (11.6%)
6.72+£2.83
319+ 1.18
6.87 £2.35
221 +0.54
044 £0.19
85.87 = 38.08
17.22 4 14.45
139.86 4 119.27

Data presented as n (%) or mean = standard deviation. OR, odds ratio; CI, confidence interval.

0.693

0.981
0.382
0.072
0.902
0.414
0.345
0.346

0.235

0.021

0.737
0.003
0.076
<0.001
0.159
0.022
0.047
0.516

Multivariate analysis

Adjusted OR
(95% CI)

1.057 (0.982-1.138)

0.531 (0.293-0.960)
0.975 (0.794-1.197)
3.253 (2.031-5.212)

1.001 (0.991-1.010)
1.018 (0.994-1.042)

P

0.138

0.036

0.807

<0.001

0.908
0.141
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Sex
Female
Male
Age, years
Weight, kg
Hospital stay, d
Inlet diameter by TTE, mm
Outlet diameter by TTE, mm
Subaortic rim, mm
Membranous aneurysms
No
Yes
Aneurysmal tissue involving the tricuspid valve
No
Yes
Inlet diameter on angio, mm
Outlet diameter on angio, mm
Device diameter, mm
Device/defect
Device/weight
Procedure time, min
Fluoroscopic time, min

Radiation dose, mGy

Non-heart
block n =105

53 (50.5%)
52 (49.5%)
5.34 + 3.50
21.70 + 12.12
8.78 +2.94
520 % 2.05
3.81+ 143
1.07 £ 1.64

81 (77.1%)
24 (22.9%)

91 (86.7%)
14 (13.3%)
454+238
349+ 1.63
7.05+2.52
2.16 %+ 0.54
0.39+0.18
106.69 + 5423
22.67 + 18.66
225.48 & 239.05

Heart block
n=44

23 (52.3%)

21 (47.7%)

403 +223
17.48 £ 7.69
10.61 = 5.05
5.94 4233
3.69 + 143
114+ 178

28 (63.6%)
16 (36.4%)

36 (81.8%)

8 (18.2%)
551 +2.65
400+ 1.52
7.98 +2.19
2.10 + 043
0.51+0.18

117.73 +53.13
29.03 & 25.98
225.50 & 213.98

Data presented as n (%) or mean = standard deviation. OR, odds ratio; CI, confidence interval.

0.841

0.007
0.034
0.028
0.056
0.414
0.810
0.090
Ref.
0.100
0.447

0.029
0.078
0.035
0.487
<0.001
0.256
0.095
0.981

Multivariate analysis

Adjusted OR P
(95% CI)
0.861 (0.603—1.231) 0.413
1.059 (0.951—1.180) 0.294
1.157 (1.026—1.305) 0.017
1.029 (0.845—1.254) 0.776
0.833 (0.602—1.153) 0.833
190.867(1.458—24989.236) 0.035
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Patients

Sex (F/M)

Age, years

Age groups

<3 years

3-6 years

>6 years

Weight, kg

Weight groups

<15kg

15-20 kg

>20 kg

Combined procedures
PDA closure

ASD closure
Pulmonary valvuloplasty
Balloon dilation of the CoA
Device used
Symmetric

Eccentric

Thin-waist

ADOII

Others

1076
542 (50.4%)/534 (49.6%)
3.6 (1.7-18)

309 (28.7%)

611 (56.8%)

156 (14.5%)
16 (9-77)

372 (34.6%)
453 (42.1%)
251 (23.3%)

703 (65.3%)
149 (13.8%)
87 (8.1%)
131 (12.2%)
6 (0.6%)

Data presented as n (%) or median with rang. PDA, patent ductus arteriosus; ASD, atrial
septal defect; CoA, coarctation of aorta; ADO II, Amplatzer Duct Occluder II.
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Post- Persistent Recurrent
procedureheart  heart heart
blocks, n blocks, n blocks, n

AVB 13 4 0
First-degree AVB 6 0 0
Second-degree AVB 2 1 0

Mobitz type 1 1 1 (Combined 0
IRBBB)

Mobitz type 2 1 0 0

Third-degree AVB 5 3 2

RBBB 175 85 0
IRBBB 132 55 1
CRBBB 43 30 0

LBBB 38 6 0
LAH 13 2 1
CLBBB 25 4 3

CRBBB + LAH 8 1 1

Total 234 96 8

AVB, atrioventricular block; RBBB, right bundle branch block; IRBBB, incomplete right
bundle branch block; CRBBB, complete right bundle branch block; LBBB, left bundle
branch block; CLBBB, complete left bundle branch block; LAH, left anterior hemiblock.
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Onset time Cases, n
1 day 140

2 days 27

3 days 27

4 days 17

5 days 12

6 days 6

1 month 1

6 months 2

2 years 1

4 years
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Patient Sex Age(y) Weight (kg) VSDsizeon Devicetype Devicesize Preprocedural  Onset time Recovery time Temporary Permanent ECG atlast

angio (mm) (mm) ECG post-procedure post-procedure pacemaker pacemaker  follow-up
(days) (days)

1 F 3 15 4.9 Eccentric 10 IRBBB 5/446 10/N No Yes Pacing rhythm

2 F 2.8 11.5 8.4 Eccentric 10 Normal 1407 N No Yes Pacing rhythm

3 M 4 15 3.0 Thin-waist 6 Normal 2/40 7IN Yes No Death

4 F 7.5 31 5.5 Eccentric 12 Normal 808 N No Yes Pacing rhythm

5 F 57 20.5 5:51 Eccentric 12 Normal 2/31 20/36 Yes No Second-degree

Mobitz I

AVB + IRBBB

VSD, ventricular septal defect; ECG, electrocardiogram; AVB, atrioventricular block; IRBBB, incomplete right bundle branch block.
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Patient1  Patient2  Patient 3

Weight (g) 1,350 1,150 600
Length (cm) 40 45 33
Age (days) 30 12 15
GA* (weeks) 32 28 28
IVH** before the intervention Yes No Yes
Coronary stent Integrity Integrity Integrity
Size of stent (mm) 419 419 419
Vascular access FA™ FA FA
Sheath (French) No sheath 4F 4F
FA stenosis/Occlusion No No No
Pre-interventional RI* No Yes Yes
Angiography Yes No No
Repair + remove of stent Yes Yes Planned
‘Weight at operation (g) 2,600 3,800

Age at operation (day) 73 110 >150°
Contrast agent Yes No No

FA, femoral artery; “RI,
. $CoA stenting performed since 150 days and this patient waits for

"GA, Gestational age; “IVH, intracranial Hemorrhage;

renal insuff

the operation.





OPS/images/fcvm-09-1041852/cross.jpg
@ Check for updates.





OPS/images/fcvm-11-1410305/fcvm-11-1410305-t001.jpg
Haddad
etal. (71)

Year

ry | No. of

patients
1 patient

Sten

Magmaris
RMS

Coating

Bioelute-PLLA/Sirolimus

Dimensions

35mmx 15 mm

Condition (s)

Left pulmonary artery stenosis

Outcome (stent
integrity)
Stent failure at 2 weeks

Sun
etal. (72)

11 patients

1BS Angel

No drug elution

Diameters:

2.25-10 mm Length:

8 mm-38 mm

Pulmonary artery stenosis

No significant restenosis

Mood
etal. (73)

9 patients

1BS Angel

No drug elution

Diameters: 3 mm,
4mm Length:
12 mm, 15 mm,
18 mm

Ductal stenting in non
complex PDA

One stent fractured and
embolized due to hanging
(length mismatch)
significant restenosis

Zartner
etal. (74)

Germany

9 patients,
15 stents

Magmaris
RMS

Bioelute-PLLA/Sirolimus

Diameter: 3.5 mm

Pulmonary vein restenosis (8),
pulmonary artery stenosis (5),
stenotic brachiocephalic (1),
vein thrombosis (1)

Stents lost integrity at a
mean of 42 days

Sallmon
etal. (75)

Germany

1 patient

Magmaris
RMS

Bioelute-PLLA/Sirolimus

35mmx 15 mm

Native aortic coarctation

Significant early restenosis
Iack of radial force detected
by angioplasty at 21 days
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Description

PA IVS coronary fistel
Primary outcome

Need for unplanned shunt
Permanent complication
Hospital death

Late death (vefore Glenn)
Secondary outcome
Meajor complications
Need of ECMO

Primary outcome
Impaired outcome

DS

2(285%)
0
4
0

2 (28.6%)
o
5(71.4%)
2(28.6%)

MBTs

1=
3(50%)
o

4(57.1%)

3(50%)
0
6(100%)

OR

0.5

5
0.5

35

95%CI

0.2-1.1

0.5-53
0.2-1.1

1-11.2

P-Value

0.046

0.2
0.046

0.004

OR, odds ratio; Cl, confidence interval: DS, duct stenting; MBTs, modiified Blalock-Taussig shunt; PA-IVS, pulmonary atresia with intact ventricular septum. °, one patient died due
to cardiogenic shock 3 months after the operation, and the second died due to tumor-related problems. ~, this patient could not be operated on due to shunt-related severe

neurologic complications.
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Description

Patients

PAIVS

PAVSD

Critical PS IVS

Primary outcome
Unplanned surgery
Unplanned PVP with stent
Unplanned glenn

Unplanned shunt-clips
Permanent compiication
Hospital deaths

Secondary outcome
PA-Plasty at glenn time

At shunt time

Meajor complications

Need of ECMO

Unplanned stent implantation
Unplanned stent dillation or implantation
Primary outcome

Impaired outcome

DS

71
10 (14.1%)
49 (69%)
12 (16.9%)

11 (16.5%)
2(2.8%)
1(1.4%)

1(1.4%)
3n (4.29%)

18 (25.3%)

5(7%)
o
6(8.4%)
15 (21.1%)
54(77.5%)
16 (22.5%)

MBTs

56
7(12.5%)
49 (87.5%)

3(5.3%)
o
1(1.8%)
6(10.7%)
1(1.8%)
8(14.2%)

8(14.2%)
11 (19.6%)
16 (28.5%)
9 (16%)
10 (17.8%)
10 (17.8%)
42 (75%)
14" (25%)

OR

05

4.05
083
21
08
0.9

95% CI

05-2.8

1.1-22.6

0.2-12

1.6-10.3
0.7-09
0.8-5.4
0.3-2
00.7-1.1

P-value

0.89

0.017*

0.004

0.001*

0.000*

0.049*
0.4
0.5

OR, odd ratio; 95% Cl, confidence interval; PA IS, pulmonary atresie; IVC, intact ventricular septum; VSD, ventricular septum defect; ECMO, extracorporeal membrane oxygenation;
PA-Plesty, pulmonary artery plesty; PVR. perforation of pulmonary valve; Atwo hospital deaths (2.8%) were DS-related deaths, and one was & non-cardlac related death; ™, Impaired
outcome 15, one patient has died due to tumor-related problems. * P-value < 0.05 significant.





OPS/images/fcvm-09-933959/fcvm-09-933959-t002.jpg
Description MBTs** MBTs Ds OR 95%CI P-Value

Number 25 17 15
Primary outcome

Hospital deaths 7(28%) 4(285%) 1(6.6%) 35 0.4-28 02

Surgery/PVP/RVOT-stent 1 0 10 3 15-6 0.000
Permanent complication 1 1 1 08 0.05-15 07

Secondary outcome

Need of ECMO 4(16%) 3(17.6%) 0 08 0.66-1 0.13
Primary outcome 16 (64%) 12 (64.7%) 3(20%) 35 1.2-10 0,005
Impaired outcome 9 (36%) 5°(35.3%) 12°(80%)

OR, odds ratio; Cl, confidence interval; DS, ductal stenting; MBTs, modified Blalock-Taussig shunt; ', includes patients receiving DS pre-operative, while these patients were excluded
from the MBTs group. Statistical analysis was done between MBTs and DS. PVR, pulmonary valve perforation; RVOT, right ventricular outflow tract. ", in each of the two groups is one
patient, who died due to non-DS/-MBTs related problems.
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Patients | Age Diagnosis | Sex | Palliative | Surgery | LPA | NYHA | CMR CMR = CMR CT mid | CT MPA Sizing | Venus P- | Fluoroscopy
treatment class | RV TDV MPAd | length | balloond | valve time (min)
(ml/m?) (mm) | (mm) (mm) size
TOF + TAP + 123 (216)
hypoplastic LPA plasty
LPA
2 20 | 25 |DORV Fallot |M | No TAP Yes 2 85 58 2 38 21%30 19x29 61 29 30025 31
type
3 63 | 25 |TOF F | No TAP No 3 164 38 21 48 23x29 | 38x40 51 2 32125 45

NYHA, New York Heart Association; CMR, cardiac magnetic resonance; RV, right ventricle; TVD, tele diastolic volume; EF, ejection fraction; LV, left ventricle; PRRF, pulmonary regurgitant fraction; CT, computed tomography: PV, pulmonary
vave: d. diameter: MPA. yain palmonary-arery: TOE. istraloay of Fallot: TAP. transsnnudar patch: repair: LPA. left pulmonary artsry: VSD. veniricular sstal defect: BORY. double-outiet right veniricis.
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Inclusion criteria
Age 12-70 years old

Exclusion criteria

Contraindication to

Weight 230 kg

Septicaemia

Heart failure symptoms (NYHA > 2)

Recent myocardial infarction
(<30 days)

Severe PR (TTE > 3 + or CMR PRRF > 30%)

Intracardiac mass, thrombus,
vegetation

If asymptomatic, RVEF < 45%, PRRF > 30%,
and RVEDVI > 150 ml/m*

Any contraindication of
extracorporeal assist

LPA stent prior lo Venus P-valve implantation

Recent CVA

Obstruction of central veins

CCR <20 ml/min

Pregnancy/breastfeeding

Known allergies to porcine
‘materials

NYHA, New York Heart Association; PR, pulmonary regurgitation; TTE, trans-
thoracic echocardiography; CMR, cardiac magnetic resonance; PRRF, pulmonary
regurgitant fraction; RVEF, right ventricle ejection fraction; RVEDVI,
ventricular end-diastolic volume index; LPA, left pulmonary artery; RPA, right
pulmonary artery; SPECT, single-photon emission computed tomography; CVA
cerebral vascular accident: CCR: Creatinine Clearance Rate.

right
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Included patients

17 patients

scheduled for Venus P-valve
implantation*

16 patients
underwent Venus P-valve
implantation (feasibility
16/17, 94%)

1 patient
excluded in cardiac catheter
laboratory (cone-shaped
RVOT, landing zone > 34 mm)

3 patients
with LPA stents (3/16, 18,7%)

2 patients
LPA stenting and Venus P-
valve implantation in different|
procedures

1 patient
LPA stenting and Venus P-
alve implantation in the same|
procedure
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Wider patent population coverage
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Easy vlve deployment
Single-layer porcine pericardium
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Proc ave pettioning
I1  SeLr-ExpANDING VALVE Tri-leaflet valve sutured within skirt

No pre-stenting or balloon expansion

ollow de: ind right Gold mark i
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MVP Recommended Compatible | Unconstrained Unconstrained Unconstrained Unconstrained Number of
Models vessel size catheter length outer diameter device device area covered
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MVP Models

Base Triangle Fenestration

Equivalent inner diameter of a circle with the same area
Side a length | Side b length | Side c length
MVP-5Q 325 mm 3.25 mm 2.49 mm 3.74 mm® 22 mm
MVP7Q 46 mm 46 mm 2.84mm 621 mm’ 28 mm
MVP-9Q 65 mm 65 mm 4.02mm 1243 mm* 39 mm
aCalculated using Heron's Formula.
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Gender | Age Associated Ventilation Inotropic Baseline Baseline Repair Concomitant

syndrome support support Qp/Qs Spo2 program percutaneous
procedure
1 |F 24 | 36/50 | Right-dominant partially imbalanced AVSD, Aortic CoA, | - 1 No 22 100 BiV -
s/p surgical PA band, and Aortic CoA repair
2 ¥ 1| 3.9/48 | Taussig Bing anomaly, Aortic CoA Coronary artery - NI No 28 93 BiV Ductal stenting, BAS
anomaly Slightly dysplastic PV (Previously treated
neonatal infection)”
3 F 04 | 27/47 | Subaortic stenosis, Aortic CoA, VSD Borderline LV - NI No 32 100 Potential BiV | Ductal stenting
F 2 | 27/43 | VSD, PDA, ASD TI8 1 No 29 9 Palliative -
12 | 32/48 | AS, Aortic CoA, No VSD Borderline LV s/p AS = 1 Yes 18 99 Potential BiV | Ductal stenting
ballooning, BAS (Transfer for another center)*
6 M 29 | 5/52 | VSD, ASD - NI No 35 100 BiV -
7 M 24 | 36/53 | Complete balanced AVSD - NI No 32 100 BiV -
s |F 04 | 29/49 | Taussig Bing anomaly - NI No 16 9 BV BAS
9 |F 21 | 3.4/50 | VSD, PDA, ASD T21 NI No 3 100 BiV =
10 [F 24 | 22/43 | Multiple VSD, PDA TI8 1 Yes 3 97 Palliative -
1n [F 21 | 19/42 | VSD, PDA TI3 1 Yes 34 100 Palliative -
12 |F 11 | 24/49 | AVSD T21 NI No 4 100 BiV -
13 [F 0.9 | 39/53 | Complete AVSD, PDA s/p PDA ligation T2 1 Yes 4 100 BiV =
14 [F 02 | 28/50 | HLHS (MA, AA) - 1 Yes N/A 9% uiv Ductal stenting, BAS

A, aortic atresia; AS, aortic stenosis; ASD, atrial septal defect; AVSD, atrioventricular septal defect; BAS, balloon atrial septostomy; BIV, biventricular physiology; CHD, congenital heart disease; CN, case number; CoA, coarctation; HLHS,
hypoplastic left heart syndrome: |, invasive: LV, left ventricle; LVOTO, left ventricular outflow tract obstruction; MA, mitral atresia; N/A, non-available; NI, non-invasive; PA, pulmonary artery: PDA, patent ductus arteriosus; PFR, pulmonary
flow restrictor; PV, pulmonary valve; RV, right ventricle; /P, status post; T, trisomy; UiV, univentricular physiology; VSD, ventricular septal defect; W/H, weight (Kg)/height (cm).

SR for delyed srention.
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Access | Prox/dis | Left MVP Left PFR is | Right MVP Right PFR Qp/ |Spo2®| Delay to PFR Explantation | FU Status
Qs*

LPA @ size Fenestration size Fenestration (months)/Technique

1| REV/SFr | 8372 | 9Q 2 triangles 7875 | 9Q 2 triangles 2| 12 88 | 168/Forceps 195 | Alive/BiV
2 | REVI6Er 525 |7Q 2 triangles 56052 |7Q 2 triangles 72| 14 80 | 6/Forceps 15.2 | Alive/BiV
3 | REVAFr | 4341 [5Q 2 triangles 52651 |7Q 2 triangles 383 16 84 | 5.2/Forceps 13.1 | Alive/BiV
4 | RFV/5Fr 656 | 7Q 1 triangle 68065 | 7Q 1 triangle 15| 19 8 |- 68 | Dead, Seizures, Respiratory arrest
5 |ROV/ 4143 |7Q 1 triangle 4241 |7Q 1 triangle 41| 12 85 |- 84 | Alive/Aiming BiV

6Fr
6 | RFV/SFr 7167 |9Q 1 triangle 6566 | 9Q 1 triangle 52| 17 90 | 15/Snare 83 | Alive/BiV
7 | REV/SFr 657 |9Q 1 triangle 66/65 | 9Q 1 triangle 17 | 17 92 | 4.3/Forceps 64 | Alive/BiV
8 | REV/6Fr | 47535 |5Q 2 triangles 5137 7Q 2 triangles 35 11 80 | 2/Forceps 26 | Alive/BiV.
9 | RFV/6Fr | 5552 | 9Q 1 triangle 58055 | 9Q 1 triangle 29| 12 85 |- 24 | Alive/Aiming BiV
10 | LEV/4Fr 547 |7Q 1 triangle 658 | 9Q 1 triangle 2| 16 82 |- 1| Dead, Respiratory arrest
11| LFV/4Fr 438 |5Q 2 triangles 4314 |5Q 2 triangles 38 16 87 |- 27 | Alive/Palliative
12 |REVAFr | 3532 |5Q 2 triangles 438 |5Q 2 triangles 16 1 85 |- 2 | Alive/Aiming BiV
13 |RFVMFr | 46142 |7Q 2 triangles 4745 | 5Q 2 triangles RN 8 2 | Alive/Aiming BiV

14 | RFV/4Fr 3.9/34 5Q 1 triangle 47/39 7Q 1 triangle 26.1 = 83 1.2/Forceps 42 | Dead, Post-Glenn severe NEC-
associated sepsis, Care withdrawn

BV, biventricular physiology: CN, case number; FT, fluoroscopy time (min); FU, follow-up (months); LFV, left femoral vein; LPA, left pulmonary artery; NEC, necrotizing enterocolitis PFR, pulmonary flow restrictor; Prox/dis, proximal/distal;
RPA, right pulmonary artery; MVP, microvascular plug; RFV. right femoral vein; RIJV, right internal jugular vein; @, diameter (mm).
2At the end of the procedure.
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ADOII Piccolo AVPIl Overall
(N=298) | (N=420) | (N=44) | (N=762)
Sex
Female [ 206 (69.1%) | 270 (64.3%) | 33 (75.0%) | 509 (66.8%)
Male | 92Go.9%) [ 150 G5.7%) | 11 5.0%) | 253 (33.2%)

Age (years)
Mean (SD) 346 (407) | 503 (453) | 309 (7.74) | 431 (466)
Median [Min, Max] | 190 350 100 260

[0,31.8) [0, 24.9] [0, 46.8] [0, 46.8]
Missing 103%) | 00% | 123% | 2(03%)

Weight (kg)

Mean (SD) [ 158037 | 205058 | 14025) | 181051
Median [Min, Max] ‘ 14 ‘ 145 ‘ 800 ‘ 130

(180, 84.0] | [1.20,920] | [3.50, 67.0] | [1.20, 920]

Min. diameter (mm)
Mean (SD) | 232 (0479) | 1.89 (0.378) | 3.07 (0.663) | 2.12 (0.538)

Medlan[Mm,Max]‘ 225 ‘ 1.80 ‘ 290 200

(130, 420] | [1.20,3.50] | [2.00,530] | [1.20,5.30]

Length (mm)
Mean (SD) 6.16 (143) | 703 (242) | 908 (298) | 681 (224)
Median [Min, Max] 6.00 650 860 :
1320, 112] | [2.00,152] | [4.50, 18.5] | [2.00, 185]

PDA type (Krichenko)
a 273 (91.6%) | 238 (56.7%) | 13 (29.5%) | 524 (68.8%)
b 2 (0.7%) 0 (0%) 0 (0%) 2(0.3%)
< 19 (64%) | 158 (37.6%) | 16 (364%) | 193 (253%)
d 3 (1.0%) 7 (1.7%) 0 (0%) 10 (1.3%)
e 1(03%) | 13G1%) | 123%) | 15(20%)
0 (0%) 4(10%) | 14 (318%) | 18 (2.4%)

Complications
Embolized | 207% | 204%) | 0% | 405%)
LPA stenosis | aa3w | 102%) | 1023%) | 608%)
None 292 (98.0%) | 418 (99.5%) | 42 (955%) | 752 (98.7%)
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Sex
Female
Male
Age, years
Weight, kg
Hospital stay, d
Inlet diameter by TTE, mm
Outlet diameter by TTE, mm
Subaortic rim, mm
Membranous aneurysms
No
Yes
Aneurysmal tissue involving the tricuspid valve
No
Yes
The left disk placed within the aneurysmal tissue
No
Yes
Inlet diameter on angio, mm
Outlet diameter on angio, mm
Device diameter, mm
Device/defect
Device/weight
Procedure time, min
Fluoroscopic time, min

Radiation dose, mGy

Non-heart
blockn = 60

20 (33.3%)
40 (66.7%)
532 +3.15
21.31 % 10.99
9.07 +2.06
10.83 £2.53
3.60 £1.21
226 +1.54

1(1.67%)
59 (98.3%)

2(3.33%)
58 (96.7%)

37 (61.7%)
23 (38.3%)
11.12 £ 2.60
3.15+0.93
6.03 +1.61
2.00 +0.53
033 +0.14
85.83 & 36.81
2050 & 15.43
230.10 = 256.31

Heart block
n=27

11 (40.7%)

16 (59.3%)

423 +1.99
1743 £6.23
10.67 £ 3.80
9.83 +3.39
412 +148
1.89 £ 1.56

0 (0.00%)
27 (100%)

3(11.1%)
24 (88.9%)

23 (85.2%)
4(14.8%)
10.89 4 2.82
3.32£0.99
6.85 £ 2.09
2.11 £ 0.54
043 £0.17
129.82 4 59.96
36.54 = 31.84
260.26 + 168.22

Data presented as n (%) or mean = standard deviation. OR, odds ratio; CI, confidence interval.

0.504

0.105
0.090
0.048
0.131
0.090
0.305

0.345

0.028

0.711
0.441
0.078
0.364
0.005
0.001
0.018
0.578

Multivariate analysis

Adjusted OR
(95% CI)

1.188 (0.962—1.467)

0.497 (0.134—1.846)

30.962(0.675—1421.227)
1.012 (0.992—1.032)
1.011 (0.965—1.060)

0.110

0.296

0.079
0.237
0.647
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Sex
Female
Male
Age, years
Weight, kg
Hospital stay, d
Inlet diameter by TTE, mm
Outlet diameter by TTE, mm
Subaortic rim, mm
Membranous aneurysms
No
Yes
Aneurysmal tissue involving the tricuspid valve
No
Yes
The left disk placed within the aneurysmal tissue
No
Yes
Inlet diameter on angio, mm
Outlet diameter on angio, mm
Device diameter, mm
Device/defect
Device/weight
Procedure time, min
Fluoroscopic time, min

Radiation dose, mGy

Data presented as n (%) or mean = standard deviation. ADO II, Amplatzer Duct Occluder IT; OR, odds ratio; CI, confidence interval.

Non-heart
blockn =97

47 (48.5%)
50 (51.5%)
3.98 £ 1.97
17.30 4 6.59
9.19 £ 1.91
5.55 = 2.40
2.85 £ 1.10
259 £ 1.29

47 (48.5%)
50 (51.5%)

57 (58.8%)
40 (41.2%)

89 (91.8%)

8 (8.2%)
459 +337
2.16 +£0.38
497 +£0.74
235 +0.42
031029

6325 % 18.58
926 +7.51
106.03 =+ 116.04

Heart block
n=34

19 (55.9%)
15 (44.1%)
384+ 1.67
16.66 % 4.02
929 £ 1.85
587 £2.18
262 40.61
2514131

12 (35.3%)
22 (64.7%)

15 (44.1%)
19 (55.9%)

30 (88.2%)
4(11.8%)
531 = 3.40
2.15£0.35
471 £0.84
223 +0.47
029 £0.71
75.00 £ 36.24
14.78 4 15.83
125.46 4 118.53

0.520

0.718
0.594
0.774
0.499
0.252
0.088
0.249

0.182

0.283
0.896
0.078
0.173
0.256
0.078
0.058
0.405

Multivariate Analysis

Adjusted OR
(95% CI)

P
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Sex
Female
Male
Age, years
Weight, kg
Hospital stay, d
Inlet diameter by TTE, mm
Outlet diameter by TTE, mm
Subaortic rim, mm
Membranous aneurysms
No
Yes
Aneurysmal tissue involving the tricuspid valve
No
Yes
The left disk placed within the aneurysmal tissue
No
Yes
Inlet diameter on angio, mm
Outlet diameter on angio, mm
Device type, n
Symmetric
Eccentric
Thin-waist
ADOII
Device diameter, mm
Device/defect
Device/weight
Procedure time, min
Fluoroscopic time, min
Radiation dose, mGy
Onset time after procedure
<7 days
>7 days

Data presented as n (%) or mean = standard deviation. OR, odds ratio; CI, confidence interval; ADO II, Amplatzer Duct Occluder II.

Recovery group
n=138

76 (55.1%)

62 (44.9%)

426 £2.36
18.10 + 7.96
10.12 = 3.50
6.64 £ 2.59
3.61 £1.39
198 +1.36

44 (31.9%)
94 (68.1%)

69 (50.0%)
69 (50.0%)

125 (90.6%)
13 (9.42%)
642 +3.24
3.07 +£1.20

79 (57.2%)
20 (14.5%)
14 (10.1%)
25 (18.1%)
6.49 £ 2.30
2.18 £ 0.50
040 £0.18
88.38 £ 43.11
18.62 +17.76
157.54 & 163.00

138 (100.0%)
0 (0.0%)

Persistence
group n =96

46 (47.9%)
50 (52.1%)
4114241
16.40 +4.74
9.65 & 3.48
748 +2.84
381+ 1.46
210+ 1.71

31 (32.3%)
65 (67.7%)

47 (49.0%)
49 (51.0%)

86 (89.6%)
10 (10.4%)
7.28 +3.30
340 +1.33

50 (52.1%)
24.(25.0%)
13 (13.5%)

9 (9.38%)
7.16 +£2.32
219 +0.52
047 +0.19

10537 + 51.56
25.19 & 24.54
182.92 =+ 139.80

91 (94.8%)
5(5.2%)

0.281

0.644
0.041
0.312
0.019
0.294
0.587
0.948

0.875

0.801

0.049
0.049
0.068

0.030
0.898
0.006
0.009
0.026
0.216
0.011

Multivariate Analysis

Adjusted OR
(95% CI)

0.930 (0.808-1.070)

1.005 (0.891-1.133)

1.031 (0.851-1.249)

0.120 (0.013-1.125)
0.999 (0.988-1.011)
0.986 (0.961-1.012)

P

0.308

0.941

0.758

0.063
0.886
0.295
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Total, n=59 ADOIl, n =44 p-Value
Male, N (%) 33 (55.9) 27 (61.4) 6 (40)
Age (years), median (IQR) 33(2,65) 37(22,69) 22(1.2,33)
Weight (kg), median (IQR) 13 (108, 21) 15 (11, 22.7) 12 10, 15)
Deficient sub-aortic rim®, N (%) 17 (30.4) 10 24.4) 7 (46.7)

LV entry (mm)*, median (IQR) 9(65,104) 8.7 (57, 10) 9 (75,10.5)
RV exit (mm), median (IQR) 4(3,49) 35(3,42) 44,5
Diameter ratio (RV exit/LV entry), median (IQR) 047 (038, 058) 045 (034, 0.61) 048 (038, 0.54)
Diameer ratio (RV exit/LV entry) >0.5, N (%) 22(373) 15 (34.1) 7 (46.7)
Implantation time, N (%)

July 2015-June 2018 25 (42.4) 25 (56.8) =

June 2018-July 2020 34 (57.6) 19 (43.2) 15 (100)
Sheath in-out time (min), median (IQR) 525 (45, 60) 50 (40, 60) 55 (50, 70)
Fluoroscopy time (min), median (IQR) 87 (68,135) 89(73, 144) 7.3 (59, 115)
Total DAP (Gy.cm?), median (IQR) 10 (6.1, 17.8) 108 (66,18.9) 7.9 (4, 145)
Ky (mGy), median (IQR) 126 (80, 257) 133 (85, 284) 106 (54, 193)
Successful implantation, N (%) 57 (96.6) 44 (100) 13 (86.7)
Device embolization, N (%) 1(17) - 1(67)
Elective device retrieval, N (%) 1(1.7) = 1(6.7)
Persistent ications at the latest follow-up, N (%)

Trivial residual shunt, n = 57 6 (10.5) 5 (114) 1(.7)

Valvular disturbances, = 58 6(103) 40.0) 2(143)
Grade II aortic valve itatic 1(1.7) - 1(7.1)

Tricuspid valve regurgitation 5(88) 40.) 1(7.7)
Grade [ 4 3 1
Grade Il 1 1

ADOII, Amplatzer™ duct occluder II; MFO, KONAR-MF™ VSD occluder; DAP, dose area product; IQR, interquartile range: K, cumulative air kerma at the patient entrance
reference point; LV, left ventricle; RV, right ventricle. Bold values are significant p-values

*Chi-square test.

"Mann-Whitney U-test.

“Fisher's exact test.

°<25 mm for MFO and <3 mm for ADOI

“Aierige of aiogratiic ard TEE esirsimeis
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KONAR-MF™ VSD occluder Deficient SAR* +

Sufficient SAR**
RVE/LVE diameter ratio < 0.5

RVE/LVE RVE/LVE diameter ratio > 0.5
diameter ratio < 0.5 or deep aneurysm
Left-side D2—Right-side D1 LRD (D) LV entry LV entry
7-5 12 11-12 mm 6-7mm 5-6mm
86 12 11-12 mm 7-8 mm 6-7mm
97 14 13-14 mm 8-9mm 7-8 mm
10-8 14 13-14 mm 9-10 mm 8-9mm
12-10 16 15-16 mm 11-12 mm 10-11 mm
1412 18 17-18 mm 13-14 mm 12-13 mm

LRD, left-side retention disk; LV, left ventricle; RV, right ventricle; RVE/LVE, right ventricular exist/left ventricular entry; SAR, sub-aortic fim.
*<25mm

¥y D B parn
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Deficient SAR* + Sufficient SAR**
RVE/LVE diameter - :
RVE/LVE RVE/LVE diameter ratio >

ratio < 0.5 . :
diameter ratio <0.5

Amplatzer™ duct occluder II

or deep aneurysm

LV entry RV exit RV exit LV entry RV exit LV entry
<3mm <2mm 7 mm

Waist Diameter- Length

LRD, left-side retention disk; LV, left ventricle; RV, right ventricle; RVE/LVE, right ventricular exist/left ventricular entry; SAR, sub-aortic fim.
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Male, N (%)

Total, n=77
44 (57.1)

ADOIl, n =44
27 (614)

MFO, n=33
17 (51.5)

Age (years), median (IQR)

43(22,83)

3722,7)

53 (23,96)

‘Weight (kg), median (IQR)

16 (11.2, 24.5)

15 (11, 227)

17 (117, 26.7)

BSA (m”), median (IQR)

067 (051, 091)

0.64 (0.5, 0.87)

0.7 (053, 098)

Age groups, N (%)

<1 year

3(39)

2 (45)

13)

1-<5 years 40 (51.9) 26 (59.1) 14 (42.4)

5-<10 years 23 (299) 12 273) 11.(333)

10-<15 years 8 (10.4) 3 (638) 5 (152)

215 years 339 123) 2(6.1)

Weight groups, N (%)

8-<I5kg 33 (429) 21 (477) 12 (36.4)

15-<30 kg 32 (41.6) 18 (40.9) 14 (42.4)

30-<50 kg 6(78) 409.) 2(6.1)

250 kg 6(78) 123 5 (152)

Down syndrome, N (%) 4(52) 1(23) 3(9.1)
Associated congenital heart defects, N (%) 11 (143) 3(68) 8(242)
Indication for closure, N (%)

Left chamber enlargement 70 (90.9) 39 (88.6) 31 (93.9)
LVEDD (mm), median (IQR) 415 (38, 45) 40 (38, 44) 43 (39, 49)
LVEDD Z score’, median (IQR) 311 (2.25,3.94) 3(215,333) 33 (24,41

History of infective endocarditis 2 (26) 2 (45) =

Sub-aortic rim, N (%)

Deficient” 27 (35.1) 10 (227) 17 (51.5)
Sufficient 50 (64.9) 34(733) 16 (48.5)
LV entry (mm)‘, median (IQR) 95 (75, 12) 87 (57, 10) 1038 (88, 13.5)

RV exit (mm), median (IQR) 4(34,5) 35 (3,42) 5(45,6)
Diameter ratio (RV exit/LV entry), median (IQR) 046 (0.38, 0.57) 045 (034, 0.61) 047 (038, 0.54)
Diameer ratio (RV exit/LV entry) >0.5, N (%) 27 (35.1) 15 (34.1) 12 (36.4)
Number of RV exits, median (IQR) 2(1,28) 1(1,28) 231,28
Pulmonary-Systemic Flow Ratio (Qp/Qs), median (IQR) 23(2,25) 23(2,24) 24(2,25)
Device type (without PTFE membrane), N (%) 57 (74) 44 (100) 13 (39.4)
Sheath in-out time (min), median (IQR) 55 (45, 68.77) 50 (40, 60) 60 (50, 70)
Fluoroscopy time (min), median (IQR) 8.7 (6.2, 144) 89 (73, 144) 7.3 (52, 14.8)

Total DAP (Gy.cm’), median (IQR)

114 (65, 22.8)

108 (66, 18.9)

141 (58, 34.4)

Kar (mGy), median (IQR)

140 (82, 315.3)

133 (85.5, 284)

175 (75, 362)

Successful i ion, N (%) 74 (96.1) 44 (100) 30 (90.9)
Device embolization, N (%) 2(26) - 2(61)
Elective device retrieval, N (%) 1(13) - 10)
Follow-up duration (years), n =72
Median (IQR) 25(18,39) 33(21,42) 23(17,25)
Total range 08-59 0859 1229
Persistent complications at the latest follow-up, N (%)
Trivial residual shunt, n = 74 9(122) 5(114) 4(133)
Valvular disturbances, n =75 6(8) 4000 2(64)

ADOI, Amplatzer™ duct occluder II; MFO, KONAR-MF™ VSD occluder: BSA, body surface area; DAP, dose area product; IGR, interquartile range: Ky, cumulative air kerma
at the patient entrance reference point; LV, left ventricle; LVEDD, left ventricle end-diastolic diameter; PTFE, polytetrafluoroethylene; RV, right ventricle; TEE, trans-
oesophageal echocardiography.
*Z-score are calculated based on data from Kampmann C, et al. Heart. 2000
°<2.5 mm for MFO and <3 mm for ADOII

SAveraoe of angioarashic snd TEE FResstrsents.
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Occluder device Amplatzer™ Duct Occluder 11 (ADO 1) KONAR-MF™ VSD Occluder (MFO)
Manufacturer Abhott Medical Devices, Minnesota, USA Uifetech, Shenzhen, China
ark/2008: Arecal ot dedire
Use approval e /Zm e nml du ey CE-mark/2013: VSD closure
Material Nitinol mesh
Device design
Available device sizes 3/4-3/6- 4/a-4/6-5/4—5/6- 6/4- 6/6 5/3-6/4—7/5-8/6-9/7-10/8-12/10- 14/12
Waist length 4and6mm amm
i or5/3, 7/5,9/7 devi
Retention rim length 3mm for alldevices . hrsﬂ 8/5 e
Waist diameter B:3-4-5-6mm
tentior met D:10-10- 12— 12~ 14~ 14~ 16- 18 mm
PTFE Membrane Fabric free Only in the 4 larger devices
Retention disk flexibility 8oth disks Right disk only
TorqVue™ LP delivery system SteerEase™ Introducer

Delivery system

Deliverability
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Gender CHD/comorbidities ASD size AWR Aortic rim Qp/Qs MPAP E Device Device size
1 F 98 3 138 ASD 0S 2 07 Present 26 16 10 ASO 24 13 44 36
2 F 56 2% 129 ASD 08, 18 07 Present 19 18 8 ASO 19 12 41 36
3 F 599 68 158 ASD OS/chronic AF 24 04 Absent 21 32 12 FAO 28 1 43 28
4 M 92 41 142 ASD 08, 16 04 Present 18 16 8 ASO 17 10 37 13
5 F 49 20 122 ASD 08, 17 09 Present 21 15 9 MAO 20 12 39 13
6 M 493 82 171 ASD 08 2 03 Absent 23 2 12 ASO 30 14 52 13
7 M 38 16 120 ASD 0S, PDA 17 11 Present 25 18 9 MAO 18 26 78 13
8 M 2 91 178 ASD OS, 31 03 Absent 22 17 12 ASO 34 18 53 13
9 M 243 61 175 ASD 08, 21 03 Present 24 19 12 MAO 24 17 46 13
10 M 31 18 112 TGA, Arterial switch, residual ASD 12 07 Present 2 14 8 ASO 14 9 36 10
11 M 107 36 127 ASD OS/T21 15 04 Present 19 14 8 ASO 16 10 36 11
12 M 9.8 32 139 ASD 08, 19 06 Absent 1.8 15 9 ASO 2 14 31 10
13 M 148 34 137 ASD OS, 19 06 Present 23 18 9 MAO 2 19 6.1 8
14 F 76 17 114 ASD OS/T21 19 11 Present 26 13 10 ASO 2 13 42 7
15 F ] 2 123 ASD 08 14 06 Present 22 17 8 ASO 16 9 35 7
16 M 151 44 149 ASD 08, 24 05 Absent 26 17 12 FAO 27 8 31 7
17 M 106 41 143 ASD 08, 15 04 Absent 17 12 7 ASO 16 5 33 7

AAI age at intervention (years): AF, atrial fibrillation; ASD, atrial septal defect; ASO, Amplatzer septal occluder; AWR, ASD size-to-weight ratio; CHD, congenital heart disease; F, female; FAO, Flex Il ASD Occluder;

Occluder; FU, follow-up (months); MPAP, mean pulmonary artery pressure (mmHg); PDA, patent ductus arteriosus; PT, procedural time (min); Qp/Qs, p

05 ostium sacundums S5 shestly sizs {Erl: TGA. transposifion:of opest arteries: T trisormw 3= Wi weioht loifheickit (v

: MAO, MemoPart ASD

2

flow ratio; FT,

time (min); M, male;





