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Editorial on the Research Topic
Emerging Opportunities in Congenital Cardiac Surgery



Congenital Heart Disease (CHD) continues to be the most prevalent congenital anomaly on a global scale, impacting approximately 1% of neonates. In recent decades, significant progress has been made in the diagnosis and treatment of congenital heart disease (CHD), resulting in significant changes in the field of congenital cardiac surgery. This review examines the aforementioned advancements, assessing their influence on patient outcomes and the dynamic characteristics of CHD treatment.


Diagnostic progress: a leap forward in early detection

The development in diagnostic tools, especially in echocardiography, has been a cornerstone in CHD management. The early and accurate diagnosis of conditions such as hypoplastic left heart syndrome (HLHS) is now possible, thanks to the ability to detect restrictive or intact atrial septum. This early detection is crucial as it enables prompt surgical intervention, significantly improving patient outcomes.



Surgical interventions: palliative yet life-enhancing

Unlike many other medical conditions, the surgical intervention for CHD is often palliative rather than reparative. However, this does not diminish its value. The advancements in pre and post-operative care, alongside minimally invasive surgical techniques, have dramatically improved survival rates. It's a notable achievement that over 85% of CHD neonates are now expected to reach adulthood. This improvement, however, brings new challenges, including an increased number of adults requiring additional operations, often associated with complications such as endocarditis.



Interventional cardiology: a new era in CHD management

The field is witnessing a paradigm shift with the growing preference for congenital heart interventions over conventional surgical approaches. Innovations like ductal stents are showing favorable outcomes compared to systemic-to-pulmonary artery shunting. This evolution underscores the need for closer collaboration between cardiac surgeons and interventional cardiologists to ensure optimal patient care.



Emerging opportunities and research directions

Several emerging research areas hold promise for further improving CHD management:


	1.Pleural and Mediastinal Effusions after the Extracardiac Total Cavopulmonary Connection: Heinisch et al. in “Pleural and mediastinal effusions after the extracardiac total cavopulmonary connection: Risk factors and impact on outcome” discuss the correlation between these effusions and various clinical factors, highlighting the risks and outcomes associated with the procedure.

	2.Operability of Atrial Septal Defect with Borderline Pulmonary Vascular Resistance Index: Lilyasari et al. in their study “Operability of atrial septal defect with borderline pulmonary vascular resistance index: A study in developing country” delve into the perioperative outcomes and challenges in managing atrial septal defect under specific pulmonary conditions, offering insights into operative strategies in a developing country context.

	3.Case Report: Heart Mate III for Systemic Right Ventricular Support in a Patient with Hypoplastic Left Heart Syndrome: Hanuna et al. present a case report detailing the use of Heart Mate III for systemic right ventricular support in a patient with hypoplastic left heart syndrome, exploring new frontiers in cardiac support technology.

	4.Biogenic Polymer-Based Patches for Congenital Cardiac Surgery: In the study by Richert et al., “Biogenic polymer-based patches for congenital cardiac surgery: a feasibility study”, the authors examine the potential and practicality of using biogenic polymer-based patches in congenital cardiac surgery, contributing to the evolution of surgical materials.

	5.Past, Present, and Future Options for Right Ventricular Outflow Tract Reconstruction: Carrel in “Past, present, and future options for right ventricular outflow tract reconstruction” reviews the historical, current, and potential future techniques and materials used for reconstructing the right ventricular outflow tract, a critical aspect of congenital heart surgery.

	6.Contemporary Sequential Segmental Approach to Congenital Heart Disease Using Four-Dimensional Magnetic Resonance Imaging with Ferumoxytol: Yoo et al. discuss a novel imaging approach in “Contemporary sequential segmental approach to congenital heart disease using four-dimensional magnetic resonance imaging with ferumoxytol: an illustrated editorial”, providing a new perspective on diagnostic imaging in CHD.

	7.Successful Surgical Repair in an Older Adult with Supracardiac Total Anomalous Pulmonary Venous Connection (Wang et al.): The case report demonstrates successful surgical repair in an older adult with supracardiac total anomalous pulmonary venous connection, a rare and complex procedure in this patient demographic, showing progress in surgical techniques and patient management.

	8.Bilateral Lung Transplantation for Pediatric Pulmonary Arterial Hypertension (Jack et al.): This article covers the perioperative management and one-year follow-up of pediatric patients undergoing bilateral lung transplantation for pulmonary arterial hypertension, providing valuable insights into this challenging and rare procedure.

	9.Beneficial Long-term Effect of the Atrial-Flow-Regulator Device in a Pediatric Patient with Idiopathic Pulmonary Arterial Hypertension and Recurring Syncope (Pattathu et al.): This case report discusses the long-term benefits of using the atrial-flow-regulator device in a pediatric patient with idiopathic pulmonary arterial hypertension and recurring syncope, offering a glimpse into innovative treatment options for managing complex cardiac conditions (9).

	10.Central Venous Catheter Thrombosis Complicated by Chronic Thromboembolic Disease/Pulmonary Hypertension in Two Children Requiring Parenteral Nutrition (Hanuna et al.): The study details the complications of central venous catheter thrombosis leading to chronic thromboembolic disease and pulmonary hypertension in children requiring parenteral nutrition, highlighting the challenges in managing such intricate clinical scenarios (10)



The aforementioned studies collectively emphasise the fluid and progressive nature of managing and treating congenital heart disease (CHD), thereby highlighting the continuous research and collaborative endeavours in this domain with the objective of enhancing patient outcomes.

The objective of this research topic is to present a comprehensive survey of contemporary and developing surgical methodologies for patients with congenital heart disease (CHD) across all age groups. The importance placed on interdisciplinary collaboration between cardiac surgeons and interventional cardiologists is a notable component, underscoring the necessity of an integrated approach for achieving the most favourable outcomes for patients.



Conclusion

The field of congenital cardiac surgery and management of CHD has seen transformative changes over the past decades. These advancements have not only improved survival rates but also opened new avenues for research and treatment. The future of CHD management lies in continued innovation, interdisciplinary collaboration, and an unwavering commitment to understanding and addressing the complex needs of this high-risk patient population. The ongoing research and development in this field are pivotal in shaping a future where CHD patients can lead longer, healthier lives.
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Background: Pulmonary arterial hypertension secondary to atrial septal defect (ASD) is an important determinant of morbidity and mortality in defect closure. We aimed to compare perioperative outcome between preoperative borderline and low pulmonary vascular resistance index (≥4 WU.m2 and <4 WU.m2, respectively) in surgical closure of secundum atrial septal defect with concomitant pulmonary arterial hypertension.



Methods and results: This was a single-center retrospective cohort study between January 2015 and January 2020. We classified patients with low and borderline PVRI who underwent ASD closure and recorded the perioperative outcomes.



Results: We analyzed a total of 183 patients with atrial septal defect and pulmonary arterial hypertension; 92 patients with borderline PVRI and 91 patients with low PVRI. Borderline pulmonary vascular resistance index was not associated with increased risk of postoperative mortality (p = 0.621; OR0.48, 95% CI 0.04–5.48), but associated with higher risk of overall morbidity in bivariate analysis (p = 0.002; OR3.28, 95% CI 1.5–6.72). Multivariate analysis showed positive association of borderline pulmonary vascular resistance index (p = 0.045; OR2.63, 95% CI 1.02–6.77) and preoperative tricuspid valve gradient ≥64 mmHg (p = 0.034; OR2.77, 95% CI 1.08–7.13) with overall morbidity.



Conclusion: There is no difference in incidence of in-hospital mortality between preoperative borderline and low pulmonary vascular resistance index patients. However, preoperative borderline pulmonary vascular resistance index and tricuspid valve gradient ≥64 mmHg are associated with increased overall morbidity after surgical closure in secundum atrial septal defect patients with pulmonary arterial hypertension.
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Introduction

Atrial septal defect (ASD) is one of the most common congenital heart diseases (CHD) found with secundum ASD as the majority type. Sixty-nine percent of adult congenital heart disease (ACHD) patients in Indonesian National Cardiac Center Harapan Kita (NCCHK) are ASD patients. Due to its natural course, secundum ASD patients were often asymptomatic and diagnosed late in adulthood (1). Moreover, developing countries unexceptionally Indonesia, have their own local barriers -geographic, economic, human resources, scarcity of high-end equipment- in providing optimal medical care for such patients (2). Therefore, patients often came as “late presenters” of whom already have challenging courses.

Persistent interatrial shunt in uncorrected ASD leads to development of pulmonary arterial hypertension (PAH), and later pulmonary vascular disease (PVD). This irreversible condition denotes significant changes in pulmonary vascularization and attempt on defect closure would be hazardous (1, 3). Closure of the defect should have taken place before any irreversible changes occurred, preferably when pulmonary hypertension (PH) has not developed. Previous study showed surgical ASD closure has a favorable outcome with low mortality rate (<3%) (1). Unfortunately, preoperative PAH secondary to congenital heart disease is an important determinant for perioperative morbidity and mortality as well as long-term postoperative survival (4). Presence of PAH could lead to incidence of postoperative pulmonary hypertension crisis (PHC) that has disastrous effect with mortality rate as high as 20% (5). Given the life-threatening complications associated with pulmonary hypertensive crisis, stratifying the risk of preoperative PAH would determine the outcome after surgery.

Existing guideline stated, CHD with systemic-to-pulmonary shunts with preoperative pulmonary vascular resistance index (PVRI) < 4 WU.m2, considered as low PVRI, is appropriately safe to close. However, preoperative PVRI ≥4 WU.m2 deemed to be on grey/borderline zone where development of PVD might already occurred. Meanwhile, patients with PVRI >8 WU.m2 -even after acute vasoreactivity test- is thought to have irreversible pulmonary vascular changes and will not have favorable outcomes (6). Patients with dubious PVRI value still have the chance for defect correction with noteworthy consideration where individual patient evaluation should be performed in tertiary centers. Some of those patients received pulmonary vasodilator therapy to achieved operability criteria (treat-to-repair concept) (6, 7). Studies regarding this challenging group are still scarce, mostly are case reports with various kind of systemic-to-pulmonary shunt defect. None of the studies have showed short or long-term outcome after defect closure in borderline PVRI especially in secundum ASD patients, since these patients in developing countries tend to come as late presenter and often had develop pulmonary hypertension. The study aimed to investigate the impact of preoperative borderline PVRI compared to low PVRI on short-term outcome after surgical ASD closure in secundum ASD patient with PAH.



Materials and methods


Study designs and participants

This was a single-center and a retrospective observational study comparing the perioperative outcome of preoperative borderline and low PVRI groups after surgical closure of secundum ASD. We identified adult (≥18 years old) patients with secundum ASD with PAH (ASD-PAH) who underwent surgical closure in our hospital between January 2015 and January 2020. Patients with ASD with other concomitant CHD, patients who underwent surgical procedures other than ASD closure and/or valve repair/replacement were excluded. We calculated the sample size for this particular study and for the 90% of statistical power, the minimal size would be 87 patients per group or 174 patients in total. The study was reviewed and approved by the Ethical Committee of Department of Cardiology and Vascular Medicine, Faculty of Medicine Universitas Indonesia, National Cardiovascular Center Harapan Kita (Ethical Approval Number: LB.02.01/VII/429/KEP.029/2020).



Data collection

We collected demographic, clinical, electrocardiographic, echocardiographic, RHC, surgical and post-surgical data from medical records. Age were categorized into ≥40 and <40 year old (8). Secundum ASD was mainly diagnosed transthoracic echocardiography (TTE) and trans-esophageal echocardiography (TEE). Data of preoperative defect size was obtained with TEE when available and confirmed during procedure. The size of left ventricle (LV) was determined by end diastolic diameter (EDD) index and considered to be “small-sized” if less than 2.2 cm/m2 for male and less than 2.3 cm/m2 for female. Decrease right ventricle function defined as tricuspid annular plane systolic excursion (TAPSE) < 17 mm (9).



Catheterization

PAH was defined for the purpose of this study as mean pulmonary arterial pressure (mPAP) > 20 mmHg, pulmonary capillary wedge pressure < 15 mmHg, and PVR > 3 WU at rest right heart catheterization (RHC) (10). Hemodynamic parameters (Qp/Qs, PVRI, resistance ratio) were calculated using Fick method. Oxygen consumption was estimated with table from La Farge and Miettinen (11). Acute vasoreactivity test (AVT) was carried out with delivery of 100% oxygen (FiO2) via face mask for 10 min. Using data from RHC reports, all patients were recalculated for PVRI with WU.m2 as the agreed unit (6). This measure was taken due to diversified units that had been used in the past (WU or WU.m2 or WU.m-2). Borderline PVRI was defined as pulmonary vascular resistance index ≥4 WU.m2 before AVT. Low PVRI was defined as pulmonary vascular resistance index <4 WU.m2 before AVT.



Surgical closure

Referring to our hospital clinical practice guideline, secundum ASD-PAH patients with PVRI < 8 WU.m2 before or after acute vasoreactivity test (AVT) were deemed operable. Surgical data were obtained from the surgical note. Based on previous study, aortic cross clamp (Aox) time will be classified to > 45 min and < 45 min (12). Prolonged cardiopulmonary bypass (CPB) time was defined as CPB time > 100 min (13).



Endpoint

Primary clinical endpoint was in-hospital mortality after surgery, defined as all-cause mortality events during post-operative period. Secondary clinical end-point was overall morbidity that includes any of pulmonary hypertension crisis event, prolonged intensive care unit stay, and/or mechanical ventilation use. Pulmonary hypertension crisis was defined as acute increase in pulmonary arterial pressure to systemic arterial pressure ratio >0.75 which was usually accompanied by an increase in central venous pressure (>20%), a decrease in blood pressure (>20%) and a decrease in oxygen saturation levels to less than 90% with signs of decreased cardiac output (5). Prolonged intensive care unit (ICU) stay was defined as period stay at ICU for more than two days (14). Twenty-four hour was used as a cutoff point to consider prolonged mechanical ventilation use (15).



Statistical analysis

Statistical analysis was performed using SPSS software for Macintosh, version 22 (IBM, New York). Categorical variables stated in frequencies and proportions. Continuous variables were expressed as means + standard deviation or medians with ranges when appropriate. For numeric variables, the differences between the two groups were analyzed with T-test or Mann-Whitney test, as appropriate. For discrete variable, the differences between two groups were analyzed with the χ2 or Fisher's exact test, as appropriate. Certain variables (age, PVRI, size defect, TAPSE, mPAP, TVG, PaO2, CPB time, AoX time) will be categorized according to agreed terms. Variables with p < 0.25 in bivariate analysis will be included in multivariate analysis using logistic regression. A two-tailed p-value of <0.05 was considered statistically significant.




Results


Study population

During the five-year study period, surgical closure of ASD was attempted in 510 adult patients. Approximately 255 patients met the inclusion and exclusion criteria, however only 183 patients had available complete data and included in final analysis. The median preoperative PVRI was 4.3 WU.m2 (0.4–13.5 WU.m2). Ninety-two patients (51%) were classified as borderline PVRI group and 91 patients (49%) belonged to low PVRI group. After recalculation there were eleven patients with preoperative PVRI >8 WU.m2. Detailed characteristic was summarized in Figure 1.


[image: Figure 1]
FIGURE 1
Schematic review of study sample.




Preoperative baseline characteristics

Most of the patients were female (86.3%) with median age of 37 (18–64) years old. More than half of the population preoperative NYHA Fc II (72.7%). We found that atrial fibrillation was present in 26/183 patients (14.2%). Comparison of baseline clinical, echocardiographic and cardiac catheterization between two groups are summarized in Tables 1, 2, respectively. A distinct baseline clinical characteristic existed between two groups except for median age, gender distribution, and comorbidities. However, as variable age was dichotomized into two groups (< 40 and ≥40 years old), low PVRI group had greater proportion of patients with age ≥40 years old (48.4% vs. 32.6%; p = 0.03). Preoperative oxygen saturation (SaO2) and preoperative partial pressure of oxygen (PaO2) in borderline PVRI group were significantly lower compared to low PVRI group (p < 0.001). Phospdiesterease-5 inhibitor (Sildenafil) was the drug of choice for preoperative pulmonary vasodilator treatment (80.7% vs. Beraprost 13.8%). Combination therapy were used in 5.5% patients. Comparison between groups showed a contrasting echocardiography and cardiac catheterization features. Through basic echocardiography it showed that borderline PVRI group had significantly decreased RV function (TAPSE) with preoperative tricuspid valve gradient (TVG) that was higher than those of low PVRI group. However, there was no significant difference in defect size, LV size, and proportions of mitral regurgitation severity (p > 0.05). No difference found in the type of anesthesia used during RHC procedure.


TABLE 1 Baseline characteristic of 183 secundum ASD patients who underwent surgical closure.
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TABLE 2 Preoperative diagnostic characteristics by PVRI group.
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Surgical procedure and perioperative ICU care

Table 3 summarized surgical procedure and perioperative ICU care between two groups. Median defect size was 30 (15–60 mm) without significant difference between two groups (p = 0.376). Most defects were closed with pericardial patch (89.6%), the rest with direct closure and in some cases a small fenestration was created in the surgical patch. Different characteristics found regarding perioperative care. Patients in borderline PVRI group received significantly more supportive drugs (inotropic, vasopressor, and/or inodilator agent) compared to low PVRI group (p < 0.001). Similar result was recorded for perioperative pulmonary vasodilator treatment usage. Nitric oxide inhalation was used for two patients as pulmonary hypertension crisis (PHC) treatment. Inhaled Illoprost was given for 50% patients who received perioperative pulmonary vasodilator treatment. Sildenafil was given as substitute for Illoprost or as a single therapy. Median length of stay in the ICU was 1 (1–23) day, while duration of mechanical ventilation was 12 (0–548) hours. Two patients had early extubation in the operating room.


TABLE 3 Surgical procedures and ICU care in 183 secundum ASD patients underwent surgical closure.

[image: Table 3]

The most common perioperative complication was arrhythmias (15.3%) with new-onset atrial fibrillation as the most frequently encountered. Other complications were stroke (1.6%), pneumonia (16.5%), low cardiac output syndrome (2.7%), and acute kidney injury (3.2%). One of three patients who developed strokes had subarachnoid hemorrhage (SAH). Redo procedures were performed in three patients; two patients due to surgical bleeding and one patient had side port sutured to his superior vena cava.



Primary endpoint

There was no significant difference in incidence of in-hospital mortality between borderline and low PVRI groups (1.1% vs. 2.2%, OR 0.48 95% CI 0.04–5.48; p = 0.621). None of other variables (age, sex, defect size, TAPSE, small-sized LV, TVG, mPAP, PaO2, preoperative pulmonary vasodilator, Aox time and CPB time) showed any significant difference, thus multivariate analysis by logistic regression was not performed. Overall incidence of in-hospital mortality was 1.6% (3/183), none of them had pulmonary hypertension-related cause of death. One patient who belonged in borderline PVRI group died from excessive bleeding resulting in uncorrectable hemodynamic state despite optimal effort. Two patients from low PVRI group died from massive non-hemorrhagic stroke and sepsis with multi-organ dysfunction.



Secondary endpoint

Table 4 detailed the incidence of overall morbidity and each of the components considered. Pulmonary hypertension crisis (PHC) occurred in seven patients and all of them belonged to borderline PVRI group. Five patients had post-AVT PVRI >8 WU.m2, after recalculation. The incidence of overall morbidity was higher in borderline PVRI group compared to low PVRI group before adjustment (32.6% vs. 13.2%, OR 3.28 (95% CI 1.5–6.72; p = 0.002)) and after adjustment (OR 2.63 (95% CI 1.02–6.77; p = 0.045)). Summarized in Table 5, preoperative TVG ≥64 mmHg, mPAP ≥36 mmHg, arterial PaO2 < 80 mmHg, and use of pulmonary vasodilator drug preoperatively were predictors for overall morbidity. However, after adjustment, only preoperative TVG ≥64 mmHg remained as independent predictors of overall morbidity (p = 0.034). Statistical analysis for overall morbidity summarized in Tables 5, 6.


TABLE 4 Postoperative in-hospital mortality and morbidity.
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TABLE 5 Univariate and bivariate analysis factors influencing overall morbidity.
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TABLE 6 Univariate and multivariate analysis of factors affecting overall morbidity after surgical ASD closure.
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Discussion

Prevalence of ASD-PAH ranged between 8%–10% (3). However, we reported a higher proportion of PAH in secundum ASD patients who underwent surgical closure (44%; 225/510 patients) in this study. This higher number might be due to our hospital is the national referral center for CHD in which most patients were referred with advanced stage of disease of whom required more specialized intervention. The demographic characteristics in our study were similar with previous studies which were mostly female patient and in third-to-fourth decade (1, 14). Clinical and diagnostic characteristics supported distinct hemodynamic properties between groups whom similar to other studies though no difference in size defect was found between groups. Conflicting findings in other studies exist regarding PH severity and defect size (16, 17). Determination of defect size in available studies was done using echocardiography where the accuracy of the results depends on the view taken, the form of ASD, as well as individual expertise. In our study, measurement of ASD defect size was confirmed at surgery.

Primary endpoint in this study showed no difference in in-hospital mortality between two groups with particularly low mortality rate (1.6%) which concordance with available statement regarding surgical ASD closure safety (1). The causes of death varied but very few had reported PH as the cause. Horvarth et al. (1992) reported two deaths from 166 patients underwent surgical ASD closure with one of them had pulmonary hypertension as the responsible cause of death (18). Although our study shared the same value of in-hospital mortality, we had completely different study subjects compared to other previous studies. All of our subjects had preoperative PH (confirmed by gold standard RHC) which were considered to have higher risk compared to patients without, while in other studies only partial of subjects were accompanied by PH known with different diagnostic approach. Currently, there is no previous study regarding ASD closure similar to ours. Whilst Bando et al. (4) already reported that preoperative PH was independent predictor of mortality after CHD correction [OR 2.2 95% CI 1.05–4.59; p = 0.036], three patients who died during the course of our study had no report of pulmonary hypertension crisis and none of the considered variables proven to be the independent cause of mortality.

Discussion about postoperative mortality cannot be separated with the most avoided complication of pulmonary hypertension, pulmonary hypertension crisis. Our study reported similar incidence rate of PHC (3.8%) with the available data (0.75%–4%) (5). High preoperative pulmonary vascular resistance (PVRI >6 WU.m2) and less vasoreactivity (decrease PVRI <20% after AVT) are risk factors for postoperative complication in patients with preoperative PH (19). Our study found all patients who experienced postoperative PHC were in the borderline PVRI group with five of them had final PVRI value >8 WU.m2 although they had good vasoreactivity.

The risk of mortality in patient experienced PHC is as high as 20% (9). In our study, all of the patients with PHC survived the disastrous event and were fully discharged from hospital in good condition. Furthermore, eleven patients who had preoperative PVRI >8 WU.m2 did not experienced mortality and only 6/11 patients had morbidity. These favorable findings might be due to optimal pre-and perioperative care such as administration of optimal preoperative pulmonary vasodilator, good adherence, and practice to recommendation regarding postoperative PH care (sedation, minimal manipulation, acidosis treatment, good hydration, administration of inotropic and inodilator as appropriate, oxygenation, and perioperative pulmonary vasodilator) in our patients (20). These advantages might not available in studies conducted before 1990 though they had lower operability PVRI limit such as in study by Bush et al. (PVRI ≤6 WU.m2) and Neutze et al. (PVRI <7 WU.m2), where perioperative care not as sophisticated as nowadays and pulmonary vasodilator were not widely used and available (21). Those studies however had CHD type and patient's characteristics that differed from our study. To be of note, there has not been a similar study for secundum ASD-PAH patient either locally or internationally.

Another enticing aspect in our study was more than half of patients (52.2%) in borderline PVRI group did not receive any perioperative pulmonary vasodilator and yet none of them had any event. The decisions to give perioperative therapy was not only based on preoperative hemodynamic but also on postoperative clinical and hemodynamic consideration. Widely known as the principal risk factor for incidence of postoperative PH, high PVRI value is not the solely predictor. Pulmonary vascular reactivity contribute to acute increase of postoperative pulmonary vascular pressure and there were no parameters that can truly predict this (22). Canter et al. found that genetic factor T1450N polymorphism of gene encoding carbamoyl-phosphate synthetase I (an important enzyme for endogenous nitric oxide production) play a role in the increase in pulmonary pressure in postoperative pediatric patients (23). Further research is needed regarding contributing factors.

Expected results for other postoperative morbidity components were reported from our study. Fouly et al. have stated that patients with preoperative PH had longer ICU stay and mechanical ventilation use (24). Patients whom developed postoperative pulmonary hypertension would inevitably had longer duration of mechanical ventilation as part of precautious ICU care and indirectly affect the ICU stay.

We reported borderline PVRI group and preoperative TVG ≥ 64 mmHg as independent predictor for overall morbidity. Different results reported by Horer et al. in which preoperative atrial fibrillation and greater defect size had longer ICU stay (14). However this study had different characteristic regarding PH, only some of them had preoperative PH with mean mPAP 18.6 ± 6.4 mmHg and PVR 2.26 ± 1.67 WU.

To our knowledge, our study was the first to assess the association of preoperative TVG with clinical outcome after surgical closure of ASD associated with PAH. Other studies mainly use systolic pulmonary arterial pressure (sPAP) both for defining PH and as predictor factor. Tricuspid valve gradient is the component for calculating estimated sPAP which represents the interaction between right ventricle and afterload (PVR) (25). Thus, an increase in PVR would be followed with an increase in TVG, which could be seen in patients with overall morbidity had similar proportion for borderline PVRI and TVG ≥64 mmHg groups.

Severe left ventricular dysfunction after ASD closure was a possible complication in adult patients. This condition would lead to low cardiac output syndrome (LCOS) and affect the outcome after closure. This undesired complication was postulated due to small LV size that can cause LV diastolic dysfunction (26). Our center found that LV end diastolic volume index ≤53.3 ml/m2 by magnetic resonance imaging (MRI) was predictor of LCOS after surgical ASD closure (27). Not all of our patients in this study were performed preoperative MRI, therefore we use echocardiography parameter to define small-sized LV. No difference in outcome was found regarding this variable.

Although the study was a retrospective study, this study managed to depict our achievements as national referral center for congenital heart disease. Existing barriers did not hinder our effort to provide optimal care in accordance with existing guidelines and evidence-based practice. Our study only remarked the short-term outcome whereas preoperative PAH could affect long-term outcome in relation to PAH reversibility after defect closure which raised another concern. Further study was needed to evaluate the PAH reversibility in ASD patients with preoperative borderline PVRI.



Conclusion

The result of present study indicates that adult secundum ASD-PAH who had preoperative borderline PVRI did not have any different for in-hospital mortality post-surgical closure compared to low PVRI. However, the borderline PVRI group had higher incidence of overall morbidity. These findings supported the operability of patient with borderline PVRI, yet caution must be made for perioperative care to anticipate possible morbidity. Hence, readiness of the center to overcome post-operative pulmonary complication plays a key role in determining perioperative outcome.
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Background: This study investigated the volume and duration of pleural and mediastinal effusions following extracardiac total cavopulmonary connection, as well as preoperative risk factors and their impact on outcome.

Materials and methods: A total of 210 patients who underwent extracardiac total cavopulmonary connection at our center between 2012 and 2020 were included in this study. Postoperative daily amount of pleural and mediastinal drainage were collected and factors influencing duration and amount of effusions were analyzed. The impact of effusions on adverse events was analyzed.

Results: Median age at extracardiac total cavopulmonary connection was 2.2 (interquartile range, 1.8–2.7) years with median weight of 11.6 (10.7–13.0) kg. Overall duration of drainage after extracardiac total cavopulmonary connection was 9 (6–17) days. The total volume of mediastinal, right pleural, and left pleural drainage was 18.8 (11.9–36.7), 64.4 (27.4–125.9), and 13.6 (0.0–53.5) mL/kg, respectively. Hypoplastic left heart syndrome (p = 0.004) and end-diastolic pressure (p = 0.044) were associated with high volume of drainages, and hypoplastic left heart syndrome (p = 0.007), presence of aortopulmonary collaterals (p = 0.002), and high end-diastolic pressure (p = 0.023) were associated with long duration of drainages. Dextrocardia was associated with higher volume (p < 0.001) and longer duration (p = 0.006) of left pleural drainage. Duration of drainage was associated with adverse events following extracardiac total cavopulmonary connection (p = 0.015).

Conclusion: Volume and duration of pleural and mediastinal effusions following extracardiac total cavopulmonary connection were related with hypoplastic left heart syndrome, aortopulmonary collaterals, and end-diastolic pressure. The duration of drainage for effusions was a risk factor for adverse events after total cavopulmonary connection.
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pleural effusion, univentricular heart, total cavopulmonary connection (TCPC), congenital heart disease, outcome


Introduction

As patient selection, surgical procedures, and postoperative management have been refined over time, today’s early staged Fontan surgery for patients with univentricular heart is linked to excellent early survival (1–4). Nevertheless, in the absence of a sub-pulmonary ventricle, redirection of the inferior vena cava to the pulmonary circulation inevitably exposes the systemic venous and lymphatic system to significantly higher pressure, which is associated with the majority of the acute and late postoperative complications following the Fontan procedure (5–8). The increase in hydrostatic capillary pressure, which results in excessive filtration in the interstitial space and overwhelming outflow into the lymphatic system, is one of the postulated mechanisms of pleural effusion and chylothorax in Fontan physiology (9).

Our institution has been performing an extracardiac conduit total cavopulmonary connection (EC-TCPC) as the standard procedure (10, 11). Various short-term morbidities may occur following EC-TCPC, including prolonged pleural effusion, arrhythmias, and acute kidney injury, all of which are associated with adverse in-hospital and long-term outcomes (11–14).

In general, studies have consistently found that pleural effusions are associated with morbidity and prolonged hospitalization in EC-TCPC patients (15, 16). Kim et al. were unable to replicate these findings, and prolonged pleural effusions had no effect on late adverse events (17). All possible causes of pleural effusions have been accounted for. A 2019 study conducted at a single center found that prolonged mechanical ventilation can lengthen the time spent in the intensive care unit and the entire hospital stay. A shorter duration of ventilation was also associated with a decreased risk of pleural effusion (18). However, the incidence of postoperative pleural effusions continues to be high and is a significant determinant of postoperative hospital length of stay.

In an effort to close the current knowledge gap, we sought to identify risk factors for pleural effusion and evaluate the effects of pleural and mediastinal effusions following EC-TCPC.



Materials and methods


Ethical statement

The Institutional Review Board of the Technical University of Munich approved the study (approved number of 305/20 S-KH on 2nd June, 2020). Due to the retrospective nature of the study, the need for individual patient consent was waived.



Patients

The retrospective review of medical records including in-hospital and out-patient notes, laboratory data, cardiac catheterization and other non-invasive images was performed for patients who underwent EC-TCPC at the German Heart Center Munich between 2012 and 2020. Patients who underwent TCPC conversion from classic Fontan procedure were excluded. The preoperative variables were measured at the closest time before surgery and postoperative variables were the first measurements when admitted to the ICU. Postoperative daily amounts of right pleural, left pleural and mediastinal effusions from the ICU charts were collected.



Perioperative management

Following EC-TCPC surgery, all patients were admitted to the intensive care unit (ICU). Extubation was performed several hours after ICU submission. If the drainage of pleural effusion was less than 2 mL/kg/day/tube, the chest/mediastinal tube was removed. The diagnosis of chylothorax was established by fluid analysis through puncture, including the presence of chylomicrons, triglyceride content of ≥110 mg/dl, or a total cell count of 1,000 cells/mm3 and lymphocyte fraction ≥80%.



Operative techniques

Extracardiac conduit total cavopulmonary connection was performed through a median sternotomy on cardiopulmonary bypass with aortic and bicaval cannulation (10, 11). Connection between inferior vena cava and pulmonary artery was performed using a non-ringed Gore-Tex tube graft. A graft diameter of 18 mm was most frequently used. Aortic cross-clamping with subsequent cardioplegic arrest of the heart was done only in patients who received a concomitant intra-cardiac procedure. Fenestration was only created in patients with a high preoperative risk of a poor outcome after TCPC: elevated mean pulmonary artery pressure (>15 mm Hg), elevated pulmonary vascular resistance (>2 mm Hg/L per min/m2), pulmonary artery distortion, and elevated ventricular filling pressure (12 mm Hg).



Follow-up data

The patients underwent outpatient follow-up with pediatric cardiologists, and follow-up periods were defined as the time between the EC-TCPC and the time of the final appointment for each individual patient in the study. Adverse events were defined as death, heart transplantation, TCPC take down, symptomatic protein-losing enteropathy, symptomatic plastic bronchitis, thromboembolic events, sustained episode of supraventricular tachycardia, and requirement of permanent pacemaker implantation after EC-TCPC.



Statistical analysis

Categorical variables are presented as absolute numbers and percentages. Continuous variables are expressed as medians with interquartile ranges (IQR). Associated factors for excessive volume of drainage after EC-TCPC were identified using a logistic regression analysis. A cut-off value of 75 IQR was used in this analysis. Odds ratio (OR) with 95% confidence interval (CI) were estimated. Cox proportional hazard models was used to identify the variables that are associated with the duration of drainages. Hazard ratio (HR) with 95% CI were estimated. Impact of the duration as well as the amount of effusions on late adverse events after EC-TCPC were analyzed through Cox regression model. Risk factor analysis was tested by a univariable regression model and later as a multivariable model. For the multivariate model, those variables with a P-value < 0.1 in the univariable analysis were entered into the multivatiable model, with no subsequent removal of variables. Both forward inclusion and backward elimination process was used to generate the final multivariate model. It was confirmed that the risk factors resulting from forward inclusion and backward elimination was identical. P-values < 0.05 were considered significant. Data analysis and graphing were performed with the Statistical Package for the Social Sciences (SPSS) version 28.0 for Windows (IBM, Ehningen, Germany).




Results


Patient’s characteristics

A total of 210 Patients were identified who underwent EC-TCPC at our center during the study period. Patient’s characteristics are shown in Table 1. The median follow-up following EC-TCPC was 1.7 (IQR = 0.2–3.8, maximum 8.6) years. Median age at EC-TCPC was 2.2 [Interquartile range (IQR) = 1.8–2.7] years with a body weight of 11.6 (IQR = 10.7–13.0) kg. Most frequent diagnosis was hypoplastic left heart syndrome (n = 79, 38%) and dominant right ventricle (RV) was observed in 127 (61%) patients. Dextrocardia was present in 19 patients (9%), and heterotaxy syndrome in 17 (8%). All patients had previous BCPS at the median age of 0.3 (IQR = 0.3–0.5) years and median interval between BCPS and EC-TCPC was 1.8 (IQR = 1.4–2.2) years. Pre-TCPC catheter data is shown in Supplementary Table 1. Operative and perioperative data are depicted in Table 2. An 18 mm extra-cardiac conduit was used in 194 patients (92%).


TABLE 1    Patient characteristics.

[image: Table 1]


TABLE 2    Perioperative variables.
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Volume and duration of mediastinal and pleural drainage

Median total volume of mediastinal, right pleural, and left pleural drainage after EC-TCPC was 18.8 (IQR, 11.9–36.7), 64.4 (IQR, 27.4–125.9), and 13.6 (0.0–53.5) mL/kg, respectively (Figure 1). Median total volume from any drainage per patient was 120.3 (IQR = 61.0–202.7) mL/kg. Histogram of total volume from any drainage per weight is shown in Supplementary Figure 1.


[image: image]

FIGURE 1
Box-and-whiskers dot plots showing total volume of drainage in right pleural, left pleural and mediastinal drainage. The upper and lower whiskers mark the minimum and maximum values, the upper and lower borders of the box represent the upper and lower quartiles, and the middle horizontal line represents the median.


Overall duration of any drainage was 9 (IQR 6–17) days, and the last drainage needed was right pleural drainage in 136 (64.8%), left pleural drainage in 33 (15.7%) patients, and both right and left pleural drainage in 41 (19.5%). Distribution of the duration of the drainage was shown in Figure 2. Median duration of right pleural and left pleural drainage after EC-TCPC was 7 (IQR = 4–13) days, and 6 (IQR = 1–6) days, respectively. Distribution of the duration of right pleural drainage and left pleural drainage is graphically shown in Supplementary Figure 2.
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FIGURE 2
Histogram of duration of drainage. Median duration of drainage was at 9 (IQR = 5–17, minimum 1 and maximum 52) days.




Factors influencing volume of mediastinal and pleural effusion

As for the total volume of mediastinal and pleural drainage, HLHS (OR = 2.097, p = 0.022), presence of APCs (OR = 3.115, p = 0.008), PAP (OR = 1.199, p = 0.013), SVEDP (OR = 1.199, p = 0.011), and systolic arterial pressure (OR = 1.027, p = 0.037) were associated with volume from drainage with univariable analysis (Table 3). Multivariable analysis demonstrated HLHS (OR = 3.898, p = 0.004) and SVEDP (OR = 1.205, p = 0.044) were independent factors associated with high volume of drainages. Winter respiratory viral season of November through March was not identified as a factor influencing volume of mediastinal and pleural effusions (OR = 0.928, p = 0.822).


TABLE 3    Factors associated with excessive volume of drainage.
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As for right pleural drainage, HLHS (OR = 3.373, p < 0.001), presence of APCs (OR = 4.137, p < 0.001), and PAP (OR = 1.199, p = 0.013), were associated with volume from drainage with univariable analysis. Multivariable analysis identified HLHS (OR = 3.400, p = 0.006) and presence of APCs (OR = 3.799, p = 0.003) as independent factors associated with high volume of drainages.

As for left pleural drainage, dextrocardia (OR = 6.082, p < 0.001), PAP (OR = 1.253, p = 0.002), SVEDP (OR = 1.211, p = 0.006), systolic aortic pressure (OR = 1.027, p = 0.035), and arterial oxygen saturation (OR = 1.131, p < 0.001) were associated with a large volume from drainage in the univariable analysis. Multivariable analysis demonstrated dextrocardia (OR = 14.682, p < 0.001), PAP (OR = 1.508, p < 0.001), and arterial oxygen saturation (OR = 1.178, p < 0.001) were independent factors associated with high volume of drainages. Results of the analysis using all variables are shown in Supplementary Table 2. Results of risk factor analysis for total pleural effusions (right and left altogether) are shown in Supplementary Table 3.



Factors influencing duration of pleural effusions

As for total duration of mediastinal and pleural drainage, HLHS (HR = 1.776, p < 0.001), dominant RV (HR = 1.590, p = 0.001), presence of APCs (HR = 2.222, p < 0.001), previous Norwood procedure (HR = 1.541, p = 0.002), PAP (HR = 1.093, p = 0.004), and SVEDP (HR = 1.072, p = 0.020) were associated with total duration of drainage in univariable analysis (Table 4). Multivariable analysis demonstrated that HLHS (HR = 1.818, p = 0.007), presence of APCs (HR = 1.988, p = 0.002), and SVEDP (HR = 1.083, p = 0.023) were independent factors associated with total duration of drainages. Winter respiratory viral season of November through March was not identified as a factor influencing duration of pleural effusions (HR = 0.980, p = 0.890).


TABLE 4    Factors associated with duration of drainage.
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As for duration of right pleural drainage, HLHS (HR = 3.745, p < 0.001), dominant RV (HR = 1.484, p = 0.006), presence of APCs (HR = 2.128, p < 0.001), previous Norwood procedure (HR = 1.529, p = 0.002), and PAP (HR = 1.085, p = 0.010) were associated with long duration of drainage in univariable analysis. Multivariable analysis showed that HLHS (HR = 2.088, p < 0.001) and presence of APCs (HR = 1.835, p = 0.003) were independent factors associated with long duration of drainages.

As for duration of left pleural drainage, dextrocardia (HR = 1.859, p = 0.011), PAP (HR = 1.083, p = 0.009), and SVEDP (HR = 1.072, p = 0.162), were associated with long duration of drainage in univariable analysis. Multivariable analysis demonstrated that dextrocardia (HR = 2.105, p = 0.006) and PAP (HR = 1.111, p = 0.001) were independent factors associated with long duration of drainages. The additional surgical procedures did not influence the analyzed outcomes. Results of the analysis using all variables are shown in Supplementary Table 4.



Impact of amount and duration of mediastinal and pleural drainage on outcome after total cavopulmonary connection

As for the impact of effusion on late outcomes, the amount of effusion was not identified as an increased risk of adverse outcomes following EC-TCPC (Table 5). Whereas total duration of any drainages (HR = 1.074, p = 0.022) and duration of left pleural drainage (HR = 1.082, p = 0.043) were associated with an increased risk for late adverse outcomes. Need for ascites drainage was also associated with adverse events (HR = 6.768, p = 0.036). Variables which influenced the amount and duration of drainage were not associated with the following variables: HLHS (HR = 0.976, p = 0.979), presence of APCs (HR = 0.674, p = 0.732), previous Norwood procedure (HR = 1.251, p = 0.807), PAP (HR = 1.175, p = 0.385), SVEDP (HR = 1.248, p = 0.292), Dextrocardia (HR = 0.043, p = 0.657), systolic arterial pressure (HR = 0.980, p = 0.428), arterial oxygen saturation (HR = 0.969, p = 0.135), anomalous systemic venous drainage (HR = 0.043, p = 0.641), TPG (HR = 1.402, p = 0.313), dominant RV (HR = 0.932, p = 0.939), and heterotaxy (HR = 0.043, p = 0.657). The total duration of any drainage was an independent factor associated with adverse events following EC-TCPC (HR = 1.098, p = 0.015) as determined by multivariable analysis. The details of adverse events are shown in Supplementary Table 5.


TABLE 5    Factors associated with adverse events after total cavopulmonary connection (TCPC).
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Chylothorax

Chylothorax was observed in 46 patients (21.9%). Patients with chylothorax had significantly longer duration of right pleural drainage (p < 0.001) and left pleural drainage (p < 0.001). Volume of drainage was higher in patients with chylothorax in the right pleural drainage (p < 0.001) and left pleural drainage (p < 0.001).




Discussion

According to the findings of the current study, HLHS, dominant RV, APCs, PAP, and SVEDP were all associated with longer durations of pleural and mediastinal drainage after EC-TCPC. This was also the case for the volume of drainage that occurred after the procedure. Both the volume and the duration of left pleural drainage were found to be associated with dextrocardia. A risk factor for adverse events that occurred after EC-TCPC was not the amount of effusions themselves, but rather the length of time drainage was performed.


Factors influencing the amount and duration of pleural and mediastinal drainage

Previous studies demonstrated various factors which influenced postoperative pleural effusions after the Fontan procedure (5–8, 17–22): ventricular stiffness (5), pulmonary atresia (6), pre-Fontan PAP (6, 7, 17, 19, 20), chylothorax (7, 18), atrioventricular valve regurgitation (7), APCs (7, 21, 22), CPB time (7, 8), AXC time (7), oxygen saturation (8), HLHS (17, 23), absence of fenestration (17, 18, 20), younger age at Fontan (18), prolonged mechanical ventilation (18), and winter respiratory viral season of November through March (19). In our study, pre-Fontan PAP and APCs were significant determinants of pleural effusion volume and duration. Risk factors included HLHS, RV dominance, a previous Norwood procedure, APCs, and SVEDP. Dextrocardia was also found to affect the duration and volume of left pleural effusions. In patients with HLHS who had previously undergone the Norwood operation, the volume of right-sided pleural effusion increased significantly. On the contrary, patients with dextrocardia had a significant increase in the duration and volume of left-sided pleural effusion. Though, it is unclear why dextrocardia was linked to the volume and duration of left-sided pleural effusions. In patients with dextrocardia, we assume that the total volume of the left lung is greater than that of the right lung. As a result, the number of left-sided pleural effusions was greater than that of the right lung. However, we do not know why the duration of drainage was longer in the left lung. Further investigation of the pulmonary artery flow profile by cardiac magnetic resonance is required to explain this phenomenon.

The duration of pleural effusion may be affected by the timing of TCPC completion. Our clinical demographic criteria were an age of at least 2 years, a weight of at least ten kilograms, and the ability to walk. In another study, when the chest drainage criteria and age were examined, the factor older age was associated with significantly longer duration of chest drainage (24). According to a recent study, Fontan patients have a reduced carbon monoxide diffusing capacity, which is primarily due to low alveolar volume. Lung stiffness increases, affecting alveolar volume and capillary membrane function. These parameters have a negative correlation with Fontan completion age, implying that earlier Fontan completion may benefit lung function (25). We believe that early Fontan completion might preserve systemic ventricular function, prevent (or at least mitigate) the harmful consequences of the Fontan circulation, and provide better functional ability.



Impact of the amount and duration of pleural drainage on adverse events

The duration of pleural effusions was found to be related with a higher risk of unfavorable outcomes following the Fontan procedure in several studies (1, 23, 26). Whereas another study did not show the association of adverse outcomes and prolonged pleural effusions (17). According to the findings of our study, the volume of pleural drainage was not a factor in determining whether or not there was an association between EC-TCPC and adverse events.



Therapeutic options for reducing effusions

Not performing fenestration for EC-TCPC was found to be a risk factor for adverse events including prolonged pleural effusion (6, 17, 18, 20, 27, 28). They demonstrated that fenestration is an effective procedure for lowering pulmonary artery pressure in patients with elevated pulmonary pressure. However, other institutions found no difference in need for chest drains between fenestrated and non-fenestrated Fontan procedure, and adopted selective fenestration strategy (1, 29–31). A propensity score–matched study with 1,443 patients, found no difference in long-term survival or freedom from Fontan failure between patients with and without fenestration (29). Patients with fenestration had a higher incidence of long-term thromboembolic events. It appears that fenestration in Fontan circulation has no long-term benefits. We agree that under usual circumstances a fenestration at the time of an EC-TCPC is not required. Only in patients who were considered to be high-risk, such as those who had an elevated pulmonary artery pressure or trans-pulmonary gradient, significant atrioventricular regurgitation, or single-lung physiology, we choose to perform fenestration (10, 11). In total, we have done EC-TCPC procedures in over 98% of our patients without fenestration.

It is important to recall that a shorter duration of mechanical ventilation is related to reduced pleural effusions. Previous research indicated that early extubation following EC-TCPC, including extubation in the operating room, is a safe and successful approach, resulted in clinical benefits (32–34).

Other therapies include diuretics, surgical and catheter intervention for pathway obstruction, coil embolization of APCs, and secondary fenestration. A defined management strategy might reduce the amount of effusion (35, 36). The use of modified ultrafiltration, which is a standard procedure at our center, helps to reduce postoperative effusions (37).



Study limitations

This study was limited by its retrospective, non-randomized, and single-center design. Surgical and medical management may have changed during the study period, probably influencing the long-term outcomes. As for adverse events, the pathophysiology leading to the endpoints may be very different, especially for death and rhythm disturbances. Hence, the impact of potential risk factors is difficult to interpret. These might be limitations for this risk analysis. A relatively short follow-up period might cause an unreliability for the analysis of impact of amount and duration of mediastinal and pleural drainage on adverse events.




Conclusion

According to the findings of our research with a relatively large cohort of non-fenestrated EC-TCPC performed at around 2 years old, pleural effusions following EC-TCPC were linked to a variety of factors, including but not limited to HLHS, RV dominance, Norwood surgery, a high PAP, and a high SVEDP. It was also found that the presence of similar risk factors is associated with greater volumes of pleural effusions. Dextrocardia was an independent factor for prolonged and higher volume of left pleural effusion, suggesting the importance of the dominant lung volume. However, the total amount of effusions was not associated with an increased risk of adverse outcomes, whereas the duration of pleural drainage affects the long-term prognosis following EC-TCPC. In the days following EC-TCPC, patients with persistent pleural effusions must be thoroughly observed.
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SUPPLEMENTARY FIGURE 1
Histogram of volume of drainage. Total volume from any drainage per patient was median 120.3 (IQR 61.0–202.7) mL/kg.

SUPPLEMENTARY FIGURE 2
Histogram of duration of drainage. Median duration of right pleural and left pleural drainage after EC-TCPC was 7 (IQR 4–13, minimum 0 and maximum 51) days, and 2 (IQR 0–7, minimum 0 and maximum 40) days, respectively.
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Ventricular assist device implantation presents a possible bridge to heart transplantation for patients with failing Fontan physiology. However, evidence regarding outcome and possible pitfalls associated with the Fontan circulation is still insufficient. We describe the course of a 13-year-old male, who was born with hypoplastic left heart syndrome and underwent HeartMate III implantation due to refractory failure of the systemic right ventricle.
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1. Introduction

The establishment of a Fontan circulation is essential to facilitate early survival of patients with functionally univentricular hearts but remains a palliative procedure nonetheless. Patients will eventually experience Fontan failure either due to reduced transpulmonary blood flow with or without increased pulmonary vascular resistance, resulting in reduced preload or failure (systolic or diastolic) of the systemic ventricle itself (1). Improved surgical and medical management led to a growing adolescent and adult patient cohort with Fontan physiology, ultimately qualifying for heart transplantation. As donor organ availability remains scarce, we are now observing an upturn in Fontan patients undergoing durable ventricular assist device (VAD) implantation (2–4). Herein, we describe the clinical course of a 13-year-old male with hypoplastic left heart syndrome (HLHS), who suffered from refractory systolic and diastolic failure of the systemic ventricle with unimpaired pulmonary blood flow and consequently received a HeartMate 3 (Abbott, Chicago, IL, USA) as a bridge to transplant.



2. Case description

The patient was a 13-year-old male with HLHS who underwent Norwood procedure with a 5 mm Sano-shunt in the neonatal period. Bidirectional cavopulmonary anastomosis was performed at the age of 5 months, and the Fontan circulation was completed with an extracardiac non-fenestrated 18 mm Goretex conduit at the age of two years. At that time we also closed aorto-pulmonary collaterals to the right lung. Incipient reduction of exertional capacity was evident seven years after the total cavopulmonary anastomosis. By the age of 12, he suffered from symptoms of advanced heart failure (NYHA III; peak oxygen consumption of 11.8 ml/min/kg in cardiopulmonary stress testing). Echocardiography and magnetic resonance imaging revealed a high-grade tricuspid valve regurgitation due to severe annular dilation (60 mm) and a markedly reduced systemic ventricle ejection fraction of 36%. His last heart catheterization showed a mean pulmonary artery pressure of 16 mmHg, and a transpulmonary gradient of 4 mmHg with increased right ventricular end diastolic pressure of 12 mmHg, so elevated pulmonary vascular resistance was ruled out. There was no more significant collateral blood flow to the lungs at that time. He deteriorated and was admitted to our center in cardiogenic shock with hypotension and lactate acidosis peripheral veno-arterial extracorporeal life support (ECLS) was established using the femoral vessels. Tricuspid valve replacement (33 mm perimount) was performed on the 3rd day of ECLS support, which was continued postoperatively. Renal and hepatic functions were preserved while on ECLS support, but ECLS-weaning attempts were repeatedly unsuccessful. The decision was made to implant a HeartMate III (HM III) on the 9th day of ECLS treatment. The child was 45 kg and 165 cm which resulted in a body surface area of 1.43 m2. Surgical access was impaired due to extensive adhesions from previous procedures. ECLS was switched to cardiopulmonary bypass via the femoral vessels. The HM III was placed in the systemic—anatomically—right ventricle. Therefore, the sewing ring was enhanced with four layers of pledgets (Figures 1, 2) to reduce protrusion into the ventricular cavity as previously suggested for right sided VAD placement (5). Right-ventricular myocardial trabeculae, chords and parts of the papillary muscles of the tricuspid valve were resected to avoid inflow cannula obstruction. This was facilitated by the already implanted tricuspid valve bioprosthesis (Figures 3, 4). The modified sewing cuff was fixated with 8 interrupted pledgeted sutures. The outflow graft was anastomosed to the ascending aorta with 4-0 Prolene suture. Bypass time was 160 min. After weaning from cardiopulmonary bypass, the ventricular assist device (VAD) was gradually set at 5,800 rpm, reaching a flow of 4.5 L/min with a power consumption of 5.3 Watt. In the immediate postoperative period the patient was supported with inotropes and inhaled nitric oxide. The patient was extubated on the 4th postoperative day. A single run of renal replacement therapy was necessary on postoperative day 3. End-organ parameters were within normal range 3 weeks after VAD implantation. The postoperative course was complicated by bleeding events (hemothorax and GI-bleeding from esophageal varices). Mass transfusion was necessary during that period. After bleeding issues had been resolved, anticoagulation was started with heparine (target PTT = 60 s) and later was switched to Vitamin-K-antagonists Aspirine was not started until 6 weeks after surgery due to the GI bleeding. Additionally, impaired wound healing without evident infection could be observed at the driveline exit site. He was discharged from the hospital in good clinical condition on postoperative day 69. Logfiles remained unremarkable for low-flow or suction events. Evaluation for heart transplantation is currently ongoing.
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FIGURE 1
Eight interrupted pledgeted mattress sutures to fixate the Heart Mate 3 sewing ring in the right ventricle.
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FIGURE 2
Modified sewing ring with four layers of felt pledget plates for right ventricular positioning of the Heart Mate 3.



[image: image]

FIGURE 3
Transesophageal echocardiography showing pump position in the right ventricle at adequate distance from the tricuspid valve bioprosthesis.
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FIGURE 4
Postoperative chest x-ray showing adequate positioning of the Heart Mate 3 device in the right ventricle as well as the tricuspid valve bioprosthesis.




3. Timeline
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4. Discussion

Over the last two decades, durable mechanical circulatory support advanced to a solid second-line treatment after heart transplantation for pediatric patients suffering from end-stage heart failure. With growing experience in the pediatric community, improving survival data and decline in adverse events, patients with failing Fontan circulation are increasingly considered suitable for VAD implantation (2–4, 6). With the withdrawal of the HeartWare (Medtronic, Dublin, Ireland), the intracorporeal HM III and paracorporeal Berlin Heart EXCOR® (Berlin Heart Medizintechnik GmbH, Berlin, Germany) remain the only options for pediatric durable support. We opted for the HM III as size was not an issue in our patient (body surface area 1.4 m2) and we aimed for hospital discharge during the expected long waiting time for heart transplantation. Additionally, intracorporeal flow devices are associated with the highest survival rates and fewer adverse events due to the lower thrombogenicity (6). However, patients with Fontan physiology represent a more challenging cohort and several additional pitfalls must be considered. Most importantly, low pulmonary vascular resistance is essential for unrestricted pulmonary blood flow and adequate VAD preload. This was the case in our patient, otherwise, a pulsatile sub-pulmonary assist device would have been necessary in addition to VAD support of the systemic ventricle. The details of this technique have been described previously (7). Numerous previous surgeries may result in relevant adhesions limiting surgical access, as presented in our case. Thus, alternative pump positions, modifications of the sewing cuff and generous resection of intraventricular material may be necessary to enable unobstructed pump-flow. Bleeding complications are not unexpected and therefore a well-established concept for the postoperative balance between early anticoagulation and bleeding complications (especially in Fontan-patients on ECLS-support prior to VAD implantation) is crucial. Last, special attention should be given to wound care. Reduced tissue integrity and interstitial edema caused by the elevated central venous pressure in patients with Fontan circulation could lead to impaired wound healing, which poses a greater risk for driveline infections. Despite additional challenges, our case indicates that HM III implantation is a feasible therapeutic option for patients with failure of the systemic ventricle and preserved pulmonary Fontan circulation.
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Successful surgical repair in an older adult with supracardiac total anomalous pulmonary venous connection: A case report
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Total anomalous pulmonary venous connection (TAPVC) is a rare, cyanotic and critical congenital heart disease where the entire left and right pulmonary veins fail to drain into the left atrium directly. Also, TAPVC-induced tissue hypoxia gradually worsens after birth. Thus, timely surgical repairs are recommended once diagnosed, particularly with pulmonary venous drainage obstruction(s). Nonetheless, in sporadic cases, patients with TAPVC survive to adulthood with no surgical treatment. Herein, we report a 46-year-old female with TAPVC, where the four pulmonary veins drain into to the innominate vein (IV) via the vertical vein. The patient developed palpitations and non-anginal chest pain following routine activities for over three months. The patient had a successful surgical correction with excellent postoperative recovery.
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Background

Total anomalous pulmonary venous connection (TAPVC), predominantly diagnosed at newborn periods, is a critical congenital heart disease (CHD) where the entire four pulmonary veins fail to drain into the left atrium (LA) directly (1). TAPVC may occur as isolated lesions or in combination with other cardiac malformations including atrial septal defect (ASD) and ventricular septal defect (VSD). Notably, neonates with obstructed TAPVC may become critically ill shortly after birth. Without surgical repair, 75% to 80% of patients die by age one (2). Previously, where severe pulmonary vein obstruction was absent after performing atrial septostomy with balloon, elective surgical repair would be scheduled by two years of age or once diagnosed (3). However, such methods in most surgical institutions worldwide, including China, have become absolute. Instead, early anatomical repair, even in a pre-term neonate, is a widely accepted strategy. Hence, adult patients with TAPVC are seldom seen.

Supracardiac TAPVC is the best known type of abnormal pulmonary venous connection. In supracardiac type of TAPVC, the entire left and right pulmonary veins merges into a common pulmonary vein, drains through a so called “vertical vein”, then to the superior vena cava (SVC) and finally to the right atrium (RA). Patients with type of TAPVC had almost normal oxygen saturation which demonstrated almost no cyanosis. However, this type of TAPVC demonstrated the high pulmonary flow like atrial septal defect with large Left-to-right shunt. TAPVC has been described that one in 7,809 neonates born in America every year is diagnosed with TAPVC (4). Interestingly, in an extensive publication series on congenital cardiac diseases, supracardiac TAPVC was prevalent (47%), with the IV as the most common connection site (36% of all cases) (5).

Patient with TAPVC survival into adulthood is <7%, and often seen in the supracardiac type without the obvious pulmonary veins obstruction (6). Therefore, it was very rare for a 46-year-old female who referred to the cardiac center with palpitations and non-anginal chest pain after routine activity over three months and finally turned out to be a patient with TAPVC.



Case presentation

A small-statured 46-year-old female weighing 34 kg was admitted to our department following palpitations and non-anginal chest pain after routine activities lasting over three months. The patient admitted successful pregnancy history while denying issues such as hypertension, diabetes, other cardiac health comorbidities, or psychosocial cases. She also denied notable medical, surgical history and cardiovascular family history. Also, physical examination showed weak body development. The patient's blood pressure was 108/78 mmHg. In addition, the extremity pulse oxygen saturation from both fingers and toes was 93%–96% without oxygen inhalation.

Auscultation revealed a heart rate of 106 bpm, heart sound enhancement, P2 hyperactivity, a right ventriclar outflow tract murmur and a tricuspid diastolic murmur. Physical palpation examination suggested a fluctuated heart apex with a palpable tremor. The routine laboratory examination results were typical except for a high BNP level (1737 pg/ml). Furthermore, the ECG indicated a significant atrial flutter and a right bundle branch block (Supplementary Figure S1A). Preoperative chest radiography indicated that the lungs were textured with a widened mediastinum and a significantly enlarged cardiothoracic ratio of 0.91 (Figure 1A).


[image: Figure 1]
FIGURE 1
Chest radiography (A) and cardiac computered tomograhy angiography (B) preoperatively indicated that the lungs were clearly textured, the heart shadow was significantly enlarged (A); the left and right pulmonary veins were not connected to the left atrium but merged into a vertical vein and drained upward into the left brachiocephalic vein, innominate vein and then the superior vena cava. (B) LA, left atrium; PA, pulmonary artery; PV, pumonary vein; RA, right atrium; RV, right ventricle; SVC, superior vena cava; VV, vertical vein.


On the other hand, a cardiac computer tomography angiography was performed. The three-dimensional reconstruction figure showed that the entire left and right pulmonary veins were not directly drained into the LA but merged into a vertical vein (with a diameter of 44 mm) and flowed upward into the left brachiocephalic vein, IV and then into the SVC (Figure 1B, Supplementary Video S1). Transthoracic echocardiography revealed an atrial septal defect at the lower part of the interatrial septum with right to left shunt and ∼40 mm in diameter (Figures 2A,B). The RA and right ventricle (RV) were enlarged with right ventricular outflow tract hypertrophy. The pulmonary movement was significantly widened, the mean pulmonary arterial pressure was 55 mmHg, and the pulmonary peak velocity was 1 m/s with a pressure gradient and acceleration time of 4mmHg and 50 ms, respectively. The diameter of ascending aorta and the pulmonary trunk were 24 mm and 32 mm, respectively (Figure 2C). The entire four pulmonary veins returned to a vertical vein (around 23 mm), the IV, and the SVC (Figure 2D). Moderate tricuspid regurgitation was also detected. The LA, LV, RA, and RV sizes were 29 mm, 27 mm, 59 mm, and 51 mm, respectively. The LVEDV and LVESV were 28 ml and 10 ml respectively. The EF was 64%, while CO was 2.2 L/min.


[image: Figure 2]
FIGURE 2
Transthoracic echocardiography preoperatively revealed that a right to left atrial septal shunt was detected with the diameter of around 40 mm (A,B); the ratio of ascending aorta to the pulmonary trunk was 24:32 (C); the left and right pulmonary veins returned to a vertical vein then innominate vein and the superior vena cava. (D) AAo, ascending aorta; ASD, atrial septal defect; LA, left atrium; LV, left ventricle; PV, pumonary vein; RA, right atrium; RV, right ventricle; RVOT, right ventriclar outflowtract; SVC, superior vena cava; VV, vertical vein.


Cardiac catheterization and pulmonary angiography were further performed. They showed that the catheter entered the pulmonary vein from the SVC, significantly increasing the oxygen content, further confirming the supracardiac TAPVC diagnosis (Supplementary Video S2). The systolic and diastolic pulmonary pressure was 28 mmHg and 9 mmHg, respectively, with the mean at 18 mmHg. The pulmonary vascular resistance was 0.87 Wood unit and the Qp/Qs is 7.09.

At this juncture, the TAPVC diagnosis was certain, with no contraindication to surgery. Hence, a supracardiac TAPVC surgical repair was scheduled and performed (Figure 3). The procedure was performed under CPB, moderate hypothermia (28–30 °C) and via a median sternotomy. The surgical procedure involves transecting and permanent ligating the vertical vein, creating an anastomotic stoma between the LA and the venous fusion, and ASD closing. During the operation, it was detected that the RA and RV were enlarged. Also, the pulmonary artery, IV, and SVC were significantly enlarged. The diameter ratio of the ascending aorta to the pulmonary trunk was 1 : 2.5 (Figure 3A). The entire four pulmonary veins form a confluence above the LA, passing through the vertical vein, the IV and into the SVC. The atrial defect was located at the secondary orifice (∼40 mm in diameter) with moderate tricuspid valve regurgitation. A double-chamber incision was made including the incision from the LA posterior wall (Figure 3B, arrow). The incision was ∼4 cm along the long axis of the common pulmonary veins. The common pulmonary veins were anastomosed with incision from the the posterior wall of the LA. The bovine pericardium patch was adequately sized to close the ASD and enlarge the LA (Figure 3C). A 28 mm band (SOVERING TRICUSPID BANDTM, Sorin Group Italia Srl, Italy) was selected for the tricuspid repair. The autologous pericardium was adequately sized to close the right atrial incision (Figure 3D).


[image: Figure 3]
FIGURE 3
Intraoperative view of repair procedure: during the operation, the right atrium, right ventricle, pulmonary artery and superior vena cava were found significantly enlarged (A); A double-chamber incision was made and the posterior wall of the left atrium was opened (B, arrow); the common pulmonary veins were anastomosed with the posterior wall of the left atrium. A proper size of the bovine pericardium patch (C, arrow) was used to close the ASD and enlarged the left atrium. A proper size of autologous pericardium was used to close the right atrial incision (D, arrow). AAo, ascending aorta; PA, pumonary artery; RA, right atrium; SVC, superior vena cava.


During the operation and after completely closing the ASD (II), we detected no pulmonary vein obstruction. Likewise, the left ventricle functioned well without mitral or aortic regurgitation (as seen on transesophageal echocardiography). Postoperative transthoracic echocardiography (Figures 4A,B), cardiac CTA, and a three-dimensional reconstructed figure (Figures 4C,D) showed that the surgical correction was satisfactory with entire pulmonary veins directly connected to the LA. The time consumption of CPB, aortic cross-clamp, mechanical ventilation, and post-surgery ICU stay were 139 min, 81 min, 4 days, and 30 days, respectively. The patient recovered well and was discharged without complications. The ECG at discharge indicated a significant atrial flutter and a right bundle branch block same as pre-operatively (Supplementary Figure S1B). There were no postoperative oral drugs used to eliminate pulmonary vascular resistance. Transthoracic echocardiography half-year, 1-year and 2-years post-surgery showed that the deformity correction was satisfactory without any anastomotic obstruction or residual shunt.


[image: Figure 4]
FIGURE 4
Postoperative transthoracic echocardiography (A,B) and cardiac CTA with three dimensional reconstruction figure (C,D) showing that the deformity correction was satisfactory without residual shunt (A) and pulmonary veinous obstruction (B) but with left and right pulmonary veins connected to the left atrium directly (C,D). LA, left atrium; LAA, left atrium; LPV, left pulmonary vein; LV, left atrial appendage; PA, pumonary artery; PV, pumonary vein; RA, right atrium; RPV, right pulmonary vein; RV, right ventricle.




Discussion and conclusions

TAPVC is a critical CHD accounting for <1% of all CHDs (7). TAPVC is characterized by the absence of direct connection between the pulmonary venous and the LA. TAPVC includes four subtypes accprding to where the anomalous veins drain: supracardiac, cardiac, infracardiac, and mixed (8). Supracardiac type of TAPVC is the best known type of abnormal pulmonary venous connection, accounting for 47% of all, with the mixed pattern being the rarest type. Notably, TAPVC coronary type, although it belongs to the intracardiac type, refers to the confluent vessel horizontally connecting to the RA via the coronary sinus and accounts for 20%–30% of the general (9). However, depending on its course, the anomalous vein may divide into two types: obstructed and non-obstructed. Nonetheless, an obstructed pulmonary venous connection represents a life-threatening neonatal emergency requiring urgent surgery.

Since its first attempt to correct the abnormal pulmonary venous connection in 1951 (10), numerous advanced surgical techniques have significantly emerged and improved the outcomes of TAPVC patients. Notwithstanding, TAPVC surgical correction remains a challenge, with a 10% to 20% early mortality rate (11–13). In TAPVR without pulmonary veins obstruction, high pulmonary vascular resistance (Eisenmenger Syndrome) develops late, nonetheless, with the patient's age, it is not a non-essential fact (the pulmonary vascular resistance was 0.87 Wood). The patient exhibited symptoms including palpitation, fatigue and dyspnea after routine activity; hence, she required a radical surgical repair.

Thus, if corrective surgery were not performed, the patient would develop moderate and then severe pulmonary hypertension causing severe tissue hypoxia, heart failure, and death. Surgical radical operation aims at creating a smooth and unobstructed drainage from the entire pulmonary veins to the LA. Therefore, a postoperative anastomotic stoma obstruction with pulmonary venous hypertension is a severe complication and may increase morbidity and mortality (14–16).

The single-patch technique uses only one patch to drain pulmonary vein blood from the SVC to the LA. Rhythm disturbance and SVC obstruction are known procedural complications due to an inadequate blood supply to the sinus node during surgery (17). Schuster and colleagues used an extra patch (two-patch technique) to broadening the SVC–RA junction to achieve an unobstructed SVC drainage and, thus, reproducible without an increase in complications, such as pulmonary venous obstruction or SVC stenosis or any rhythmic issues (18).

Most frequently, the two-patch technique was used for the repair of extra-cardiac type of TAPVC. A longitudinal incision is performed along the pulmonary venous confluence, then the right side of the anastomosis between the LA and the pulmonary venous sinus is broadened via the first patch. Simultaneous LA enlargement is achieved by a rightward shifting of the second patch used for ASD closing. Then the first patch is flipped to complete the RA enlargement (19). As described by A Corno (20), a bi-atrial transverse incision was performed. The technique enhances the pulmonary veins exposure (a significant advantage) while increasing the LA size with the two-patch technique and reducing postoperative obstruction occurrences. Nonetheless, the method has more suture lines on the LA and RA, raising the atrial arrhythmias' possibility incidence rate compared to the others (19).

The oldest reported patients with a successful TAPVC repair or without any TAPVC repair were aged 57 years and 62 years old, respectively (21, 22). Although TAPVC is rarely discovered in adulthood, pregnancy and delivery could be achieved if the pulmonary venous drainage resistance is not significantly increased (23). In 1994, a patient with TAPVC was reported to have a successful pregnancy at her 29 years of age (24).

The presented patient has survived into adulthood and has a successful pregnancy and delivery history, primarily because she had a sizeable non-restrictive ASD without obvious pulmonary venous drainage obstruction (25). All her pre-operation data indicated that the pulmonary vascular resistance was not high, and an ASD complete closure could be considered. However, if CPB withdrawal during the operation were unsuccessful, we would opt for the “unidirectional flap patch” technique.

The case herein shows that the unobstructed pulmonary venous drainage and adequate right-to-left shunt may maintain a satisfactory cardiac output and prevent pulmonary venous obstruction. Finally, late diagnosis may occur in adult TAPVC patients, but a surgical repair may still be possible (26).
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The pulmonary valve is the most frequently replaced cardiac valve in congenital heart diseases. Whether the valve alone or part of the right ventricular outflow tract have to be repaired or replaced depends on the specific pathological anatomy of the malformation. Once the decision to replace the pulmonary valve has been made, two options are available: the isolated transcatheter pulmonary valve replacement and the surgical implantation of a prosthetic valve either isolated or in combination with a procedure on the right ventricular outflow tract. In this paper, we will focus on the different past and present surgical options and present a new concept called “endogenous tissue restoration,” a promising alternative to the hitherto existing implants. From a general point of view, neither the transcatheter nor the surgical valvular implants are magic bullets in the arsenal for the management of valvular diseases. Smaller valves have to be frequently replaced because of outgrowth of the patients, larger tissue valves may present late structural valve deterioration, while xenograft and homograft conduits may calcify and therefore become narrowed within unpredictable incidence and interval following implantation. Based on long-term research efforts combining the knowledge of supramolecular chemistry, electrospinning, and regenerative medicine, endogenous tissue restoration has emerged most recently as a promising option to create long-term functioning implants. This technology is appealing because following resorption of the polymer scaffold and timely replacement through autologous tissue, no foreign material remain at all in the cardiovascular system. Proof-of-concept studies as well as small first-in-man series have been completed and have demonstrated favorable anatomic and hemodynamic results, comparable to currently available implants in the short term. Based on the initial experience, important modifications to improve the pulmonary valve function have been initiated.
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Introduction

A considerable number of patients suffering from pulmonary stenosis (PS), pulmonary atresia, Fallot tetralogy (TOF), truncus arteriosus, double outlet with PS, transposition of the great artery (TGA) with PS requiring a Rastelli procedure, as well as those with even more complex anomalies may require multiple procedures on the pulmonary valve and/or right ventricular outflow tract (RVOT). There are multiple reasons for this: normal outgrowth (especially when small implants have been used in neonates and smaller children), degeneration of biological tissue with severe calcifications, and consecutive valvular stenosis or anastomotic narrowing following homograft and xenograft implantation. This makes the pulmonary valve (PV) the most frequently replaced cardiac valve in congenital heart diseases (1). Nonetheless, any strategy to preserve the pulmonary valve at initial surgery is of course welcome (2), and procedures without preservation of the pulmonary valve have been used as well.

However, options for pulmonary valve and/or RVOT replacement are preferred. Among several techniques, surgical and percutaneous tissue valves can be implanted, with limited durability being the major limitation of this technology. Xenograft tissue tends to degenerate and become calcified with time; this is frequently observed in the adult population where such valves are frequently implanted in the aortic position, but the same is true for the right-heart position, even though the mechanical stress is smaller due to lower blood pressure (3, 4). Therefore, independent from the position it has been implanted, re-intervention is frequent in patients who receive a biological valve prosthesis. Basically, there are no major differences expected following surgical or percutaneous tissue valves. With increasing children's survival at the initial operation and improved outcome in the long-term, a majority of these patients reach adulthood and may require additional procedures up to their fifth or sixth life decade. Therefore, considerations concerning outgrowth, hemodynamic performance, durability of the implanted conduits and valves, as well as operative challenges are of great interest.



The past and the present


Valveless option

Even though there are multiple possibilities to replace the pulmonary valve, occasional reports have been published on cases where a valveless conduit was used (5). From the history, transannular pericardial patch without a valve or with remnants of a valve only has been used years ago in patients with Fallot tetralogy; most recently, some authors have reported acceptable outcomes with a similar strategy (5).



Prosthetic tissue and mechanical valves

When pulmonary valve replacement is planned, the most discussed topic is still which type of implant should be used in which age category? In the vast majority, a tissue valve is considered the best choice but there is a small subset of older patients in whom a mechanical valve may be used as an alternative, especially when these patients need long-term oral anticoagulation for other reasons.

Current tissue valves are based on animal-derived glutaraldehyde-fixed pericardial (bovine, porcine, or even equine) tissue, and much more rarely on the native valve of the animal. The construction of such valves alone includes several issues, such as access to the animal material; the reproducibility and consistency of material performance; manufacturing challenges; and finally chronic inflammatory response, tissue thickening, and/or subclinical thrombosis of the valve leaflets. Some of these issues may be accelerated in children because of the higher hemodynamic performance and the more pronounced competence of the immune system. As a consequence, redo-procedures (percutaneous or surgical ones) are often required to resolve the problem of stenosis and/or regurgitation of the previous implants (6–8). This is the reason why research for alternative solutions has to be heavily supported.

Data available on outcomes following the implantation of a mechanical valve in pulmonary position are scarce (9–11). In addition, the results are inconsistent when not contradictory. In smaller series, dysfunction of the mechanical valve was observed in up 35% of the patients as early as 6 months postoperatively (12). Longer follow-up is limited, and for those patients surviving without complications, mechanical pulmonary valve implantation is usually maintained on an aggressive regime of oral anticoagulation. This is the reason why the subset of patients that may benefit from a mechanical valve in the right ventricular outflow is estimated to be 1%–2%.



Autologous pericardial valved conduit

After extensive experience with the use of autologous pericardium for reconstruction of the right ventricular outflow tract, Kreutzer et al. developed the concept of a fresh autologous valved pericardial conduit to connect the venous ventricle with the pulmonary artery (13, 14). The objective was to reproduce the excellent long-term results of untreated autologous pericardial patches without a valve. The technique includes a pericardial patch for the RVOT and a bicuspid pericardial valve that is fixed within the patch. The creation of the autologous pericardial is somewhat similar to what has been described by Ozaki et al. for the aortic valve (15, 16). It is a welcomed technique in case no alternative implant material is available, especially in emerging countries. The results reported in a series of more than 130 patients with different diagnoses were excellent (14). They were aged from 15 days to 24 years, and the average size of the conduit was 15 mm. During an observational interval up to 19 years, there were 12 reoperations with only 3 conduit replacements. Freedom from conduit replacement at 5, 10, and 15 years was 90%, 81%, and 77%, respectively. Similar favorable results have been reported by others.



Xenograft pericardial conduits

The Contegra bovine jugular conduit showed originally considerable promise as a pulmonary valve and right ventricular outflow tract replacement implant, especially in smaller children (17–23). This conduit is available from 12 to 22 mm in size, does not require oral anticoagulation, does not shrink, and maintains reliable valve competence in a high percentage of patients. We have also had extensive experience with this conduit, starting from 2000. The overall intraoperative, early postoperative, and midterm experience was a very satisfactory one. Nonetheless, this type of implant also presented with structural degeneration after an average follow-up of 6–10 years in our experience with a significant proportion of patients requiring either a re-intervention (usually implantation of a transcatheter Melody pulmonary valve) or a surgical re-exploration with the complete exchange of the conduit (24). Those patients presenting with outgrowth had almost always some degenerative changes at the time of explantation. In patients with extremely calcified xenograft conduits (but also in those with circumferentially calcified homografts), the peel technique is a valuable option that consists of preserving the sides and posterior half of the previously placed conduit while a prosthetic roof is placed over the conduit remnant. Cervantes-Salazar et al. found this technique safe and easy to teach residents (25).



Stentless porcine aortic root

In 2009, Hawkins et al. reported on their experience using the Freestyle 19 mm conduit and the Prima for all sizes other than 19 mm (26). This conduit was initially developed for reconstruction of the aortic root but was also found to be a good option for the right ventricular outflow tract. The implantation technique is exactly the same as for other conduits, but since the porcine aortic root is rather short, the use of a bovine pericardial patch as a gusset to close the right ventricle below the plane of the neo-pulmonary valve is rather common.

Kuo et al. analyzed all non-Ross RVOT reconstructions using the Freestyle root, especially survival and re-intervention, either by surgery, transcatheter valve implantation, balloon valvuloplasty, or bare metal stent placement (27). Out of 182 patients, 163 patients were identified for a follow-up. Median age was 12.2 years, median weight was 39.0 kg, and the median body surface area was 1.23 m2. Of the patients, 57% had tetralogy of Fallot. Median follow-up was 5.4 years and 38 patients (23%) required re-intervention. The rate of freedom from re-intervention decreased from 93.2% at 5 years to 48.4% at 10 years. Age <10 years, weight <39 kg, and body surface area <1.2 m2 at the time of valve placement were significantly associated with need for earlier re-intervention. The longevity of this implant was found to be comparable to that published for homografts and other tissue valves.



Pulmonary and aortic homografts

Aortic and later pulmonary homografts were the first “anatomical” valved conduits that have been used in the treatment of more complex congenital heart diseases almost 50 years ago, especially when the right ventricular outflow tract has to be replaced. While aortic homografts are robust, they may present with severe degeneration in the midterm follow-up, which means around 8–12 years. In these cases, the major problem is issued from the valve that becomes stenotic while the vascular wall of the aortic homograft becomes heavily calcified and may cause technical difficulties when a complete replacement is necessary.

Pulmonary homografts have been increasingly used for RVOT reconstruction in congenital surgery as the first approach, but also when more complex surgery has to be performed in the re-operative setting (28).

Aortic and pulmonary homografts demonstrate reasonable outcomes in terms of hemodynamics, very low thromboembolic risk, and a better resistance to infection than mechanical ones or tissue. Nonetheless, there are some drawbacks associated with homografts as far as the restricted availability is concerned but also issues with the limited durability with about 30%–40% of homografts are still functional after 20 years. As expected, early degeneration and/or problems caused by outgrowth have been observed more frequently in pediatric than in adult patients as degradation is even faster.

After the implantation of a pulmonary homograft, regurgitation may develop but is rarely the main reason for a redo-operation. Obstruction of the pulmonary homograft caused by severe calcification of the valve is a much more frequent reason for a reoperation/re-intervention. In smaller patients, in whom the pulmonary homograft can be oversized, a substantial prolonged durability may be observed until a repeat intervention/surgery is necessary. Another interesting topic has been the implantation of blood group–compatible homografts to increase the durability (29). Homografts are still considered by many surgeons as the first choice for pulmonary valve replacement (PVR) in patients suffering from TOF and in those in whom a Ross procedure is performed even though reoperation or re-intervention are rather common in the long term (30, 31).

Recently, an interesting study analyzed the outcome of pulmonary homografts in a well-defined group of 26 adult patients (mean age 30 ± 8 years) suffering from tetralogy of Fallot with median follow-up of 17 years (31). Main study outcomes were survival and hemodynamic parameters like pulmonary regurgitation, right ventricular (RV) end-diastolic volume, RV ejection fraction, left ventricular (LV) end-diastolic volume, LV ejection fraction assessed by MRI, and New York Heart Association functional class. Two patients needed replacement of the homograft at 24 and 39 months after PVR. The indication in both patients was the recurrence of severe homograft regurgitation with important RV dilatation. After a follow-up of 17 years, 23 out of 26 patients (89%) were alive without redo PVR. There was no significant deterioration of hemodynamic function or functional class in the remaining patients.

Another less frequently used option is the implantation of a femoral vein homograft in the right ventricular outflow tract position (32, 33).



Polytetrafluoroethylene monocusp pulmonary valve reconstruction

Reconstruction of the right ventricular outflow tract using a monocusp neo-pulmonary valve from polytetrafluoroethylene (PTFE) material may create a competent and non-stenotic pathway between the right ventricle and the pulmonary artery. This concept helps obtain rather physiological conditions at the end of the operation helping right ventricular mechanics closely resemble those of a normal outflow tract or those following a simple valve reconstruction. There is sufficient evidence that this approach may provide midterm remodeling advantages compared to procedures where the pulmonary valve is not maintained. Turrentine et al. published more than 10 years ago on the advantages of such an approach, which effectively avoids pulmonary insufficiency in the early postoperative course but also at midterm, without any evidence of stenotic dysfunction in the long-term (34). This technique has been described in detail earlier, and it is reproducible and quite easy to learn.

While the literature has been inconclusive regarding the short-term clinical benefits of monocusp RVOT reconstruction, there has been acceptable long-term series with both monocusp and bicuspid PTFE valves. The series of Turrentine comprises 196 patients that demonstrated only mild to moderate insufficiency in 58% of the patients at a follow-up of 10 years and no stenosis (34).



Polytetrafluoroethylene bicuspid pulmonary valve implantation

Following reasonable experience with monocusp PTFE RV to pulmonary artery (PA) reconstruction regarding the function of the valve and the durability of the leaflet, Quintessenza et al. reported on a bicuspid valve implantation made of two PTFE leaflets (35). The initial series included 41 patients and demonstrated an improvement with regard to pulmonary valve insufficiency, right ventricular end-diastolic dimensions, and clinical conditions over a follow-up period of 18 months—which is of course not long enough for definitive evaluation of this type of PTFE valve. Later, the same group reported on 110 patients with a follow-up up to 8 years, including three explants because of immobile and calcified PTFE leaflets. In the remaining patients, the results were promising.



Simplified standardized trileaflet polytetrafluoroethylene valved conduit

More than 10 years ago, the use of an RV-PA conduit made of expanded polytetrafluoroethylene has been reported by Japanese surgeons with promising long-term stability, when valve function was concerned (36). However, the construction of such conduits with bulging sinuses is still considered critical to be reproduced by less experienced groups. Tocharoenchok et al. reported on a simplified standardized technique to facilitate the construction of the conduit but considered the surgical technique of implantation as important as the design itself, since kinking or folding may lead to pathological pressure gradients and therefore contribute to premature degeneration (37). The authors described a detailed technique for constructing such a valved conduit recently. Implantation starts with the distal anastomosis first, performed close to the distal attachment site of the leaflets in the conduit. The proximal anastomosis is performed as a second step following precise trimming of the conduit to avoid any geometric distortion. This group implanted 100 conduits of sizes 16–24 mm between 2018 and 2022. The median follow-up was 589 days (up to 897 days); echocardiography was performed between 6 and 12 months and revealed a peak gradient of 18 mmHg with mild or less regurgitation in all patients. No reoperation was performed in this limited follow-up period. The authors considered this simplified method of making a trileaflet conduit as an excellent alternative to homo- and xenograft conduits because of its availability on the shelf.

The Kyoto University of Medicine group has recently reported their experience with 1,776 patients (median age 4 years, ranging from 3 days to 67 years; and median weight 13 kg, ranging from 1.8 to 90 kg) who received an expanded polytetrafluoroethylene (ePTFE) conduit with bulging sinuses and a fan-shaped valve for RVOT reconstruction; a 0.1-mm-thick PTFE membrane used for the pulmonary valve leaflets (38). Following a median observational interval of 3 years, they reported a re-intervention rate of 16%, including an explantation rate of 11%. The main reason for explantation was somatic growth while endocarditis of such ePTFE conduits was infrequent (4%). The most frequent reason for catheter intervention was peripheral pulmonary artery stenosis in 4%. At the last echocardiography, pulmonary valve function better than mild regurgitation was observed in 88% of the patients.

Neointimal proliferation with subsequent calcification, a rather frequent finding following xenograft or homograft implantation, was not an issue in this large series. A very acceptable valvular function was observed following implantation of large-size ePTFE conduits but exactly when using such larger conduits, special care should be directed to the optimal length of the conduit since a too long conduit may compress the peripheral pulmonary artery and lead to pulmonary stenosis. Some authors prefer to use a Dacron graft as a conduit to restore the RV to PA continuity but PTFE material to create the neo-pulmonary valve within this graft (36).



A pulmonary valve from the right atrial appendage

Recently, some authors from Iran have introduced a completely new technique to create a bicuspid pulmonary valve out of the native tissue of the right atrial appendage (39). Their initial experience has been confirmed by encouraging own midterm results but has been confirmed by others so far (40). The procedure was originally designed for patients suffering from Fallot tetralogy; as the preliminary results were encouraging, the authors used it for different types of RVOT pathologies, including repair of truncus arteriosus, pulmonary atresia, and Nikaidoh procedure. With increasing practical experience, the authors were able to demonstrate that practically all appendages may be used for a valve construction; however, those appendages with a width tall and a half times their height were the most suitable. Reconstruction of the pulmonary valve is performed after intracardiac correction, like closure of a ventricular septal defect (VSD). As described by the authors, the anulus width should be approximately half of the circumference of an average proper size according to the patient's body surface area. While the RVOT is open, the anterior half of the RV-PA continuity is constructed using a patch of xeno-pericardial tissue.

The large majority of patients who received this type of right atrial appendage (RAA) valve had no or trivial pulmonary regurgitation during midterm follow-up; as it is made up of “living” tissue, the atrial appendage valve may have some potential to grow.




The future


Polymer scaffolds with the potential for endogenous tissue restoration

Endogenous tissue restoration (ETR) is a disruptive technology that has the following advantages: fully controllable manufacturing, less issues in biocompatibility (less leaflet thickening/thrombosis), availability from the shelf and dry storage, reduced or even no need for anticoagulation, and hopefully improved durability. In addition, potential growth once the polymer has disappeared and endogenous tissue has been built up is a significant new characteristic of this technology.

ETR is another very attractive concept that relies on the fact that bioabsorbable material (a polymer as scaffold) may be replaced by own body tissue with all advantages of avoiding foreign body material. ETR combines three scientific disciplines: supramolecular chemistry, electrospinning, and regenerative medicine (41–50). Nowadays, different tunable supramolecular polymers are available and they are characterized by different degrees of mechanical strength and rates of bioabsorption. Using the technique of electrospinning, unique bioabsorbable matrices can be created in which the polymers are assembled in a random fashion, creating a matrix that can be easily penetrated by endogenous cells, such are red cell, platelets, macrophages, fibroblasts, and myofibroblasts.

The “endogenous tissue restoration” process can be divided into three important steps: (1) implantation of the prosthesis serving as scaffold, (2) neo-tissue formation, and (3) functional restoration with resorption of the scaffold. The critical balance between tissue formation and implant absorption is the key for success of this technology since the patient's tissue has to undertake the function of the implant when it has completely disappeared. From an anatomical and physiopathological point of view, ETR is defined as the replacement of the absorbable polymer leaflet and conduit by a patient's own native cells that infiltrate the matrix and trigger a cascade of physiologic events with gradual replacement by native tissue.

Grossly, the conduit looks like a PTFE prosthesis (Figure 1). As absorption begins, the leaflets and the conduit are infiltrated by inflammatory cells, releasing growth factors, promoting smooth muscle cells infiltration and matrix production (proteoglycans, collagen with focal elastic tissue) (Figure 2). Figure 3 shows the ETR in a pulmonary valved conduit at three different levels of the leaflet, at the free margin, at the coaptation site, and at the hinge point. Over a period of 24 months, there is a leaflet collagen replacement with leaflet matrix absorption. This pulmonary valved conduit showed encouraging results in a sheep model up to 24 months (Figure 4) and may represent a significant improvement over the current conduits available for children with congenital heart diseases who need reconstruction of the right ventricular outflow.


[image: Figure 1]
FIGURE 1
The polymeric tube-valved conduit (with courtesy from Xeltis, Eindhoven, Netherlands).



[image: Figure 2]
FIGURE 2
Schematic representation of the endogenous tissue restoration process in three phases: soon after implantation (left), during neo-tissue formation (middle), and following most complete endogenous restoration (right). Recipient cells attach on the scaffold, followed by conjunctive tissue formation and endothelialization of the inner layer (with courtesy from Xeltis, Eindhoven, Netherlands).



[image: Figure 3]
FIGURE 3
Serial changes in leaflet histology of novel bioabsorbable pulmonary valved conduit overtime [reproduced with permission from Bennink et al. (48)].



[image: Figure 4]
FIGURE 4
Serial changes of a bioresorbable pulmonary valved conduit implanted in a sheep (preclinical Xeltis valve study) [reproduced with permission from Bennink et al. (48)].


From the preliminary clinical experience, five children (4–12 years) who received a 20 mm extracardiac conduit between the inferior vena cava and the pulmonary artery as part of the Fontan procedure have been reported. They had no device-related adverse event and MRI demonstrated good hemodynamics, anatomical, and functional stability of the graft (48). Following this initial study, an EU clinical feasibility study on the Xeltis pulmonary valved conduit was initiated as well and 12 patients (2–12 years, 17–43 kg) were enrolled in a prospective, nonrandomized, open-label study to assess the safety of this new pulmonary valved conduit (14). The size of the conduits was 16 (n = 5) or 18 (n = 7) mm, and technical success was achieved in all patients. Figure 5 shows the intraoperative finding during implantation of the Xeltis conduit. Longer term data from the study are still being collected. Diagnoses were pulmonary atresia with VSD (n = 4), tetralogy of Fallot (n = 4), common arterial trunk (n = 3), and transposition of the great arteries with VSD and pulmonary stenosis (n = 1). All had had a previous surgery, including prior RVOT conduit implantation in six. At 24 months, none of the patients required surgical re-intervention; 9 of the 12 are in NYHA functional class I and 3 in NYHA class II. None of the conduits have shown evidence of progressive stenosis, dilation, or aneurysm formation. Residual peak gradient of >40 mmHg was observed in three patients, most probably caused by kinking of the conduit at implantation in one and distal stenosis in the peripheral pulmonary arteries in two patients. Five patients developed pulmonary valve insufficiency; the most common mechanism was prolapse of at least one of the valve leaflets. This has led to design improvement (geometry, thickness) of the valve leaflets.


[image: Figure 5]
FIGURE 5
Xeltis pulmonary valved conduit implantation in the RVOT of a patient. RVOT, right ventricular outflow tract.


In summary, the potential benefits of the Xeltis technology can be described at three levels: (1) acute benefit, since the restorative material allows for profile reduction of the valve and allows for dry storage without glutaraldehyde; (2) manufacturability, as scalable good manufacturing practice in polymer production is possible and there is no need for sourcing of animal tissue. In addition, less chronic inflammatory process is expected, since there will be no response to foreign body such as fixate tissue.

In conclusion, XELTIS platform is a synthetic, resorbable cardiovascular device that, after implantation, enables generation of a heart valve or blood vessel with the patient's own tissue. This restorative technology has the potential to redefine heart valve replacement, especially in children and younger adults. The tunable characteristics offers the possibility to rather precisely determinate the process of implant absorption and neo-tissue formation (Figure 6).


[image: Figure 6]
FIGURE 6
Schematic representation of the process of endogenous tissue restoration over time. The implant is gradually absorbed while neo-tissue formation replaces the polymeric scaffold (with courtesy from Xeltis, Eindhoven, Netherlands).





Conclusions

Pulmonary valve replacement or right ventricular to pulmonary artery conduit implantation belongs to the most frequent late intervention in congenital heart surgery. To ensure the most optimal treatment and the choice of the most convenient implant (Table 1), a collaborative approach between pediatric cardiology, invasive cardiology, and cardiac surgery is required (51).


TABLE 1 Summarizes the main characteristics of the potential devices that may be used for PA/RVOT repair and/or replacement

[image: Table 1]

Once all anatomical and functional alterations have been diagnosed, decision-making is needed toward preservation or not of the pulmonary valve, if yes: surgery or a transcatheter approach (52) will have to include the following considerations:


	-Single problem of the RVOT/PV or a more complex pathology?

	-Risk of both approaches?

	-Potential advantages of a palliative treatment until the patient gets bigger?

	-Presence or not of infection, pseudo-aneurysm, arrhythmia, risk of left main compression?



Depending on the fact of the current RVOT anatomy (native pulmonary valve dysfunction, dysfunction of a previously implanted tissue valve, homograft or xenograft conduit), the question on how to proceed—surgical intervention vs. transcatheter valve implantation?—will become actual. The position of a conduit (orthotopic or extra-anatomic) is of utmost importance when the relationship with the left main stem but also with the posterior surface of the sternum is concerned. Furthermore, the presence of additional hemodynamic pathologies, arrhythmias, and also the function of the tricuspid valve as well as the fact if the surgery will be a redo or not are important factors in the decision-making process. Nevertheless, a personalized procedure (surgical, transcatheter, hybrid through the right ventricle) can be offered depending of the clinical, anatomical and functional problem. In this context, tissue engineering and as part of it ETR becomes a new dimension and has to be followed closely (53).
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Case report: Central venous catheter thrombosis complicated by chronic thromboembolic disease/pulmonary hypertension in two children requiring parenteral nutrition
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Chronic thromboembolic pulmonary hypertension is a rare but life-threatening complication of long-term central venous catheters (CVC) in children. However, evidence in terms of potential treatment strategies and outcome data remains scarce. We describe two cases of CVC-related thrombosis (Hickman-catheter) complicated by recurrent pulmonary emboli. One patient experienced a complete thromboembolic obstruction of the right pulmonary artery with normal pulmonary pressures and the second patient suffered from a central thromboembolic obstruction of both pulmonary arteries associated with severe pulmonary hypertension. Both patients successfully underwent surgical thromboendarterectomy with deep hypothermic circulatory arrest.
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Introduction

Central venous catheter (CVC) thrombosis complicated by pulmonary emboli (PE) is a clinically underrecognized and possibly life-threatening complication of long-term central venous access (1–5). Children requiring parenteral nutrition (PN) are particularly affected due to multifactorial causes and the prevalence of PE in this specific cohort is up to 32% (6–8). Clinical symptoms can be non-specific or even absent and therefore diagnosis and initiation of anticoagulant therapy are often delayed (3). This poses an increased risk for incomplete thrombus resolution, fibrotic remodeling and small vessel-disease, ultimately leading to chronic thromboembolic pulmonary hypertension (CTEPH) (9, 10). If left untreated, patients will inevitably experience right ventricular failure due to increased pulmonary pressures and resistance. Therefore, pulmonary thromboendarterectomy (PTE) is the treatment of choice in adult patients (10). Whereas PTE is associated with excellent short and mid-term results (1-year survival 93% and 3-year survival 89%) in the adult population (11), data for pediatric CTEPH patients is deemed insufficient as they roughly present 1% of all CTEPH cases (4, 5, 12, 13). Herein, we present two pediatric patients who received a Hickman-catheter for parenteral nutrition and developed CVC-related thrombosis complicated by PE. The first patient suffered from chronic PE, in which pulmonary pressures remained within normal range and the second patient experienced severe CTEPH. Both patients were successfully treated with surgical PTE with deep hypothermic circulatory arrest.



Case 1

The first patient was a 6-year-old male with an immune dysregulation disorder. It was most likely attributed to a mutation of the acyloxyacyl hydrolase gene. The disorder manifested as Crohn's like disease with bloody diarrhea at age two, which resulted in several episodes of ileus and subileus. A Hickman-catheter was placed in the left jugular vein at age two for PN. In the following year, the CVC was exchanged 3 times due to recurrent CVC-related sepsis (Candida albicans and Enterococcus faecium). Additionally, he developed a thrombotic occlusion of the brachiocephalic vein, which was resolved by stenting. At age 5, routine echocardiography revealed a thrombus at the tip of the catheter in the right atrium. The patient was asymptomatic and was treated with Phenprocoumon (target INR 2.5–3.5) for 1 year. Follow-up echocardiography showed a persistent thrombus size of 3.3 cm × 1.7 cm. CT-angiography revealed a total thromboembolic obstruction of the right pulmonary artery and a partial obstruction of the left pulmonary artery (Figure 1). At that time, the patient remained clinically stable, right ventricular function was intact and pulmonary pressures were within normal range (mean pulmonary artery pressure: 21 mmHg). Nevertheless, the decision for PTE was made because of evident disease progression despite the administration of oral anticoagulation. After sternotomy and bicaval cannulation, cardiopulmonary bypass with deep hypothermic circulatory arrest (18°C) was established. First, right atriotomy was performed (Figure 2). The thrombus was removed, and the Hickman-catheter was shortened at the level of the vena cava superior. Subsequently, the right pulmonary artery was incised and the thrombotic material was completely extracted and the vessel endarterectomized. Histologic analysis revealed necrotic, partially calcified thrombotic material without signs of a malignant or infective process. The CVC was left in situ because of the difficult venous access and status post stenting of the brachiocephalic vein. The patient was extubated on the first postoperative day and the early clinical course was satisfactory. Three weeks later, he underwent subxiphoid pericardiostomy due to the accumulation of pericardial effusion. Two months after surgery, a single rethoracotomy was performed because of deep sternal wound infection and mediastinitis. Micriobiological analysis identified staphylococcus aureus as the causative agent. The remaining clinical course was uneventful and the anticoagulation regime included subcutaneous administration of Enoxaparin natrium (target anti-Xa 0.8–1.2 IU/ml) for 12 months. The Hickman-catheter was removed 3 years later. No further thromboembolic events occurred within 5 years after surgery.


[image: Figure 1]
FIGURE 1
CT-angiography, 3D-reconstruction and pulmonary angiogram showing subtotal obstruction of the right pulmonary artery (patient 1).
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FIGURE 2
Visible thrombus in the right atrium after atriotomy (patient 1).




Case 2

The second patient was a 7-year-old male, who suffered from short bowel syndrome as a consequence of multiple abdominal injuries and received a Hickman-catheter for PN through the left internal jugular vein. He experienced reduced exertional capacity and dyspnea, which was initially interpreted as an asthma exacerbation and was treated as such. Nonetheless, symptoms progressed to dyspnea at rest and the patient presented with mild hypoxemia. Therefore, a cardiac workup was performed as well. Echocardiography revealed a slightly reduced right ventricular function (tricuspid annular plane systolic excursion: 16 mm), right ventricular dilation (right ventricular end diastolic diameter 27 mm) with hypertrophic changes, a moderate insufficiency of the tricuspid valve and signs of pulmonary hypertension (systolic pulmonary pressure 50 mmHg + central venous pressure). Furthermore, a calcified thrombus at the tip of the Hickman-catheter in the right atrium (1.0 cm × 1.4 cm) and a reduced flow in both pulmonary arteries were detected. CT-angiography showed a central PE with progression into both pulmonary arteries. Therefore, anticoagulation with subcutaneous Enoxaparin natrium (target anti-Xa 0.8–1.0). was initiated. At first, clinical recompensation could be achieved. In the following three months, the right atrial thrombus grew in size (3.2 cm × 1.6 cm) despite anticoagulant therapy and consequently, the patient underwent two cycles of systemic thrombolytic therapy with Alteplase. As it did not lead to thrombus resolution and the patient's pulmonary function progressively declined requiring oxygen therapy (up to 6 L/min), interventional balloon angioplasty with intravascular lithiolysis was performed (14). However, it only resulted in a minimally improved pulmonary artery flow and pulmonary pressures remained significantly increased (mean pulmonary artery pressure: 57 mmHg). The decision for PTE was made. The procedure was the same as described in the first case but this time, the Hickman-catheter was completely removed and both pulmonary arteries were completely endarterectomized (Figure 3). The patient was extubated on the second postoperative day, pulmonary pressures quickly decreased to normal values and he was referred to another hospital on the sixth day after surgery. The subsequent postoperative course was uneventful, but the patient required prolonged neurologic rehabilitation. The child was treated with Enoxaparin natrium for 6 months.


[image: Figure 3]
FIGURE 3
Removed thrombotic material from both pulmonary arteries (patient 2). RPA, right pulmonary artery; LPA, left pulmonary artery.


CVC, central venous catheter; PTE, pulmonary thromboendarterectomy; RPA, right pulmonary artery; LPA, left pulmonary artery.



Discussion

Patients with CTEPH present a small subgroup (<1%) of the general pediatric population suffering from pulmonary hypertension and as specific treatment recommendations are non-existing, therapeutic approaches are still based on guidelines for adult CTEPH patients (10, 15). We describe two rare cases of CVC-related CTEPH in children suffering from gastrointestinal failure.

Patients requiring long-term PN are prone to thromboembolic events on account of low levels of natural anticoagulants (antithrombin, protein S and protein C) as well as procoagulatory properties of the PN solution, namely crystal precipitation of amino acids and calcium, platelet activation, dextrose favoring hypercoagulation and calcium-mediated activation of the coagulation cascade (6–8). The catheter tip position presents an additional factor. In the described cases, the catheter tip was located in the right atrium, which has been associated with CVC-related atrial thrombosis in the past due to simple mechanical irritation of the atrial wall and non-physiological blood flow patterns (16, 17). The first patient also had a history of CVC-related sepsis, a known risk factor for CVC-related thrombosis as well (1, 8). Because of the increased thrombotic risk, discussions regarding prophylactic anticoagulation in this specific patient cohort are still ongoing. Our patients were treated in accordance with current guidelines, in which secondary prophylaxis is preferred and anticoagulation as a primary preventive measure is not recommended (18, 19). However, two smaller studies, investigating children receiving long-term PN, suggest that prophylactic anticoagulation effectively reduces CVC-related thrombosis with low rates of bleeding complications and thus may be considered in high-risk patients (20, 21).

[image: Figure 3]

The optimal treatment for PE due to CVC-related thrombosis is still unknown, but a conservative approach in terms of anticoagulant and systemic thrombolytic therapy has been recently proposed for children on chronic haemodialysis (22). This strategy neither lead to atrial thrombus resolution, nor restoration of pulmonary circulation in both of the presented patients. Most likely, because our patients were (typically) diagnosed at an advanced stage with extensive and partially calcified thrombotic material unlikely to dissolve, and consequently underwent surgical PTE.

Comparable publications are limited to a small number of case reports. Lambert et al. described the first case of CTEPH in an infant related to a Broviac-catheter in 1999, who underwent PTE after a failed attempt of systemic thrombolytic therapy (23). Spencer et al. presented a case of CTEPH in an 11-year-old boy with sickle cell disease and a history of CVC-related thrombosis, who was primarily unsuccessfully treated with anticoagulant therapy and PTE was therefore performed in the later clinical course (4). Humpl et al. reported on a case of PTE after ineffective anticoagulation in a 16-month-old girl suffering from CTEPH associated with a peritoneovenous Denver shunt (5). Verbelen et al. presented the clinical course of a 12-year-old boy on permanent parenteral nutrition and frequent infection-related port-a-cath exchanges developing CTEPH (24). All of these patients, including ours, were critically ill and required long-term CVC-placement. They were successfully treated with PTE followed by an 100% survival to hospital discharge. The case series (17 patients) by Madani et al. supports these findings, in which PTE for CTEPH resulted in a 88% survival rate at 5-years post-surgery (12).

This article highlights the necessity of increased awareness for CVC-related thrombosis as a potential cause of CTEPH and the extended life spans of critically ill pediatric patients with greater thrombotic risk, including the requirement of long-term CVC-placement, could lead to a further increase in pediatric CTEPH patients. In conclusion, surgical PTE is a safe and feasible procedure in children suffering from CVC-related CTEPH and should not be delayed in favor of anticoagulation or systemic thrombolytic therapy. With an increasing number of such reports recently, routine echocardiographic screening for CVC-related thrombosis and potential signs of pulmonary hypertension should be performed to facilitate early detection of intracardiac thrombotic material as a potential cause for CTEPH.
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Objective: Currently used patch materials in congenital cardiac surgery do not grow, renew, or remodel. Patch calcification occurs more rapidly in pediatric patients eventually leading to reoperations. Bacterial cellulose (BC) as a biogenic polymer offers high tensile strength, biocompatibility, and hemocompatibility. Thus, we further investigated the biomechanical properties of BC for use as patch material.



Methods: The BC-producing bacteria Acetobacter xylinum were cultured in different environments to investigate optimal culturing conditions. For mechanical characterization, an established method of inflation for biaxial testing was used. The applied static pressure and deflection height of the BC patch were measured. Furthermore, a displacement and strain distribution analysis was performed and compared to a standard xenograft pericardial patch.



Results: The examination of the culturing conditions revealed that the BC became homogenous and stable when cultivated at 29°C, 60% oxygen concentration, and culturing medium exchange every third day for a total culturing period of 12 days. The estimated elastic modulus of the BC patches ranged from 200 to 530 MPa compared to 230 MPa for the pericardial patch. The strain distributions, calculated from preloaded (2 mmHg) to 80 mmHg inflation, show BC patch strains ranging between 0.6% and 4%, which was comparable to the pericardial patch. However, the pressure at rupture and peak deflection height varied greatly, ranging from 67 to around 200 mmHg and 0.96 to 5.28 mm, respectively. The same patch thickness does not automatically result in the same material properties indicating that the manufacturing conditions have a significant impact on durability



Conclusions: BC patches can achieve comparable results to pericardial patches in terms of strain behavior as well as in the maximum applied pressure that can be withstood without rupture. Bacterial cellulose patches could be a promising material worth further research.
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VISUAL ABSTRACT

Key question:
Can bacterial cellulose patches offer comparable mechanical properties as conventional patch materials?

Key findings:
When compared to bovine pericardial patches, BC patches produced comparable strain distribution maps and inflation behavior.

Take-home message:
The study showed that bacterial cellulose is a promising biomaterial for the application as patch material in congenital cardiac surgery.

Central image legend:
train distribution map analysis in horizontal direction and vertical directions for representative BC patch.
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Introduction

In the United States, nearly 1% of all newborn babies suffer from a congenital heart defect, which is the most common malformation at birth. About one of four infants is diagnosed with a critical defect and will need surgery within the first year of life (1). Pediatric cardiac surgery has achieved numerous significant advancements in the last few decades (2). Some improvements are due to the implementation of new materials that make it possible to correct even anatomically complex cases (3). But as more patients are surviving their interventions, focus has shifted from survival to the long-term quality of life of these former pediatric patients. With regard to this issue, one of the most critical problems is the limited availability of high-performing devices and materials for this category of patients. As a result, currently used materials may help save lives, but they do not offer unrestricted lifespans (2, 3). In addition to already known phenomena of tissue degeneration, there are additional concerns with foreign materials in the pediatric population. The use of biological patch materials such as bovine pericardium has limitations since these fail to grow, renew, or remodel. Calcification of prosthetic patches even occurs earlier and progresses faster than in adults (4). Moreover, current materials are prone to infection, immunologic reactivity and thrombosis eventually leading to reoperations (3). Therefore, it becomes evident that there is a huge potential for improvement. To date, the optimal material for use in pediatric cardiac surgery has not been identified; not only are there no optimal materials available but there are no optimized materials either (5).

A promising concept in material developments are polymer derivatives as they offer optimal hemodynamic and improved durability, while avoiding a complicated manufacturing process as they are not derived from animal tissue. Current technological advances in the production of polymer-made patches are an interesting and viable option: they can be easily molded to the desired shape and closely resemble the architecture of the natural heart. Currently, the primary concern is identifying a source material with adequate durability and low thrombogenicity (3).

Bacterial cellulose (BC) is a biogenic polymer produced by bacterial strain Acetobacter xylinum (A. xylinum) and has the potential to overcome these difficulties when used as patch material in congenital cardiac surgery. Previous studies could demonstrate that there was neither acute nor chronic inflammation; on the contrary, BC grafts became even vascularized and contained newly synthesized collagen as well as endothelial cells attached to the cellulose scaffold as it resembled a basal membrane (6–8). BC exhibits high tensile strength and biocompatibility with mechanical characteristics that make it a promising component for tissue engineering (9–11).

This study aimed to investigate the biomechanical properties of bacterial cellulose as a material for congenital heart surgery. A. xylinum was cultured to produce BC patches (BCP). In comparison to commercially available xenograft material, the mechanical and morphological properties of biogenic polymer material were analyzed.



Materials and methods


Bacterial strain

For all experiments, Gluconacetobacter xylinus subsp. sucrofermentans BPR 2001 (JCM 9730) from the American Type Culture Collection (ATCC) was used. The strain was stored in 2 ml Eppendorf tubes in a 20% glycerol solution at −80°C until use. If not stated differently, the used scaffolds for culturing A. xylinum were Petri dishes with a diameter of 50 mm (Cell Culture Dish 60 mm × 15 mm Style, treated, non-pyrogenic polystyrene, sterile, from Signa-Aldrich USA, St. Louis, MO, United States). To control the metabolic activity of A. xylinum, the pH of the culturing medium was measured (SevenEsay pH Meter S20, Mettler-Toledo AG, Analytical, Schwerzenbach, Switzerland) every time the medium was exchanged, and the experiment was finished.

Name and identification number: Gluconacetobacter xylinus (ATCC ®700178TM). Designation: JCM 9730 [BPR2001, FERMBP 4545, LMG 18788].

Deposited Name: Acetobacter xylinus subsp. sucrofermentans Toyosaki et al. Product Description: Deposited as and referred to as the type strain of Acetobacter xylinus subsp. sucrofermentans; produces large amounts of cellulose.



Inoculum prepreparation

The A. xylinum were stored in Eppendorf tubes (2 ml) in a 20% glycerol solution at −80°C until use. To ensure good quality of the starting colony, the frozen bacteria had to be cultured on an Agar plate. The Agar plate ensured that the thawed bacteria were exposed to a high amount of nutrients, which led to an accelerated growth. The medium used to prepare the Agar plate was the one recommended by the Biosource Center, which delivered the bacteria. It consists of glucose (C6 H12 O6, Sigma-Aldrich Chemie GmbH, Steinheim, Germany), yeast extract (GIBOCOBRL, Life Technologies, Paisley, Scotland), calcium carbonate (CaCO3, Sigma-Aldrich Chemie GmbH, Steinheim, Germany), Agar (Microbiology Agar-Agar, Dr. GROGG CHEMIE AG, Darmstadt, Germany), and distilled water from our lab. For the exact formulation and the autoclaving instructions, see Supplementary Table S1. After autoclaving, the medium (ATCC Medium 459) was placed in a water bath to be cooled down to approximately 30−40°C, and molded in a Petri Dish with a diameter of 90 mm. As soon as the medium is solidified, the agar plate is ready for use. One of the Eppendorf tubes with the frozen bacteria/glycerol solution is thawed and divided into two agar plates and spread over each of them, in parallel to the incubation of the Agar plates, the culture medium (medium with 2.381% glucose, for cellulose production). Supplementary Table S2 shows the chemical formula, corresponding name, and the percentage share of all medium components. All components were ordered from Sigma-Aldrich Chemie GmbH, Steinheim, Germany.

After 72 h incubation at 26°C, a single colony was picked and dissolved in 200 ml Cellulose Production Medium (Supplementary Table S2) and placed in a 500 ml Erlenmeyer Flask on the shaker at 240 RPM for 72 h. The bacteria in the medium, now termed inoculum, had sufficiently multiplied by then and were ready to use (Figure 1A). It was then added in the Petri dishes to the Cellulose Production Medium at a ratio of 1:10.


[image: Figure 1]
FIGURE 1
Flow charts of the steps undertaken to produce BC patches. (A) illustrates the extra step of prepreparation. (B) shows the postpreparation each patch underwent after the growing period. BC, bacterial cellulose.




Bioreactor setup

A bioreactor was built to control temperature, oxygen, and nutrient delivery, as well as waste gas removal, to ensure a sterile environment for growing and repeatable patches. To be able to easily sterilize the production area, we used a retractable incubation box in a water bath with a preinstalled heater to keep the temperature at 29°C + −0.5°C (Supplementary Figure S1).



Postpreparation

After culturing, the obtained membranes were boiled in distilled water at 80°C for 30 min. Subsequently, the patches were cooled down before boiled again at the exact same temperature and time in a 0.3M sodium hydroxide (NaOH) solution (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) to clear out all bacteria. After another cooling phase in distilled water, the patches were finally stored in 0.9% NaCl solution at +4°C in the fridge (Figures 1B, 2).


[image: Figure 2]
FIGURE 2
BC patch incubated 6 days at 29°C. (A) shows the patch before the postpreparation. (B) shows the same patch after the post preparation. BC, bacterial cellulose.




Data processing and analysis

The data analysis was conducted using MATLAB (MathWorks, Natick, MA, United States). The calculation of the strain distribution on the BC patch was done using particle image velocimetry. For the detection of the deflection height, a custom made MATLAB script was used. The analysis could be subdivided in four major sections:


	(1)Calculation of mapping function to correct distortions of the images.

	(2)Image preprocessing to enable a better contrast of the images (separate algorithms for strain and deflection height analysis).

	(3)Analysis of strain distribution on BC patch (top view of BC patch).

	(4)Analysis of deflection height of BC patch (side view of BC patch).



Further details these four major sections are described in the Supplementary material.



Mechanical testing

For the purpose of mechanical testing four, representative BC patch samples were analyzed. The baseline in all experiments was a state-of-the-art pericardium patch (SJM™ pericardial patch) identically measured. The BCPs used were: BCP-1 (12 days incubation in ambient conditions), BCP-2 (12 days incubation in Bioreactor Setup), BCP-3 (6 days incubation in Bioreactor Setup), BCP-4 (12 days incubation in Bioreactor Setup), and the pericardium patch.

To gain further insight into the mechanical properties of the BC patches, we designed an inflation test-stand: each sample was fixed by a clamping ring and placed in a cylinder, which could then be connected to a water column. The patch was then inflated until rupture by the applied water pressure. Pictures of the process were obtained by a camera and the pressure sensor at the bottom of the column recorded the applied pressure (Supplementary Figure S2). With this setup, which is similar to the one presented by Buerzle et al. and Chanliaud et al (12, 13), a maximum pressure of 200 mmHg could be detected. As soon as the patch ruptured, the recording was stopped. Parameters analyzed were pressure at rupture and maximum deflection height while inflating. The elastic modulus (E) was estimated using the following relation between pressure (P) and deflection height (h) for a circular membrane (14).

[image: Inline Image]

where σ0 is the residual stress of the membrane, t is the membrane thickness, a is the membrane radius, and υ is the Poisson ratio. The BC was assumed to be incompressible (υ = 0.5). The first part of the measured pressure-deflection curves were fitted to P = a ⋅ h + b ⋅ h3 using the least squares method in MATLAB, and the elastic modulus was extrapolated from coefficient b using Equation 1.



Detection of deflection height

The Images obtained from the patches in sideview were preprocessed using different MATLAB functions. This simplified the following edge detection by the canny filter allowing it to be plotted into a new vector (Supplementary Figure S2). The value of this was then applied to a Polynomial-Function by MATLAB for the curve fitting. In a last image, only the fitted curve was plotted (Supplementary Figure S2). The maximum deflection of the BC patch was calculated by subtracting the maximum y-value of the preloaded and the maximum y-value of the BC patch, just before rupture.



Particle image velocimetry and strain distribution images

For this method, tracer particles were placed on top of the clamped patch before adding pressure to the mechanical testing setup. A mirror was mounted on top of the clamping ring to be able to detect top view images. Hence, we were able to track each particle in its movement during the inflation resulting in a movement vector. The observed motion of the BC patches was very small, and the general strain distribution behavior (computed as the spatial gradient of the displacement) of the BC patches were of interest (Supplementary Figure S3). Therefore, only two preprocessed frames were loaded into the particle image velocimetry (PIV) software. The first frame was the one at time point 0, where the BC patch was preloaded. The second frame loaded into the PIV software was the frame at p = 80 mmHg. A pressure of 80 mmHg was chosen to enable the analysis of all four chosen representative BC patches. We could then create a display of the movement of the particles and therefore the patch carrying the particles between these two timepoints. The PIV program used for this was a MATLAB based open-source tool named PIVlab—Time-Resolved Digital Particle Image Velocimetry Tool (for more details about the tool, all its features, and for downloading the software, see http://pivlab.blogspot.ch/). To visualize the strain distribution on the BC patch, a p-color plot in MATLAB was plotted.




Results


Examination of growing conditions

The optimal culturing conditions for the BC-producing bacteria strain A. xylinum were analyzed in a pilot study. It is assumed that the control of temperature, O2, and nutrient supply as well as the removal of the waste gas by a bioreactor would result in higher BC yield. Therefore, patches grown at ambient conditions with BC grown in the controlled setup of a bioreactor were compared (Figure 3A). To gain further insight into how nutrient supply and medium exchange influence the thickness of the grown BC, different refill and exchange schemes were examined: over the growth period of 12 days, the Petri dishes were either subjected to three exchanges of medium after days 3, 6, and 9 (eee) or refills at days 3 and 9 with one exchange at day 6 (ere) and 3 refills at days 3, 6, and 9 (rrr), respectively (Figure 3B). In addition, different growth times were evaluated to see whether the bacteria may stop growing at a certain point, even if sufficient nutrients were still available due to medium changes (Figure 3C). Figure 3D demonstrates that prepreparing the inoculum by giving the bacteria time to multiply on a solid agar plate and picking only on colony before putting them in the shaker had a strong influence on the yielded thickness of the BC membranes. Thus, for all further experiments, pre-prepared bacteria in the Bioreactor with Medium Refills every 3 days were used.


[image: Figure 3]
FIGURE 3
Overview of the investigated culturing conditions. (A) examines the use of an incubator: (B) compares different medium exchange and refill schemes. (C) depicts the influence of growth time. (D) depicts the influence of prepreparation. Thickness is in mm.




Mechanical testing setup—comparison of maximum withstood pressure

Figure 4 shows the applied pressure against the deflection height for all four BC patches and the pericardium patch up to approximately 100 mmHg and a deflection height of 2 mm (Supplementary Figures S5–S9 show the applied pressure and the deflection height over time for BCP-1-4 and for the pericardium patch). Due to the insufficient image quality, only the first values are missing for patch BCP-4. For the pericardium patch, the first part is also missing. Figure 4 shows that the slopes of the different patches differ from each other and changes behavior with increasing pressure. The elastic modulus was estimated to be 530 MPa for BCP-1, 200 MPa for BCP-2, 340 MPa for BCP-3, and 330 MPa for BCP-4, which was comparable to the value estimated for the pericardium patch which was 230 MPa (see fitted curves in Figure 4). After the initial part of the inflation testing, BCP-1–3 show larger increase in deflection heights leading into rupture at 151, 100, and 82 mmHg, respectively. BCP-4 and the pericardium patch, however, did not rupture within the maximum applied pressure of 200 mmHg.


[image: Figure 4]
FIGURE 4
Pressure vs. deflection height for all four BC patches (BCP1-4) and the pericardium patch. Fit 1–4 and fit 5 are the least squares method fits to estimate the elastic modulus of BC1–4 patches and the pericardium patch, respectively, from Equation 1. BC, bacterial cellulose.


Furthermore, as discussed in Cacopardo et al. (15), the measured elastic modulus corresponds to an apparent elastic modulus. The mechanical properties of BC are likely viscoelastic in nature, which means that static load conditions are expected to result in permanent deformation. In cyclic loading conditions, the apparent elastic modulus is expected to increase for higher frequencies. In the present experiments, no permanent deformations were observed (except just before material failure). The patches, on the other hand, will be more precisely analyzed using dynamic measurement, as the current measurement cannot provide any information about the patches’ long-term durability. A high cycler capable of taking measurements over several weeks is an option for this purpose.



In plane displacement

The BC patches and the pericardium patch show an overall similar displacement behavior. Figure 5 shows the displacement in plane for BCP-4 (Figure 5A) and the pericardium patch (Figure 5B), calculated for the displacement of the patches from the first frame, which corresponds to the preloaded state and to the frame corresponding to an applied pressure of 80 mmHg. A pressure of 80 mmHg was chosen to ensure that all patches could be compared and none of them was already ruptured. All patches showed a nice vector field with noisy signals only at the edge of the patch. Moreover, all patches had their zero-shift point in approximately the same area. The zero-shift corresponds to the point in which the camera is exactly perpendicular to the patch. For all patches, there occur shifts in the horizontal and vertical directions. All patches show in their middle a clear shift in the horizontal direction to the left. Supplementary Figure S4 exhibits a clear shift to the left at the top boarder for BCP-1, 2, and 3. The whole patch did not stretch equally in all directions but moved to the left. The BCP-4 patch and the pericardium patch show a homogeneous distribution of the shifts in all four directions.


[image: Figure 5]
FIGURE 5
In plane displacements of BCP-4 (A) and the pericardium patch (B). The unit of vectors is mm and the axis are in pixel with respect to the tailored image. BCP, bacterial cellulose patch.




Plane strain distribution analysis

Plane Strain Distribution Maps, which plot Particle Image Velocimetry data, were created to visualize how forces operate during inflation testing. The strain distribution maps for all BC patches, as well as for the pericardium patch, were similar. Figures 6, 7 show the strain distribution maps for all the BC patches and the pericardium patch. For each patch, both the normal strain in the horizontal direction and the normal strain in the vertical direction are shown [(A) and (B), respectively]. The strain is calculated from the preloaded state (approximately p = 2 mmHg) until a pressure of 80 mmHg is reached. Figures 6, 7 show the comparison of all patches with the same color coding. The results reveal that the strains occurring in patch BCP-3 are at least 62% higher compared to all other patches and the pericardium patch. The findings show that the strains observed in patch BCP-4 are at least 10 times smaller than the strains found in all other patches, including the pericardium patch. The largest strains occur at the center of the patch and gradually decrease toward the border. Nonetheless, the blue parts at the border indicate compression. This behavior can be explained by considering only the plain strains and disregarding the deflection height. Surprisingly, the strain distribution map for the three BC patches that ruptured (BCP-1, BCP-2, and BCP-3) shows high strains in the area of the patch failures. Patch BCP-2 fails in the bottom right corner, precisely at the point of greatest strain, whereas the other two patches fail in the patch's center.


[image: Figure 6]
FIGURE 6
Strain distribution maps for patch BCP1, 2, and 3. For each patch, all (A) show the strain in the horizontal direction and all (B) show the strain in the vertical direction. The strain map is calculated from the preloaded state (approximately p = 2 mmHg) until a pressure of 80 mmHg. BCP, bacterial cellulose patch.



[image: Figure 7]
FIGURE 7
Strain distribution maps for BCP-4 and pericardium patch. For each patch, all (A) show the strain in the horizontal direction and all (B) show the strain in the vertical direction. The strain map is calculated from the preloaded state (approximately p = 2 mmHg) until a pressure of 80 mmHg. BCP, bacterial cellulose patch.





Discussion

A majority of congenital defects require either intracardiac reconstruction or repair of pulmonary and/or systemic inflow or outflow. To close intracardiac shunts such as ventricular septal defect (VSD) or reconstruct outflow tract or great vessels, pericardium, polyester, or Polytetrafluoroethylene (PTFE) can be used. Current materials have limitations and thromboembolism, infection, shrinkage, calcification, and tissue overgrowth may appear following use of synthetic materials (3).

To date, no optimal material for use in pediatric cardiac surgery has been identified; only optimized materials are available (16).

Prospective randomized trials on a large scale and systemic histopathological workups are preferred. In the future, new emerging techniques such as 3D printing, computational modeling, and tissue engineering may aid in the provision of personalized treatment options with optimal geometrical and flow properties (17).

Materials with comparable elasticity to cardiac tissue and increased biocompatibility, allowing for early neo-endothelialization and resulting in a decreased inflammatory response, are welcome. Nevertheless, only a few research studies evaluating different patch materials have been performed in large animal models so far (11, 18).

BC is a biomaterial that potentially meets several of the parameters listed above. It is a hydrogel made up of a nanofiber network with fiber sizes ranging up to 100 nm, which contains 99% water (11, 19). Furthermore, Bacterial nanocellulose (BNC) is structurally similar to collagen assembly, which may provide a better substrate for tissue ingrowth and endothelialization. Furthermore, numerous studies have shown that BNC has excellent biocompatibility with minimal local inflammatory reaction (6, 7, 10, 11, 20).

In a study by Lang et al, BC material was evaluated as a path material for transcatheter VSD closure and in vivo biocompatibility was assessed in a chronic pig model. The group concluded that BC patches may be used for closure of VSD with good mid-term results and that their biocompatibility was satisfactory (11) However, data on elasticity as well as the testing of various BC modifications of this new patch material, such as different forms of BC in comparison to other patch materials, are still lacking.

The objective of the present project was to investigate further whether BC is a biomaterial with suitable mechanical properties to be used as patch material in comparison to commercially available xenogenic material. Thus, we created a bioreactor for controlling the culture parameters and analyzed the optimal culture conditions for A. xylinum bacteria to produce BC. In addition, the resulted BC patches were characterized in a mechanical testing setup employing various analyses for comprehensive material characterization.


Evaluation of BC growth

Even though the bacteria would still grow in ambient conditions, it shows that more parameters influencing the yield could be controlled by using a bioreactor: temperature, O2 supply, and nutrients as well as removal of the waste gas were monitored in this setup. Furthermore, the retractable incubation box could easily be sterilized to ensure that the experiments do not influence each other. Milli-Q water, used to fill the water tank, guaranteed that no contamination of the water occurred over the whole experiment. It is widely agreed that A. xylinum are obligate aerobe bacteria and, therefore, oxygen is a major component of their metabolism (21). However, there are various O2 concentrations used, and it has even been shown that oxygen supply is not the limiting factor regarding BC yield over longer cultivation periods (22). This was observable to some extent, as patches continued to grow in ambient conditions despite the fact that this setup was susceptible to numerous uncontrollable variables. As the best results were obtained when the medium was exchanged rather than simply refilled, we hypothesized that it is more important to control both the supply of nutrients and the removal of waste products than to simply provide new nutrients. This was demonstrated by the fact that the thickness of the patches from the exchange setup (eee) was greater than the thickness of the patches from the refill or one exchange setups (rer, rrr). The number of patches produced per group was limited, but as the number of patches increases, this trend will undoubtedly become significant. We attribute great importance to keeping the pH value at a level between 4.0 and 6.0, as this is described to be the optimum range for A. xylinum to produce durable BC (23). As we were not able—even with the exchange setup (eee)—to keep the pH at a constant level, we will therefore install a pumping device beneath the growing patch at the surface in future experiments and by that also maintain constant glucose supply.



Mechanical testing setup—comparison of maximum withstood pressure

During mechanical testing, maximum inflation of the patches as well as maximum withstood pressure were recorded to investigate a possible relation between the thickness of the sample and those parameters. The maximum pressure withstood was visibly influenced by the thickness of the sample. Interestingly, the duration of culture and thus also the absolute number of medium changes seems to influence the resistance of the material reflected (Figure 3). This effect is even more apparent when comparing the maximum withstood pressures of all samples: only BCP-4 patches were capable to keep up with the baseline pericardium patch and did not rupture during the entire experiment (Figure 3). In future experiments, the effects of preprocessing on the bacteria should be investigated more in detail: it is conceivable, for example, that the proportion of active living bacteria is higher than without preprocessing and that the available nutrients can therefore be linked to more cellulose. This could be accomplished, for instance, by more precisely analyzing the exchanged medium to determine how much glucose is consumed as an indicator of the activity of the bacteria. Furthermore, as discussed in the study by Cacopardo et al. (15), the measured elastic modulus corresponds to an apparent elastic modulus. Furthermore, the mechanical properties of BC are likely viscoelastic in nature, which means that static load conditions are expected to result in permanent deformation while cyclic load conditions during a physiological heartbeat are likely fast enough that viscoelasticity does not dominate. No permanent deformations were observed in our experimental testing (except just before material failure). The patches, on the other hand, will be more precisely analyzed using dynamic measurement, as the current measurement cannot provide any information about the patches’ long-term durability. A high cycler capable of taking measurements over several weeks is an option for this purpose.



Outlook

Fabrication of composite scaffolds may be a potential method to enhance the stability of novel implant materials. Clinical use of decellularized tissues is already widespread, but their biological variability makes them challenging to process. With electrospinning (ESP) technology, it may be possible to process synthetic and biogenic scaffolds (24). ESP has been a standard technique for creating scaffolds in tissue engineering, permitting the combination of different materials and the modification of fiber diameters, fiber orientations, and porosities (25). In addition, a variety of postprocessing techniques allows for optimized tissue remodeling, enhanced hemocompatibility, and controllable biodegradation of electrospun scaffolds (25–28). Extensive testing of the material's properties should be followed by an examination of its viscoelastic properties, which necessitates the use of more sophisticated testing techniques than those typically employed (15, 29).




Conclusion

The mechanical characterization of the BC patches revealed that BC is a homogeneous, stiff material with elastic modulus between 200 and 530 MPa and strain values comparable to a bovine pericardium patch. The displacement patterns, as well as the strain maps, are similar for all tested BC patches, which indicated that the mechanical behavior is reproducible. The cellulose patch, which was assumed to have a dense mesh, inflated less with increasing pressure compared to the pericardium patch. From this, we assume that BC patches with a dense cellulose fiber mesh are stiffer (and therefore more resistant to pressure?) than the bovine pericardium.
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SUPPLEMENTARY FIGURE 1

Schematic overview of the final setup of the bioreactor and the connection of all parts. First, oxygen and pressurized air were connected to the Y-branch, and both pressures were set to 1bar. Second, the outflow tract of the Y-tract was connected to an occlusion element to reduce the gas flow rate. Third, the supply gas was led from the occlusion element directly into the incubation box. The supply gas tube ended in a water reservoir, where the gas was humidified. The Petri Dishes with the A. Xylinum seeded in the culture medium and were placed in the incubation box next to the water reservoir, and the lid was closed. The closed incubation box with gas supply was placed in the glass tank, which was heated to a temperature between 29°C and 30°C. The lid of the glass tank was closed, and the isolation mat was placed around it.

SUPPLEMENTARY FIGURE 2

Schematic overview (a) Water column inflates BC sample. Disposable cylinder pressure sensor. 25Hz camera takes photos. Dual lighting improves image contrast. (b) Cylinder with two BC patches. Black shows the preloaded BC patch. Preloaded vs. maximally deflected BC patch determines deflection height.

SUPPLEMENTARY FIGURE 3

Schematic overview of the image pre-processing steps of the top view with the applied function in each step and the resulting image.

SUPPLEMENTARY FIGURE 4

In plane displacements of BCP-1, 2 and 3. The unit of the vectors is mm and the axis are in pixel with respect to the tailored image.

SUPPLEMENTARY FIGURE 5

Pressure and deflection height over time for BCP-1.

SUPPLEMENTARY FIGURE 6

Pressure and deflection height over time for BCP-2.

SUPPLEMENTARY FIGURE 7

Pressure and deflection height over time for BCP-3.

SUPPLEMENTARY FIGURE 8

Pressure and deflection height over time for BCP-4.

SUPPLEMENTARY FIGURE 9

Pressure and deflection height over time for the pericardium patch.
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Background: Bilateral lung transplantation (LuTx) remains the only established treatment for children with end-stage pulmonary arterial hypertension (PAH). Although PAH is the second most common indication for LuTx, little is known about optimal perioperative management and midterm clinical outcomes.



Methods: Prospective observational study on consecutive children with PAH who underwent LuTx with scheduled postoperative VA-ECMO support at Hannover Medical School from December 2013 to June 2020.



Results: Twelve patients with PAH underwent LuTx (mean age 11.9 years; age range 1.9–17.8). Underlying diagnoses included idiopathic (n = 4) or heritable PAH (n = 4), PAH associated with congenital heart disease (n = 2), pulmonary veno-occlusive disease (n = 1), and pulmonary capillary hemangiomatosis (n = 1). The mean waiting time was 58.5 days (range 1–220d). Three patients were bridged to LuTx on VA-ECMO. Intraoperative VA-ECMO/cardiopulmonary bypass was applied and VA-ECMO was continued postoperatively in all patients (mean ECMO-duration 185 h; range 73–363 h; early extubation). The median postoperative ventilation time was 28 h (range 17–145 h). Echocardiographic conventional and strain analysis showed that 12 months after LuTx, all patients had normal biventricular systolic function. All PAH patients are alive 2 years after LuTx (median follow-up 53 months, range 26–104 months).



Conclusion: LuTx in children with end-stage PAH resulted in excellent midterm outcomes (100% survival 2 years post-LuTx). Postoperative VA-ECMO facilitates early extubation with rapid gain of allograft function and sustained biventricular reverse-remodeling and systolic function after RV pressure unloading and LV volume loading.
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1. Introduction

For children with severe pulmonary arterial hypertension (PAH) (1–4) who are not responsive to pharmacotherapy, bilateral lung transplantation (LuTx) remains the only established treatment option with proven survival benefit (5). Although PAH is the second most common indication for LuTx in children (6), data on the best perioperative management (including ECMO) (7), on pre- and postoperative cardiac function, and on mid-/long-term outcomes after LuTx are lacking.

Historically, combined heart-lung-transplantation (HLTx) had been the favored treatment option for children with treatment-resistant, end-stage pulmonary vascular disease (PVD), PAH, and right ventricular (RV) failure; however, HLTx continues to be limited by the availability of heart-lung-blocks for transplantation. According to registry analyses (ISHLT, UNOS), isolated bilateral LuTx for PAH results in long-term outcomes and survival that are similar to other pediatric LuTx-indications (6, 8, 9). Recently, we demonstrated full recovery of systolic RV function within two months after LuTx, irrespective of the cardiac compromise pre-LuTx, in a prospective study on children with PAH undergoing LuTx (10) (group 1 pulmonary hypertension, WSPH 2018; Supplementary Table S1) (3), suggesting that LuTx should be preferred over heart-lung-transplantation even with severe RV dysfunction.

Early complications following LuTx for PAH are often attributed to the increased left ventricular (LV) preload in the setting of chronic LV deconditioning, leading to LV diastolic dysfunction, left atrial hypertension, consecutive severe pulmonary edema, and primary graft dysfunction. Thus, we introduced the concept of default peri-/post-transplant veno-arterial extracorporeal membrane oxygenation (VA-ECMO) in adult patients with severe PAH undergoing LuTx at our center in 2010 (11).

In earlier decades, the use of ECMO pre- or post-LuTx in children was associated with higher complication rates and poorer outcomes compared to LuTx without the need for ECMO support (12). Application of awake-ECMO as bridge-to-transplantation, not requiring any mechanical ventilation and sedation, greatly improved outcomes after LuTx compared to mechanical ventilation/sedation plus ECMO in adults (13, 14); meanwhile, awake-ECMO has been extended to pediatric patients of all age groups and other indications for ECMO than PAH (15, 16).

Data on perioperative management using scheduled (default) ECMO support for pediatric patients with PAH (including children <2 years of age), and its relation to recovery of heart-lung function and mid- to long-term clinical outcomes, have not been systematically analyzed. In this study, we present data on consecutive PAH patients <18 years of age who underwent LuTx with default postoperative VA-ECMO and intention of early extubation at our center from December 2013 to June 2020.



2. Methods


2.1. Patient population

We conducted a prospective observational study of 12 consecutive children with severe PAH who underwent bilateral LuTx at Hannover Medical School between December 2013 and June 2020 (Table 1 and Supplementary Tables S1, S2). The patients had at least a 12-months-post-LuTx diagnostic follow-up with transthoracic echocardiography and pulmonary function testing. Survival was analyzed both 12 and 24 months post-LuTx, until September 2022. Two excluded patients are described in the Supplementary Material. We defined PAH according to the World Symposium of PH (WSPH, Nice 2018) (3, 17) (Supplementary Table S1): mPAP >20 mmHg, PAWP ≤15 mm Hg, and pulmonary vascular resistance (PVR) index ≥3 WU·m2 when >3 months old, at sea level (2). We only enrolled children with PAH-LuTx and excluded LuTx patients in WSPH diagnosis group 2–5 PH. We calculated the European Pediatric Pulmonary Vascular Disease Network (EPPVDN) pediatric PH risk score (18), consisting of 17 clinical, echocardiographic, and hemodynamic variables, to assess the patients' condition prior to transplant (Table 1).


TABLE 1 Patient characteristics.
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2.2. Clinical data collection

The clinical data collection included multimodal pre-, peri-, postoperative, and follow-up data from all patients. Details on surgical management for pediatric LuTx procedures in our center have recently been published (5). Allograft function was measured by spirometry; chronic lung allograft dysfunction (CLAD) was defined according to the 2019 ISHLT consensus report (19).



2.3. Transthoracic echocardiography

We applied echocardiographic B-mode, M-Mode, Doppler, and ventricular 2D strain analysis (20, 21). All examinations were performed on Philipps IE33 or EPIQ CVx ultrasound machines. Images were recorded digitally and analyzed at a workstation using Intellispace Echo software (Philips Medical Systems, The Netherlands) by a single investigator. Methodological details can be found in the Supplementary Material.



2.4. Statistical analysis

Either the Wilcoxon signed-rank test or the paired two-tailed t-test was used to make pairwise comparisons for data collected pre-LuTx and 1-year post-LuTx depending on the outcome of the normality testing of the difference between the pairs. Samples were considered normally distributed if they passed all applied normality tests (p-value >0.05): D'Agostino-Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov. All statistical analysis was performed in GraphPad Prism. The changes in the examined variables (Figure 3) were visualized using R and GraphPad Prism software. Data are reported as mean ± SEM, if not stated otherwise. Details on the methodology, imaging, and outcome variables can be found in the Supplementary Material and the figure legends.



2.5. Ethics statement

All clinical data were anonymized. Informed consent was obtained from the legal caregivers according to the principles expressed in the Declaration of Helsinki (IRB approval #2200-2014).




3. Results


3.1. Demographic and clinical characteristics at baseline

Demographic and clinical characteristics of the 12 patients with PAH undergoing LuTx are summarized in Table 1 and shown individually in Supplementary Table S2, including invasive hemodynamics and medication pre-LuTx. Age at lung transplantation ranged from 1.9 to 17.8 years (mean 11.9 years). Two patients were transplanted during the COVID-19 pandemic (2020). Six patients were under 12 years old [Lung Allocation Score (LAS) exemption], one of which had a body surface area and weight below 0.5 m2 and 8.5 kg. Half of the patients had failure to thrive, with a body weight below the 10th (n = 6) or even below the 1st (n = 2) percentile (cachexia). All patients were in the WSPH diagnosis group 1 PH (Table 1 and Supplementary Tables S1, S2). Underlying diagnoses included idiopathic PAH (IPAH, n = 4), heritable PAH (HPAH, n = 4), PAH associated with congenital heart disease (PAH-CHD, n = 2), pulmonary veno-occlusive disease (PVOD, n = 1), and pulmonary capillary hemangiomatosis (PCH, n = 1). Disease-causing heterozygous mutations affected BMPR2 (n = 3) and TBX4 (n = 1) genes. All patients were symptomatic, in WHO functional class 3 or 4, with a mean 6-minute walk distance of 210 ± 56 meters (n = 11) before transplantation. Mechanical circulatory support (MCS)-status, cannulation mode, cannula size, and ECMO-associated complications are displayed in Table 2.


TABLE 2 Individual patient characteristics, ECMO management, ECMO duration, and ECMO-associated complications pre and post-bilateral lung transplantation.
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3.2. Clinical presentation at the time of listing for lung transplantation

Preoperative echocardiography showed imminent (n = 9) or acute right heart failure (n = 3), systemic/suprasystemic right ventricular (RV) pressure (n = 12), systolic RV dysfunction (n = 12), end-systolic septal shift with left ventricular (LV) compression (n = 12), and pericardial effusion in different degrees. The mean serum NT-proBNP concentration before LuTx was 3,381 pg/ml (median 1,113, range 110–10,972 pg/ml; n = 12); of note, several patients were admitted to the hospital in critical condition with several fold higher NT-proBNP levels which then improved under therapy. At the time of LuTx, 8 patients were EPPVDN pediatric PH “higher risk”, and 4 were “intermediate risk”. The mean “non-invasive higher risk score” in the 12 patients was 10.3 (max. score 15; decimal score 0.69 ± 0.05) (Table 1). Pre-transplant lung function testing (Table 1) at the time of listing showed a mean of 69.7% (n = 10) predicted for FEV1 (range 43.0%–93.8%) and 72% (n = 10) predicted for FVC (range 40%–102%). FEV1 and FVC were markedly reduced in one patient with additional interstitial lung disease (non-specific interstitial pneumonia by biopsy) attributed to TBX4-mutation and in two patients with airway compression attributed to enlarged pulmonary arteries. The mean LAS in the six patients ≥12 years was 47.2 (range 32.2–70.5). The mean waiting time on the LuTx list was 58.5 days (range 1–220 days) for the cohort and 10.7 days (range 1–14 days) for the three patients on pre-LuTx ECMO.



3.3. Emergency VA-ECMO cannulation and VA-ECMO-CPR preceding LuTx

Three patients transferred to our hospital for LuTx evaluation required emergency VA-ECMO cannulation because of acute right-heart failure/pulmonary vascular crisis (Tables 1, 2 and Supplementary Table S2). Two of these patients underwent cardiopulmonary resuscitation (CPR) in our intensive care unit and rescue ECMO-cannulation (ECMO-CPR). All three patients were successfully extubated to undergo awake-pre-LuTx-ECMO, without any long-term neurological deficit.



3.4. Bilateral lung transplantation

All 12 patients underwent bilateral sequential LuTx. Sternum-sparing bilateral thoracotomies were performed for surgical exposure whenever possible, and peripheral VA-ECMO cannulated via the right-sided groin vessels was used for cardiopulmonary support in these patients. Clamshell thoracotomy was reserved for patients where cardiopulmonary support had to be instituted by cannulating the aorta and central veins due to the small patient size (usually patients younger than 6 years old) or the need for concomitant cardiac surgery. Two patients underwent concomitant closure of a secundum atrial septal defect (ASD) on cardiopulmonary bypass (CPB) with bicaval cannulation (patient #8) or cannulation via femoral vessels (patient #10) (during LuTx). After ASD closure, CPB was switched to VA-ECMO in patient #10 to perform LuTx. Patient #8, who underwent rescue ECMO-cannulation via femoral vessels pre-LuTx, was weaned from CPB after ASD closure, followed by LuTx on VA-ECMO. One patient (#11) underwent bilateral LuTx on CPB with peripheral cannulation, and after LuTx, CPB was switched to VA-ECMO using the same cannula. The remaining nine patients were transplanted on VA-ECMO without the use of CPB (Table 3 and Supplementary Table S3).


TABLE 3 Bilateral lung transplantation, postoperative course, and clinical follow-up in pediatric patients.
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3.5. Postoperative course after LuTx for severe PAH and RV failure

The mean ICU stay post-LuTx was 15 ± 2 (range 4–32) days. The average in-hospital stay post-LuTx was 41 ± 4 (range 21–62 days) (Table 3 and Supplementary Table S3). There was no perioperative (30 days post-op) mortality. The scheduled minimal duration of VA-ECMO support in our protocol is 5 days post-LuTx to assist the pressure-unloaded RV and volume-loaded LV, although two patients were weaned-off ECMO <120 h post-LuTx (Figure 1). The mean duration of post-LuTx VA-ECMO support was 185 h (range 73–363 h) [Figure 2, details in (5)]. Except for patient #5, who was the smallest child at 8.2 kg, all patients were cannulated in the groin via femoral vein and artery (Table 2). Distal leg perfusion was secured by inserting a 5 F atrial sheath. All cannulas and sheaths were inserted using the Seldinger technique. The correct initial placement of the cannula tip was verified by ultrasound. The three patients that were initially operated on CPB (either for ASD closure or for LuTx), were all switched to VA-ECMO with peripheral cannulation for post-LuTx VA-ECMO support. Only patient #5 stayed on central cannulation due to his low body height and weight to prevent irreversible occlusive injury to the femoral vessels (Table 2). The weaning strategy from VA-ECMO included regular echocardiographic evaluation of biventricular function on ICU admission postoperatively and once daily after post-OP day 5 on VA-ECMO. ECMO weaning was usually started on day 3 after LuTx at the earliest. On the day of transplantation, the ECMO was started with 80% of the calculated full flow (100% CO) and was reduced stepwise by 20%–25% in two to three steps before explantation. The reduction of ECMO flow was done under direct echocardiographic imaging with a focus on left heart structures to visualize any decrease in LV function, an increase of LV end-diastolic diameter (LVEDD), or potential mitral valve regurgitation (Figure 1). If necessary, further measurements can include Tissue Doppler Imaging (TDI) of the left ventricle and mitral annular plane systolic excursion (MAPSE). Additionally, vital signs, arteriovenous oxygen difference (AVDO2), and arterial blood gas analysis (PaO2, PaCO2) were monitored and a chest-X ray was performed between 12 and 24 h after the reduction step or earlier in case of clinical signs of impaired lung function. All patients were extubated whilst on ECMO support (→awake-VA-ECMO) to avoid pressure and shear stress on the transplanted lungs. Even patient #5, who was small in size and had open chest cannulation, was extubated on day 2 and supported by awake VA-ECMO. Mean and median mechanical ventilation time was 41 and 28 h, respectively (range 17–145 h) (Figure 2, Table 3). In all patients, removal of cannulas was pursued in the operating room and – if necessary – vessels were reconstructed by vascular surgeons. Standard immunosuppression consisted of a combination of oral tacrolimus, mycophenolate-mofetil, and prednisolone (Table 4). No induction therapy was used in our center.


[image: Figure 1]
FIGURE 1
Schematic treatment and weaning algorithm of VA-ECMO treatment after LuTx. All patients were treated according to this interdisciplinary, in-house consensus standard. ECMO, extracorporeal membrane oxygenation; d, day; LuTx, lung transplantation.
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FIGURE 2
VA-ECMO duration and length of invasive mechanical ventilation pre/post-LuTx. VA-ECMO duration pre- and post-LuTx (in hours; blue) and time on respirator pre-ECMO and on-ECMO (in hours; green) are shown. VA-ECMO, veno-arterial extracorporeal membrane oxygenation; h, hours; LuTx, lung transplantation.



TABLE 4 Dosing regimen for immunosuppression in pediatric lung transplantation (Hannover).
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3.6. Adverse events pre-, intra- and post-LuTx

We observed five moderate to severe ECMO-related complications. One intrathoracic hematoma due to dislocation of ECMO cannula pre-LuTx (patient #1), one thromboembolic occlusion of the right iliac/femoral artery due to cannula-related impairment of distal leg perfusion (patient #2), one hemothorax on ECMO requiring thoracotomy on post-LuTx day 1 (patient #3), one intrathoracic hematoma on day 1 post-LuTx requiring surgical removal plus a subsequent thromboembolic left sided subtotal media infarction on day 5 of post-LuTx-ECMO support, with only mild residual neurological deficit (patient #5, who had a prothrombin gene mutation), and one leg ischemia after ECMO-explantation requiring femoral arterial embolectomy (patient #11) (Table 2). Details can be found in the Supplementary Material.



3.7. Echocardiographic analysis at baseline and one-year follow-up

Transthoracic echocardiography 12 months after transplantation showed full and sustained recovery of RV systolic function in all 12 children after bilateral LuTx, in association with regression of RV hypertrophy (RVH), and normalization of RV volumes (Supplementary Table S4), even in children with severe RV failure pre-LuTx (RVEF < 40%). Mean RVAWD decreased from 1.12 ± 0.10 cm to 0.54 ± 0.05 cm (−50.8% ± 3.6%; Supplementary Table S4), illustrating substantial regression of RV hypertrophy within 12 months. The RV/LV end-systolic diameter ratio as a surrogate of RV dilation and LV underfilling/compression also completely normalized (from 2.38 ± 0.2 to 0.69 ± 0.03, Supplementary Table S4). RV global longitudinal strain (Figures 3A,B), RV free wall strain (Figures 3C,D), and RV global longitudinal strain rate (Figures 3E,F) were greatly abnormal in the PAH patients pre-LuTx (10) and completely normalized 12 months after LuTx (there was likewise a trend for the RV free wall longitudinal strain rate, Figures 3G,H). TAPSE (Figure 3I), as a surrogate for longitudinal systolic RV function, and the RV end-systolic remodeling index (RVES RI) (Figure 3J) were both abnormal pre-LuTx but normalized by the 12-month follow-up.


[image: Figure 3]
FIGURE 3
Results of right ventricular strain and strain rate, as well as TAPSE and RV end-systolic remodeling index analysis pre- and post-LuTx. The time points of echocardiography were prior to LuTx (range 0–75 days) and approximately 12 months (range 11–29 months) post-LuTx. The paired two-tailed t-test was used. *p < 0.05; **p < 0.01; ****p < 0.0001, n = 5 (A–H), n = 12 (I,J). (A, C, E, G) show the individual changes of each patient pre and post-LuTx. The box and whisker plots (third column) show the median, IQR, and 10–90th percentile. The scatter plots (fourth column) show the 95% confidence interval for the median. RV, right ventricle; RV 4CSL, RV 4-chamber longitudinal strain; RVES RI, right ventricular end-systolic remodeling index; TAPSE, tricuspid annular plane systolic excursion.




3.8. Clinical follow-up, lung function, and survival 1–2 years after LuTx for pediatric PAH

In the 8-year study period, no patients with PAH died on the LuTx waiting list or during evaluation for LuTx at our center. As of September 1, 2022, all transplanted patients are alive (median survival 53 months, range 26–104 months). Pulmonary function testing pre-LuTx and 12 months post-LuTx are shown in Figure 4. Two children were not able to perform the spirometry maneuver before LuTx, and one of them did not perform the maneuver soon after LuTx due to his/her young age and reduced coordination. Pulmonary function remained stable in all 11 patients able to perform spirometry 12 months post-LuTx (Figure 4). One patient developed CLAD 3 in the third year after LuTx (i.e., after the 2-year follow-up), and was re-transplanted 31 months after the first LuTx. Currently, another patient fulfills the criteria of CLAD 1 (first diagnosed 29 months post-LuTx, i.e. after the 2-year follow-up). Taken together, the clinical follow-up reveals that all 12 patients enrolled are alive 26 months post-LuTx (range 26–104 months).
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FIGURE 4
Lung function course of patients with PAH pre- and post-LuTx. Patient #5 was too young to perform spirometry pre-LuTx and during year one post-LuTx. Patient #12 was unable to perform spirometry pre-LuTx. Post-Tx FEV1-Baseline value is computed as the mean of the best two postoperative FEV1 measurements taken >3 months apart to define CLAD starting >3 months post-LuTx. FEV1 >80% of baseline defines the stage CLAD0 (Verleden et al. J Heart Lung Transplant. 2019; 38:493–503. doi: 10.1016/j.healun.2019.03.009) (19). FEV1, forced expiratory volume in 1 s; LuTx, lung transplantation; pp, percent predicted [reference values are taken from Quanjer PH et al. Eur Respir J. 2012 Dec;40(6):1324–43. doi: 10.1183/09031936.00080312] (37).





4. Discussion

This prospective observational study illustrates our experience with bilateral lung transplantation and default postoperative VA-ECMO support in children with severe PAH at a single high-volume center. We successfully transplanted all patients according to our standardized VA-ECMO protocol, and all patients were alive after a median follow-up of 53 months (range 26–104 months). Given the low perioperative morbidity, the rapid recovery of RV systolic function after LuTx within 2 months, as shown in our recently published study (10), and the excellent midterm outcome after LuTx for PAH with preserved heart-lung function at one-year follow-up (shown in the current study), LuTx currently appears to be the best and most feasible treatment option for end-stage PAH (group 1 PH), in the absence of complex congenital heart disease. Of the 107 pediatric LuTx patients in the ISHLT registry reported worldwide for 2016, 72% were at least 11 years old, and only six LuTx were performed in children under the age of 1 year (infant LuTx) (9). Overall, LuTx for any condition in children under 12 years is challenging, but outcomes are comparable to those in older children at our center (5), in accordance with ISHLT registry data on children with PVD after LuTx (22). The present and our recently published study (10) showed that even small PH children, below 10 kg body weight, successfully underwent bilateral LuTx with full recovery of heart and lung function. Of note, about a decade ago (2009), we had preferred heart-lung transplantation over bilateral LuTx because of technical aspects for this young age group (23). Today, the remaining conditions for which combined heart-lung transplantation rather than LuTx may be considered, are (1) complex CHD (mostly adults with congenital heart disease and Eisenmenger's syndrome), (2) postcapillary PH due to persistent severe LV dysfunction (e.g., restrictive cardiomyopathy), (3) precapillary PH and additional LV dysfunction that cannot be explained by PAH-related ventricular-ventricular interaction, (4) after intracardiac surgical correction of CHD with complex residual cardiac anatomy, or (5) in patients after surgical correction of multiple pulmonary vein stenoses.

Different aspects possibly hamper further treatment optimization of patients with severe PAH being evaluated for LuTx. Although improvements in waiting time, mortality, and post-transplant survival have occurred in children after the implementation of the lung allocation score (LAS) for LuTx listing of ≥12-year adolescents (24), we found the LAS unsuitable for accurately assessing clinical compromise in children with severe PAH. Due to the different pathophysiology, often without relevant compromised oxygenation and decarboxylation, the LAS underestimates the severity and disease progression in children with PAH as a reason for listing for LuTx (2, 17, 25, 26).

The underestimation of risk is illustrated by the three PAH patients in need of rescue VA-ECMO cannulation before LuTx shortly after referral to our center. The sudden deterioration and RV failure in these three patients underlines the difficulties in determining the optimal timing of listing treatment-resistant PAH patients for LuTx. Indeed, pediatric candidates with severe PH are referred relatively late for LuTx or HLTx transplantation, often requiring immediate intensive care treatment or even veno-arterial ECMO support (2, 5, 12, 25, 26). Moving forward, the EPPVDN pediatric PH risk score (online calculator; https://www.pvdnetwork.org/pedphriskscore/) can properly and quantitatively determine disease severity and suggest listing children with PH for LuTx (18). Additionally, the new lung Composite Allocation Score (lung CAS), which was recently implemented in the United States, includes specific criteria for lung transplant candidates with pulmonary hypertension that can lead to an increase in their waitlist survival and/or post-transplant outcomes scores. The criteria are (1) deteriorating on optimal therapy, and (2) right atrial pressure greater than 15 mmHg or a cardiac index less than 1.8 L/min/m2 (https://unos.org/news/lung-cas-score-summary/, accessed on May 31, 2023). Of note, these cut-off criteria are likely not directly applicable to children with PAH who usually have lower RA pressure and higher cardiac index than adults with similar disease severity (see Table 1). The LAS system has not been updated in the Eurotransplant countries since 2011 and there is no scheduled time point in the near future for implementation of the new CAS system. Therefore, comparison with North America regarding the change in waiting time, transplant rates, and survival specifically for PH patients below 12 and between 12 and 18 years of age, whose disease severity is not well represented with the LAS system (still used in Germany), will be very interesting and might influence future modifications of allocation algorithms.

Reverse Potts shunt (27–30), with VA-ECMO backup, might be the only palliative alternative to LuTx for treatment-resistant PAH that may improve morbidity and short-/mid- term survival. In a recent retrospective analysis of the International Potts Shunt Registry, the overall 1- and 5-year transplant-free survival was 77% and 58%, respectively, and 92% and 68% for those discharged home (29). Clearly, the peri-procedural mortality was unacceptably high (17 of 110; 15%) (29) but may improve in high-volume Potts shunt centers with experience, as is the case for LuTx centers. Moreover, establishing a reverse Potts shunt is not applicable for all patients with PAH; only children with systemic or mildly suprasystemic RV pressure and only mildly decreased systolic RV function seem to be suitable candidates for the procedure (29, 31). Children with severely decompensated disease requiring aggressive intensive care are not good candidates for the Potts shunt procedure (29). The group in St. Louis compared the outcome of their pediatric PAH patients after reverse Potts shunt (n = 23; 2013-present) and LuTx (n = 31; 1995-present) (31). The authors emphasized the lower numbers of peri-procedural complications and shorter ventilation times as positive aspects of the Potts shunt procedure (31). Median ventilation time after LuTx in their cohort was 10.2 days (31) compared to 1.2 days (28 h) in our PAH cohort, highlighting the potential benefits of our default awake VA-ECMO approach that facilitates early extubation.

Compared to the Potts Shunt registry data and other reports on LuTx in pediatric subgroups (25, 29, 32), we experienced only a few severe complications post-LuTx with no or only mild impact on long-term clinical outcomes. Testing all patients in our cohort for acquired von Willebrand syndrome (AVWS), known to increase bleeding risk in moderate to severe PAH (33), and prophylactic von Willebrand factor (VWF)-containing concentrate supplementation (in the presence of AVWS), may have contributed to the low rate of bleeding complications.

The ISHLT Thoracic Transplant registry reported a total of 178 pediatric LuTx for IPAH and 78 pediatric LuTx for PH-non IPAH for the period 2000–2017 (9). The combined PH group (WSPH PH groups 1–5) was the most frequent indication for LuTx in children 0–5 years old (9). According to the ISHLT Registry (32), children with IPAH had the best post-LuTx survival (median 7.4 years) compared to other diagnoses, while those with non-IPAH PH (“secondary PH”) had the highest mortality in the first 10 years after LuTx (median survival 3.2 years) (6). During our 9-year study period (2013–2022), no patient with PAH (judged to be a LuTx candidate) died during LuTx evaluation, on the LuTx-waiting list, or after LuTx at our center that has dedicated pediatric PH and LuTx programs. In contrast, of the five patients who had received LuTx for either WSPH group 2–5 PH or non-PH lung disease at our center, three died (60%) during the same time period post-LuTx, presumably due to the more complex comorbidities (diaphragmatic palsy, chest deformities, upper airway disease, severe cachexia, and severe neuro-developmental disorder), which are associated with a complicated perioperative course. Thus, also for group 2–5 (mainly group 3) PH patients, we suggest referring these children earlier for LuTx evaluation.

LV diastolic dysfunction is common in pediatric and adult PH (1, 34) and has been investigated in a prospective pediatric ventricular function study (35). According to this study, children with PH had LV diastolic dysfunction most consistent with impaired LV relaxation and decreased myocardial deformation, related to invasive hemodynamics, leftward septal shift, and prolonged RV systole. The pre-existing diastolic LV dysfunction in severe PAH is exaggerated directly after LuTx, as a consequence of the greatly increased pulmonary blood flow following the normalization of pulmonary vascular resistance. Consecutively, the increased LV preload post-LuTx frequently leads to pulmonary edema. The latter is addressed by our approach of scheduled post-operative VA-ECMO in all patients undergoing LuTx for PAH (11) to relieve the workload of the LV and protect the transplanted lung from fluid overload and corresponding dysfunction. Default postoperative VA-ECMO generates another relevant benefit after LuTx: even when early ventilatory issues arise post-LuTx, VA-ECMO facilitates early extubation and thus avoids potentially harmful high inspiratory pressures to the allograft soon after LuTx (5, 23). Additionally, there is a risk of primary graft dysfunction as the entire cardiac output is ejected into the allograft by the now unloaded, often hypertrophied RV. The use of VA-ECMO can help mitigate this injury by diverting some of this output to the systemic circulation. Awake-ECMO has been reported for conditions other than PAH associated with heart or lung failure (5, 15, 36). In our center, ECMO patients were extubated as soon as possible. Although early extubation can be challenging in young children, it can be handled by an experienced interdisciplinary team of nurses, physicians, and physiotherapists (15, 16). For awake VA-ECMO, we see clear advantages in reduced sedation/analgetic medication allowing better oral feeding and digestion, better neurological monitoring, and – most importantly for this patient group post-LuTx – early and better airway clearance.

Limitations of this study include the single-center design, the small patient number, and the lack of a control group (for default VA-ECMO). However, our historical controls of LuTx without VA-ECMO or heart-lung transplantation had worse clinical outcomes. Despite these typical limitations in pediatric studies on a rare and fatal disease, our research provides a standardized treatment and weaning protocol that may benefit other centers in the management of pediatric patients with PAH before, during, and after LuTx for PAH.



5. Conclusions

In children with severe PAH and RV dysfunction undergoing bilateral LuTx, postoperative VA-ECMO facilitates early extubation with rapid gain of allograft function and also cardiac reverse-remodeling following RV pressure unloading/LV volume loading. Management of PAH children with VA-ECMO after LuTx (and if needed as a bridge to transplantation) results in excellent clinical outcomes, as underpinned by sustained normalization of cardiac performance and preservation of lung allograft function at 1-year follow-up, and 100% survival at 2 years post-LuTx.
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The ferumoxytol-enhanced 4D MR angiography with MUSIC (Multiphase Steady State Imaging with Contrast) technique provides a single data set that captures dynamic cardiovascular anatomy and ventricular function at the same time. Homogeneous opacification of all cardiovascular structures within the imaging volume allows full sequential segmental approach to the congenital heart diseases without any blind spots. The complex systemic and pulmonary venous anatomy is particularly well captured in the MUSIC. Cinematographic display of multiplanar sectional and 3D volume images is helpful in the morphological identification of the cardiac chambers, the assessment of the dynamic nature of the ventricular outflow tracts, and the assessment of the coronary arterial origins and courses.
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1. Introduction

The sequential segmental approach is a well-established, systematic approach to the diagnosis of congenital heart diseases (CHD) (1, 2). It is particularly important in those cases having abnormal situs or abnormal segmental connections. While two-dimensional (2D) and three-dimensional (3D) imaging is traditionally used for sequential segmental approach, multiphase 3D imaging also known as four-dimensional (4D) imaging has increasingly been used for cardiovascular assessment. While 4D imaging is possible in ultrasound imaging, echocardiographic 4D imaging is limited by its inherent small field of view and abundant artifact from air and bones. 4D imaging with computed tomography (CT) requires significantly increased amount of radiation as compared to 3D imaging and its temporal resolution is limited by the gantry rotation time of the given scanner (3). In addition, CT generally produces non-uniform contrast in different chambers and vascular structures due to contrast bolus dynamics.

The contrast-enhanced magnetic resonance (MR) technique known as 4D MUSIC (Multiphase Steady State Imaging with Contrast) acquires data continuously over several minutes during uninterrupted positive pressure ventilation, offering near-perfect respiratory gating (4–8). When used with the contrast agent ferumoxytol (Feraheme, Covis Pharmaceuticals, Waltham, MA, USA), MUSIC produces high-definition 3D images that span the entire cardiac cycle, with immediate inline reconstruction. Ferumoxytol is an ultrasmall superparamagnetic iron oxide nanoparticle that highlights the blood pool with MR due to its high T1 relaxivity. It is proven safe with a low incidence of significant side effects when it is infused slowly with close monitoring of the vital signs (9–11). Ferumoxytol is particularly helpful in patients with a high risk for nephrogenic systemic fibrosis (NSF) linked to the use of gadolinium-based contrast agents (9–11). In patients with renal failure, ferumoxytol can not only be safe but also therapeutic for iron deficiency. To date, limited access to ferumoxytol for off-label diagnostic use, as well as its high cost, have posed obstacles to the more widespread utilization of the 4D MUSIC technique. However, the hope is that these limitations will subside and at the time of writing, a generic version of ferumoxytol (Sandoz, Basel, Switzerland) has become available in the U.S., already reducing cost for both generic and brand formulations. A Chinese formulation of ferumoxytol has recently been developed and is undergoing clinical evaluation for diagnostic use within mainland China (12). It seems highly likely that an agent with the proven advantages of ferumoxytol will ultimately earn global access.

Owing to its high T1 relaxivity and long intra-vascular half-life (approximately 15 h), ferumoxytol supports homogeneous opacification of all cardiac chambers and vascular structures for a prolonged period of 3D MR data acquisition that is typically performed with electrocardiographic (ECG) gating and respiration navigation. MUSIC images are acquired with isotropic spatial resolution for accurate 2D and 3D reformation. Maximum intensity projection (MIP) and volume rendering (VR) can be used to view images in an infinite number of imaging planes or views for both anatomical and functional assessment, without restrictions on orientation or view angle. While 4D MUSIC with ferumoxytol allows high quality dynamic 3D visualization of the beating heart, it also allows 2D cine planar reformation that is analogous to prescription of conventional 2D cine imaging planes. This property shifts the time and labor from the acquisition phase in a scan room to the post-processing phase in a reading room. Therefore, it results in shortened examination times relative to traditional approaches but with higher resolution and without repeated breath holding. Furthermore, the acquisition protocol is independent of anatomic and structural complexity, and the same protocol applies to all patients. Therefore, the total examination time for 4D MUSIC MR is potentially much shorter than the time required for conventional MR approaches that rely on sequential 2D breath-held cine and single-phase contrast-enhanced MR angiography.

Rotating Cartesian k-space (ROCK) MUSIC is a further development of the MUSIC technique that does not require external signals for respiratory and cardiac gating (13). Another promising technique is the free-running, five-dimensional (5D) MR approach described by Roy et al. (14). The free-running technique reconstructs 3D image sets at both multiple cardiac phases and multiple respiratory phases. At the time of writing, a current drawback of ROCK MUSIC and 5D free-running techniques is the requirement for offline and interactive image reconstruction, limiting practical widespread use. It should be noted that, although 4D and 5D techniques offer advantages over more conventional methods, highly diagnostic studies can be performed using, for example, a combination of 3D steady state free precession (SSFP) cine and dual-phase contrast enhanced MR angiography (15) or a non-contrast 3D technique such as MTC-BOOST (16). MTC-BOOST generates both a 3D bright blood set and a complementary 3D dark blood set by reconstructing magnitude-only and phase-sensitive images respectively, following an inversion magnetization preparation.

4D MUSIC MR is well suited for sequential segmental approach to complex congenital heart diseases because of its wide field of view without any blind spots, homogeneous opacification of all cardiovascular structures, and dynamic demonstration of the cardiovascular anatomy as well as function. This imaging essay illustrates the utility and major advantages of 4D MUSIC MR for the sequential segmental approach to CHD using select case examples with Supplemental video clips. The steps of segmental approach are summarized in Table 1.


TABLE 1 Basic steps in sequential segmental approach to congenital heart diseases.

[image: Table 1]



2. Contemporary sequential segmental approach, illustrated case examples


2.1. Determination of the visceral and atrial situs

Situs refers to the pattern of arrangement of the solid organs relative to the midline or sagittal plane of the body (17, 18). To determine the situs, organ arrangement is observed at three levels; abdomen, bronchopulmonary branching and atria. While the situs at all three levels is harmonious in the majority of cases, approximately 20% of cases having abnormal situs show disharmonious situs patterns at three levels (18). Therefore, the situs should be determined separately for the abdominal organs, the bronchopulmonary arrangement, and the atria (Figure 1).


[image: Figure 1]
FIGURE 1
(Case 1). Normal arrangement of the abdominal organs, bronchopulmonary branching and atria in a patient with double outlet right ventricle and a subpulmonary ventricular septal defect. The abdominal situs is determined by observing the position of the liver, stomach and spleen. It is also important to observe the positions of the inferior vena cava (IVC) and the abdominal descending aorta (dAo). The bronchopulmonary situs is determined by observing the relationship between the upper lobar bronchus and the pulmonary arterial branch. The atrial situs is determined by observing the shape of the atrial appendages. LAA, left atrial appendage; LPA, left pulmonary artery; LUL, left upper lobe; LV, left ventricle; PDA, patent ductus arteriosus; PT, pulmonary arterial trunk; RAA, right atrial appendage; RUL, right upper lobe; RV, right ventricle.


Abdominal and bronchopulmonary situs is easy to determine by observing the liver, stomach, spleen, airways and pulmonary arterial branches at cross-sectional imaging (Figure 1, Case 1). The atrial situs is determined by observing the shape of the atrial appendages. With some limitation, the shapes of the atrial appendages are better appreciated using volume rendered (VR) than sectional images, particularly when the VR images are displayed in cine mode (Figure 2 Cases 1–4). When the shapes of the appendages are not clearly identifiable, the distribution of the pectinate muscles along the parietal wall of the atria is helpful (19, 20). As the morphologically right atrial appendage has a wide junction with the body of the atrium, the pectinate muscles of the right atrial appendage are distributed all around the parietal aspect of the atrial wall close to the outlet or vestibule of the atrium. Because of the narrow junction of the morphologically left atrial appendage with the body of the atrium, the pectinate muscles of the left atrial appendage are identifiable in a limited part of the parietal aspect of the atrial wall. The distribution of the pectinate muscles is more easily defined in cine display of the thin MIP images than in static images (middle panels in Figure 2).


[image: Figure 2]
FIGURE 2
Four classic patterns of atrial situs: atrial situs solitus (A, case 1), atrial situs inversus (B, case 2), atrial right isomerism (C, case 3) and atrial left isomerism (D, case 4). The left and right panels are volume rendered images taken in oblique views for demonstration of the right-sided and left-sided atrial appendages, respectively. The middle panels are maximum intensity projection images obtained in short axis of the heart for visualization of both appendages. The morphology of the atria is determined by the shape of the appendage and the extent of the pectinate muscles that demarcate the boundary of the appendage. IVC, inferior vena cava; LA, left atrium; LAA, left atrial appendage; LV, left ventricle; RA, right atrium; RAA, right atrial appendage; RV, right ventricle; SVC, superior vena cava.




2.2. Juxtaposition of the atrial appendages

Juxtaposition of the atrial appendages on either side of the arterial trunks is uncommon and usually occurs as part and parcel of complex malformation (21, 22). Juxtaposition can involve the entire or part of the tip of the appendage for which the terms “complete” and “partial” juxtapositions have been introduced. The displaced part of the appendage is always on top of the normally positioned appendage. Usually, the appendage of the morphologically right atrium is displaced to the other side to lie on top of the appendage of the morphologically left atrium. Less commonly, the appendage of the morphologically left atrium is displaced to the other side to lie on top of the appendage of the morphologically right atrium. Juxtaposition also occurs in association with heterotaxy (22). Both complete and partial juxtaposition can well be appreciated at cine VR display (Figures 3,4 Cases 5 and 6). Juxtaposition of the right atrial appendage above the left atrial appendage including left juxtaposition in situs solitus and right juxtaposition in situs inversus occurs most commonly with double outlet right ventricle, transposition of the great arteries and tricuspid atresia (21–23). Juxtaposition of the left atrial appendage above the right atrial appendage including right juxtaposition in situs solitus and left juxtaposition in situs inversus is associated with exceedingly rare complex malformation (24, 25). Right juxtaposition was also reported to occur in otherwise normal heart or minor cardiac anomalies (26). When there is juxtaposition of the atrial appendages, the atrial septum shows distorted orientation, and the atrioventricular valve of the affected atrium is mildly or grossly displaced (27).


[image: Figure 3]
FIGURE 3
(Case 5). Partial left juxtaposition of the atrial appendages in a patient with situs solitus, concordant atrioventricular connection and double outlet right ventricle. (A) Atrial appendages shown in volume rendered (VR) images taken in oblique views (left and right panels) and maximum intensity projection (MIP) images in short axis plane (middle panel). A part of the right atrial appendage (RAA) is displaced to the left side to lie above and medial to the left atrial appendage (LAA). There is a large atrial septal defect (ASD) in the obliquely oriented atrial septum. (B) MIP images obtained in right anterior oblique view of the right ventricle (left panel) and long axial oblique views of the ventricles (middle and right panels) showing double outlet right ventricle (RV) with a large ventricular septal defect (VSD) at a distance from the valves of the pulmonary arterial trunk (PT) and aorta (Ao). The aortic valve is supported by a long muscular infundibulum and the pulmonary valve is supported by a short muscular infundibulum. The aortic and pulmonary valves are in fibrous continuity above the vestigial outlet septum (arrow in left panel). IVC, inferior vena cava; LA, left atrium; LV, left ventricle; RA, right atrium; SVC, superior vena cava.



[image: Figure 4]
FIGURE 4
(Case 6). Right juxtaposition of the atrial appendages in a patient with situs solitus, concordant atrioventricular connection to the L-looped ventricles and double outlet right ventricle. (A) Atrial appendages shown in volume rendered (VR) images (left and middle panels) and maximum intensity projection (MIP) images in short axis plane (right panel) taken in right anterior oblique views. The left atrial appendage (LAA) is displaced to the right side of the arterial trunks and is placed above and medial to the right atrial appendage (RAA). (B) MIP image obtained in a parasagittal oblique view across the mitral and tricuspid valves (left panel), VR image seen from below (middle panel) and VR image obtained from the ventricular apex with the ventricular septum oriented vertically (right panel). The left atrium (LA) is connected to the anteriorly located left ventricle (LV), and the right atrium (RA) is connected to the right ventricle (RV) that wraps around the left ventricle from behind. While the bloodstreams are crossed within the atrial segment, the mitral and tricuspid valve axes are parallel as shown in left panel. Right panel shows the ventricular relationship that is seen in hearts with L-looped ventricles. There is a large perimembranous ventricular septal defect (VSD). Pink arrows indicate the anterior descending coronary artery demarcating the junction between the right and left ventricles (This case was previously reported. Perens G, Takegawa Y, Finn PJ. Congenital Heart Disease 2022;17(4):387-392. doi: 10.32604/chd.2022.021233).




2.3. Systemic and pulmonary venous connections

Clear definition of the venous connections to the atria is particularly important in patients with heterotaxy as rerouting of the systemic and pulmonary venous circulation is required not only for biventricular but also for univentricular repair. From the imaging perspective, 3D imaging with a wide field of view is helpful for the assessment of the venous abnormalities. MR angiography is certainly advantageous over CT angiography as proper contrast enhancement of both systemic and pulmonary venous structures is a difficult task at CT angiography.

The most common is bilateral superior venae cavae with or without a bridging vein (Figure 5, Case 4). The venous anatomy is unpredictable when there is heterotaxy (Figures 5–7, Cases 3, 4, 7) (18, 28). Interruption of the inferior vena cava with azygos or hemiazygos continuation is seen in >80% of heterotaxy cases with left isomerism, while extracardiac total anomalous pulmonary venous connection is sees in >50% of heterotaxy cases with right isomerism. The location of the superior vena cava and its connection site are important in planning cardiopulmonary bypass and establishing a bidirectional cavopulmonary anastomosis when needed. Precise depiction of the sites of the systemic and pulmonary venous connections is also very important for surgical separation of the systemic and venous returns within the atrium.


[image: Figure 5]
FIGURE 5
(Case 4). Bilateral superior venae cavae and interrupted inferior vena cava in a patient with heterotaxy and left isomerism. There is no bridging vein between the two superior venae cavae (SVC). The left SVC connects to the coronary sinus that drains to the right-sided left atrium (LA). The right-sided inferior vena cava (IVC) is interrupted and continues to the right-sided SVC. The right and left pulmonary veins connect to the posterior wall of the ipsilateral left atrium. There is a large defect involving the most superior part of the atrial septum. There is myocardial noncompaction of the left ventricle (LV). RA, right atrium; RV, right ventricle.



[image: Figure 6]
FIGURE 6
(Case 3). Complex systemic venous anatomy in a patient with heterotaxy and right isomerism. Left and middle upper panels show the systemic venous anatomy. The right inferior venae cava (IVC) gives rise to a large branch that drains to the dilated right-sided azygos vein that then connects to the right superior vena cava (SVC). The right inferior vena cave ascends obliquely through the liver parenchyma taking hepatic veins from the right lobe of the liver and then connects to the left-sided atrium. The left hepatic vein also connects to the left-sided atrium near the inferior vena caval connection. Middle and right lower panels show a large atrioventricular septal defect (AVSD) and the pulmonary veins connected to the left-sided right atrium. There is malalignment between the atrial and ventricular septa. Right panels show both the aorta (Ao) and small pulmonary arterial trunk arising from the morphologically right ventricle (RV). There are right isomeric atrial appendages (RAA). LV, left ventricle; RA, right atrium.



[image: Figure 7]
FIGURE 7
(Case 7). Complex systemic venous anatomy and extrahepatic portosystemic shunt in a patient with heterotaxy and left isomerism. (A) Maximum intensity projection (MIP) images show that the left inferior vena cava (IVC) is interrupted and continues to the left-sided (hemi)azygos vein. It then obliquely ascends to the right-sided azygos vein that connects to the right superior vena cava (SVC). The right renal vein also connects to the right-sided azygos vein through a vertical channel. Right panel shows a tortuous collateral channel connecting the unobstructed portal vein and the inferior vena cava. (B) MIP image in 4-chamber plane and volume rendered images in frontal and posterior superior views. Middle panel shows bilateral morphologically left atrial appendages (LAA). Left panel shows a large atrioventricular septal defect. The pulmonary veins are connected to the posterior wall of the common atrium. Middle panel shows both aorta (Ao) and severely stenotic pulmonary arterial trunk arising from the right ventricle (RV). Right panel shows a patent ductus arteriosus (PDA) arising from the undersurface of the aortic arch and connecting to the confluent pulmonary artery. LA, left atrium; LV, left ventricle.


Heterotaxy with left isomerism is often associated with extrahepatic portosystemic shunt (29, 30). As the portosystemic shunt results in chronic liver disease with portal hypertension and hepatic encephalopathy, its early recognition is important. 3D or 4D MR angiography is very helpful in visualization of the portal venous anatomy and collateral pathways owing to its wide field of view and homogeneous opacification of the vessels (Figures 7,8 Cases 7 and 8).


[image: Figure 8]
FIGURE 8
(Case 8). Cavernous transformation of the portal vein in a patient with left-sided polysplenia and otherwise normal body and atrial situs. Left panel shows bronchopulmonary situs solitus, and left-sided stomach and polysplenia. Middle and right panels show cavernous vascular plexus (two white arrows) along the expected course of the portal vein. Cavernous channels are also seen along the intestine. Right panel shows dilated renal vein functioning as portosystemic venous channel. Although cavernous transformation typically develops as a result of portal vein thrombosis, the association of polysplenia in this patient suggests that cavernous transformation is associated with congenital agenesis or hypoplasia of the portal vein. IVC, inferior vena cava.




2.4. Determination of the ventricular relationship and atrioventricular connections

With rare exceptions, the ventricular mass consists of two ventricles, one morphologically right and the other morphologically left. When the two ventricles are well developed, the ventricular morphology can easily be identified by using the criteria including the overall shape of the ventricle, the trabeculation pattern, the presence or absence of the moderator band and the level of attachment of the atrioventricular valve to the septum (Figures 3–7, Cases 3–7). When one ventricle is incompletely formed and hypoplastic, these criteria may not be applicable or difficult to apply. On imaging, the relative position of the ventricles provides the accurate and most reliable clue to their morphology (27, 31, 32). The hypoplastic left ventricle is almost always located along the inferior diaphragmatic surface of the heart at either side of the crux cordis (Figure 9, Case 9). The incompletely formed right ventricle, however, is almost always located anteriorly and superiorly away from the crux cordis (Figure 10, Case 10). When there is only one ventricular chamber identifiable, the ventricular mass is described as the indeterminate ventricle. However, the solitary ventricle usually shows the classic characteristics of the morphologically right ventricle, suggesting that the severely hypoplastic left ventricle is not identifiable rather than not present. Rarely, the solitary ventricle may appear to be a common ventricular chamber because of almost complete absence of the ventricular septum. Cine display of the VR images is an easy mean for the morphological identification of the ventricles, particularly when the ventricular mass consists of a main ventricular chamber and a rudimentary ventricle (Figures 9, 10, Cases 9 and 10).


[image: Figure 9]
FIGURE 9
(Case 9). Double inlet and double outlet right ventricle in a patient with situs solitus and levocardia. (A) Maximum intensity projection images (MIP) in 4-chamber planes (left and middle panels) and volume rendered (VR) image (right panel) seen from below simulating the view in the middle panel. Both right (RA) and left (LA) atria connect to the main chamber of right ventricular morphology (RV). The severely hypoplastic left ventricle (LV) is positioned along the diaphragmatic surface at the left corner of the crux cordis. (B) VR images in left anterosuperior view (left panel) and MIP images in steep left anterior oblique planes (middle and right panel). The VR image and MIP image in right panel were obtained in end systole and the MIP image in the middle panel was obtained in end diastole. Both aorta (Ao) and pulmonary arterial trunk (PT) arise from the right ventricle. The right ventricular outflow tract is divided into the subaortic (SA) and subpulmonary ((SP) outflow tracts by the hypertrophied outlet septum (OS). Both outflow tracts show severe dynamic narrowing in systole. The aorta is positioned on the right anterior aspect of the pulmonary arterial trunk.



[image: Figure 10]
FIGURE 10
(Case 10). Double inlet left ventricle with discordant ventriculoarterial connection, status post Damus-Kaye-Stensel (DKS) procedure and aortic arch reconstruction followed by bidirectional cavopulmonary anastomosis. A short-axis maximum intensity projection (MIP) image (A-left panel) shows equally sized right and left atrioventricular (AV) valves. MIP image in an oblique axial image and volume rendered (VR) image taken in a similar view (A, middle and right panels) show that both atria are connected to the main chamber of left ventricular morphology (LV). VR and MIP images taken in a right anterior oblique projection and a short-axis MIP image in (B) show that the incompletely formed, hypoplastic right ventricle (RV) is located superiorly and to the left in relation to the left ventricle. The ventricular septal defect (VSD) is very small. The native aorta (Ao) arises from the right ventricle and the native pulmonary arterial trunk (PT) arise from the left ventricle. The aortic valve and root are located at the left and anterior aspect of the pulmonary valve and arterial trunk.


The relationship between the two ventricles is classified into D-loop (the right ventricle on the right side of the left ventricle) and L-loop (the right ventricle on the left side of the left ventricle) ventricular relationships. In the majority of cases, the right-left relationship is described by referencing the right-left coordinates of the body (Figures 3–7, Cases 3–7). Uncommonly, the right-left relationship of the ventricles is grossly distorted with the ventricles superoinferiorly related or the atrioventricular connections twisted (33). Despite the distorted spatial orientation in these exceptional cases, however, the internal anatomic orientation of the ventricles is not changed, and the relationship between the ventricles relative to the ventricular septum is maintained. Therefore, the D- or L-loop ventricular relationship can be defined by observing the positions of the right and left ventricles in relation to the ventricular septum in a neutral position (34). In imaging, the ventricular mass is rotated to a position where the ventricular septum is vertically oriented, the ventricular apex faces the observer and the arterial trunks are directed upward, namely the “ventricular apical view” (Figure 4B, Case 6) (33).

Once the atrial and ventricular relationship are determined, the atrioventricular connection is assessed. The most helpful for assessment of the atrioventricular connections is cine display of the thin MIP and VR images. In the vast majority of cases, the two atrioventricular connection axes are parallel and the type of atrioventricular connection is predictive of the relationship of the underlying ventricles. Therefore, the atrioventricular connections are usually readily appreciated in 4-chamber plane regardless of whether there are biventricular or univentricular atrioventricular connections (Figures 3–7, 9, 10, Cases 3–7 and 10). When there are unexpected spatial relationships of the cardiac chambers and arterial trunks for the given segmental connections as discussed above, the atrioventricular connection is assessed using multiplanar MIP images along each atrioventricular valve and VR images (Figure 4B, Case 6).



2.5. Determination of the great arterial relationship and ventriculoarterial connection

The great arterial relationship is determined by describing the position of the aortic root and valve in relation to the pulmonary arterial trunk and valve. The ventriculoarterial connection is unequivocally definable when the ventricular septum is intact. When there is a ventricular septal defect underneath one or both arterial valves, the type of ventriculoarterial connection can be controversial as the ventricular septum is not uniformly oriented in relation to the arterial valves (35). Although the “50% rule” is used to define the ventriculoarterial connection when there is an overriding arterial valve, it is often difficult to apply in cross-sectional imaging when the arterial valve may appear to arise predominantly from one ventricle in one imaging plane, while the same valve may appear to arise predominantly from the other ventricle in other imaging plane. We find the ventriculoarterial connection is more consistently definable in VR images than in cross-sectional images (Figures 3,10, 11, Cases 5, 10, and 1).


[image: Figure 11]
FIGURE 11
(Case 1). Double outlet right ventricle with a subpulmonary ventricular septal defect, so-called Taussig-Bing malformation. Volume rendered (VR) image and maximum intensity projection (MIP) images in long axial oblique projection demonstrate the aorta (Ao) arising from the right ventricle (RV) through a long subaortic (SA) infundibulum and the pulmonary arterial trunk (PT) arising from both ventricles through a shorter subpulmonary (SP) infundibulum. The outlet septum (OS) is displaced forward into the right ventricle. While the severity of pulmonary valve overriding is well appreciated at 3D VR image, it is different in 2D MIP images depending on the imaging plane. LA, left atrium; LV, left ventricle; RAA, right atrial appendage.




2.6. Ventricular outflow tract obstruction

The ventricular outflow tract obstruction can be a fixed lesion but, more commonly, a dynamic lesion. The dynamic ventricular outflow tract obstruction cannot be accurately assessed using static imaging technique. It is also difficult to clearly demonstrate the exact severity of dynamic narrowing at 2D cine imaging as the region of the interest moves in and out of the imaging plane during the cardiac cycle. 4D VR imaging is particularly helpful as the dynamic nature of the obstruction can be observed throughout the cardiac cycle (Figures 9, 12, Cases 9 and 11).


[image: Figure 12]
FIGURE 12
(Case 11). Dynamic right ventricular outflow tract narrowing in a patient with tetralogy of Fallot. (A) Volume rendered (VR) images taken in diastole (left panel) and end-systole (middle and right panel) show severe dynamic subpulmonary right ventricular outflow tract (RVO) narrowing is best appreciated in lateral image taken in end-systole. (B) VR images showing double aortic arch. The left brachiocephalic vein shows narrowing (asterisk) at its connection to the superior vena cava (SVC). A collateral channel is seen between the left internal jugular vein (LIJV) and the right external jugular vein (REJV). aAo, ascending aorta; dAo, descending aorta; LAA, left aortic arch; LEJV, left external jugular vein; LV, left ventricle; RA, right atrium; RAA, right aortic arch; RIJV, right internal jugular vein; RV, right ventricle; VSD, ventricular septal defect.




2.7. Coronary arterial abnormalities

Proper identification of the origins and courses of a coronary artery or arteries are important for preoperative assessment for arterial switch operation, Ross operation and right ventricular outflow tract reconstruction. Detection of an abnormal interarterial and/or intramural course and high take-off of a coronary artery is important as it may result in sudden cardiac death. With some limitation, the coronary arterial origins and courses can be accurately assessed with cine display of MIP images (Figure 13). It should be noted that whereas 4D MUSIC can define coronary anatomy in most case, it may not do so in all cases. Where doubt persists, coronary CT angiography should be considered.


[image: Figure 13]
FIGURE 13
(Case 12). Common origin of the left (LCA) and right (RCA) coronary arteries from the sinotubular junction above the left coronary sinus. The RCA takes an interarterial course. An acute angle of its origin is highly suggestive of an intramural course. Ao, aorta; Cx, circumflex coronary artery; LA, left atrium; LAD, left anterior descending coronary artery; PT, pulmonary arterial trunk; RA, right atrium.





3. Conclusion

MR imaging using the 4D MUSIC technique following intravenous administration of ferumoxytol provides a single data set for the assessment of dynamic cardiovascular anatomy and ventricular function at the same time. Owing to a strong T1-shortening effect and a long half-life of ferumoxytol, 4D MUSIC imaging enables data acquisition with electrocardiographic and respiratory gating for a high-resolution 4D acquisition that takes several (8–12) minutes. Homogeneous opacification of all cardiovascular structures within the imaging volume allows full sequential segmental approach to the congenital heart diseases without any blind spots. The complex systemic and pulmonary venous anatomy is particularly well captured in 4D MUSIC imaging when compared to other conventional techniques. Cinematographic display of multiplanar sectional and 3D volume images is helpful in the morphological identification of the cardiac chambers, the assessment of the dynamic nature of the ventricular outflow tracts, and the assessment of the coronary arterial origins and courses. Because acquisition takes several minutes, the image quality relies heavily on successful mitigation of cardiac and respiratory motion artifact. To date, limited access to ferumoxytol for off-label diagnostic use, as well as its high cost, have posed obstacles to the more widespread utilization of the 4D MUSIC technique. However, the hope is that these limitations will subside as generic versions become available within and beyond the U.S.
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Case report: Beneficial long-term effect of the atrial-flow-regulator device in a pediatric patient with idiopathic pulmonary arterial hypertension and recurring syncope
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We report the long-term effect after successfully implanting an 8 mm Atrial-flow-regulator (AFR) device in a 7-year-old girl with idiopathic pulmonary hypertension with persistent syncope under triple therapy with significant improvement after implantation and absence of any further syncope. Early Implantation of the AFR device (Occlutech, Germany) can be efficient and safe interventional therapy option for pulmonary arterial hypertension with a history of syncope.
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1. Introduction

Pulmonary arterial hypertension (PAH) with childhood-onset is a serious and scarce disease with a desolating prognosis (1). The range of the aetiologies in pediatric PH is very different to those in adults, with a higher prevalence of idiopathic arterial hypertension (IPAH), and pulmonary arterial hypertension in the context of congenital heart disease (PAH-CHD), as well as in the context of developmental lung disease. The multitude of aetiology, phenotype, and prognosis requires a tailored approach in children (2). Patients of any age group initially show non-specific symptoms such as fatigue, failure to thrive, dyspnoea, and even syncope (3). Syncope, the most serve sign in PAH, reflects a significant reduction of transpulmonary blood flow during acute pulmonary hypertension crisis, which occurs late compared to grown-ups (1). The 5-year survival under the latest treatment options rate is around 75% (2). In case of further disease progression targeted pharmacological treatment options such as calcium-channel blockers, endothelin-receptor antagonists (ERA), phosphodiesterase-5 inhibitors (PDE-5 Inhibitors) and prostacyclin analogues are required in these patients (1, 2). Especially in this stadium of the disease, these patients experience low-cardiac output, probably confirmed by the occurrence of syncope (3, 4). Once syncope occurs, improvement of clinical symptoms can be provided by performing a balloon-atrial-septostomy (BAS), as the evidence shows in adults. However, after BAS the long-term outcome is unfortunate, significantly if the right atrial pressures are elevated due to the uncontrolled size of the BAS. Subsequent acute and severe desaturation can occur (5). A concise shunt size might reduce this risk. The AFR (Occlutech, Germany) (Figure 1) could demonstrate promising data in terms of the long-term outcome of adult patients in this defined condition (6).


[image: Figure 1]
FIGURE 1
AFR device. Adapted with permission from Occlutech (Germany). AFR device. Adapted with permission from Occlutech (Germany) unfolded, D1, Inner circumference; D2,outer circumference; H, height.



1.1. Ethical statement

The authors are responsible for all parts of the work to securing that aspect of accuracy, or integrity is thoroughly investigated and resolved. The patient's integrity was ensured with the Helsinki Declaration (as revised in 2013). Written informed consent was obtained from the patient to publish this case report and accompanying images. A copy of the written consent is available for review by the editorial office of this journal.



1.2. Patient information and clinical findings

In our case, the implantation of an eight-millimetre AFR device (Occlutech, Germany) was performed in a 7-year-old girl with idiopathic PAH. The girl was referred after having a confirmed Mycoplasma pneumonia infection only with fever, missing other symptoms like coughing or dyspnoea. However, after recovering from the infection, she presented to the pediatric cardiologist at the local hospital with decreased exercise capacity and shortness of breath. A significant dilatation of the right atrium, the right ventricle, and the pulmonary artery could be detected by echocardiography. The estimated right ventricular pressure was around 50 mmHg, and the pro-BNP was 8,683 pg/ml without congenital heart disease. The ECG showed sinus tachycardia with 120 bpm and a p-pulmonale.




2. Diagnostic assessment

An extensive evaluation of pulmonary hypertension was initiated. Nevertheless, except for positive Mycoplasma pneumonia result, the CT scan, coagulation disorder screening, allergy diagnostic, autoimmune-diagnostic, lung function test, ultrasound of the abdomen, polysomnography, EEG and Genetic testing showed no secondary cause for the PAH. The first cardiac catheterisation (Table 1) showed no severe PAH (PAPm 25 mmHg, PCW 6 mmHg, PVR 3.8 WU, CI 4.8 L/min/m2). Clinical symptoms improved, and the 6-minute walking test and the NT-pro-BNP reached a normal range (i.e., 684 m).


TABLE 1 Cardiac catheterisation data.

[image: Table 1]

Due to the positive mycoplasma serology, the further pneumology evaluation showed suspicious bronchiolitis obliterans in the CT scan, and the bronchoscopy showed moderate stenosis of the middle lung lobe. Further, the RV systolic pressure increased to approximately 70 mmHg, and targeted therapy with PDE-5 Inhibitors was initiated. A further rise of the RV systolic pressure to 90 mmHg occurred, and therapy was escalated with endothelin-receptor antagonists and inhaled Prostacyclin. Despite this regime, a further deterioration could be observed, and the girl developed recurring syncope under physical exercise (running to the schoolbus). She was unable to ride a bicycle or even to attend school. She woke up regularly at night hyperventilating, and her 6-minute walking test was less than 100 m then. The echocardiography showed supra-systemic pressure in the right ventricle (111 mmHg).



3. Therapeutic intervention

The initiation of intravenous Prostacyclin was discussed, but due to the recurring syncope, the balloon-atrial-septostomy + AFR implantation was performed.

Due to the severity of the condition and the novel device, which was not CE approved then, we obtained informed consent, and the Ethical committee approved the off-label use of an 8 mm AFR device. We performed the cardiac catheterisation under sedation. During induction, the child developed a PH crisis, which could be treated with Catecholamines and intravenous Prostacyclin. However, the second episode of a PH crisis occurred during device implantation. This time required a short period of resuscitation. Under the application of Adrenalin i.v. and Prostacyclin directly into the pulmonary artery, a stabilisation of the condition could be established. We perforated the intra-atrial septum with a Brockenorough transseptal puncture needle under the guidance of transesophageal echocardiography (TEE), the puncture hole was dilated, and a 12 Fr sheath was inserted over the interatrial communication into the left atrium so that 8 mm AFR device could be deployed (Figure 2). After confirming the correct position and checking the oxygen saturation level of greater than 85% and stable hemodynamic parameters, the device was completely and successfully released. The postinterventional echocardiography confirmed a right-to-left colour flow through the 8 mm atrial communication (Figure 3). After the intervention, anticoagulation with ASS was established.


[image: Figure 2]
FIGURE 2
Implanted AFR device (Occlutech, Germany) before disconnecting. AFR device (Occlutech, Germany) right before deployment, RA, right atrium; LA, left atrium.



[image: Figure 3]
FIGURE 3
AFR device (Occlutech, Germany) in echocardiography. AFR device (Occlutech, Germany) with L-R shunt at rest; RA, right atrium; LA, left atrium; LV, left ventricle; RV, right ventricle.




4. Follow-up and outcomes

After the AFR device (Occlutech, Germany) implantation, she recovered within 1 day and never developed syncope again. In the following two years, a normalisation of the saturation over 95% could be observed, her NT–pro BNP levels went back to normal values, and her exercise capacity increased. The saturation drops to around 75% under exercise conditions. The cardiac catheterisation 3 years after AFR device implantation showed significant improvement (Table 1). 6 years after device implantation, her baseline saturation remained normal (98%, NHYA functional class II), the right ventricular volume and size decreased (Figure 4), NT–pro-BNP values were satisfying (Table 2) and the 6-minute walking distance was around 540 m.


[image: Figure 4]
FIGURE 4
Echocardiography before and 6 years after implantation. (A) Before implantation: RV with septal flattening before AFR implantation. The RV/LV diameter ratio is 1: 0.87. (B) 6 years after AFR implantation. RV with decrease of the RV volume and improved LV filling. The RV/LV ratio is 0.87/1.



TABLE 2 NT-pro BNP values before and after AFR implantation.
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5. Discussion

Idiopathic PAH in children follows a more aggressive course than adults, so children with PAH suffer more from syncope (7, 8). In pediatric patients with PAH, the aetiology for syncope is more related to the acute impairment of cardiac output. As the pulmonary vascular resistance is acute and severely increasing, the result is a reduction of the transpulmonary blood flow with significant dilation of the RV and, as a consequence, underfilling of the LV, resulting in a low stroke volume and low blood pressure due to a decrease in cardiac output (7). At the time of referral, the child presented a diverse risk profile according to the pediatric risk stratification tables (9). Under specific pharmacological triple therapy with inhaled Prostacyclin, the girl maintained at NHYA functional class III with persisting syncope. Due to the multitude of challenges, such as providing sufficient support in the hometown, the significant side effects of Prostacyclin i.v., risk of catheter infection, in this case, intravenous Prostacyclins weren't added (1). According to the pediatric treatment algorithm, a permanent atrial septum fenestration was considered since no further conservative therapy options seemed to be sensible and the a significant impairment in the quality of life was present (2).

In adults with end-stage PAH, Atrial septostomy might be an option as a bridge-to-transplant or destination therapy if targeted therapy is not well tolerated or the option for transplantation is restricted. Recently, it was elucidated that permanent atrial septostomy with the AFR device (Occlutech, Germany) significantly reduced the symptoms of syncope (10, 11). During a pulmonary hypertension crisis with syncope, the specific and well-dosed interatrial communication will provide systemic cardiac output and left ventricular filling through the right-to-left shunt at the cost of moderate desaturation. Indubitable, the shunt volume will determine the systemic oxygen saturation. Accordingly, allocating the suitable size of the device for implantation is essential (11). The oxygen saturation before the procedure should not be below 85%, and RA pressure should not be above 20 mmHg to enable safe device implantation. Previous data showed significant impairment in these patients' outcomes, especially with uncontrolled BAS (9, 11).

For the creation of interatrial communication, different techniques are practised. So far, the ESC guidelines for adult PAH patients recommend a graded balloon atrial septostomy technique (1). By applying this technique, the sequential dilatation of the created communication between the left and the right atrium reduces the risk of overshunting. This technique supports beneficial hemodynamic outcomes in thoroughly selected PAH patients (12).

A major issue is spontaneous closure in nearly 25% of the patients who have received an atrial septal defect (12). Consequently, techniques have been provided, such as tailored fenestrations in commercially available ASD devices, experimental stent implantations in different variations, and different techniques of delivery (12). The risk of these techniques are the uncertain size of the fenestrations, spontaneous closure, embolisation of the implanted stent, and serious cyanosis caused by overshunting (11, 13, 14).

A fenestration diameter of 8 or 10 mm for the AFR device (Occlutech, Sweden) is since 2019 authorised in adults with chronic left heart failure and drug-resistant, severe PAH. The controlled interatrial right-to-left blood flow allows decompressing of the right ventricle. It improves the cardiac output in the absence of relevant systemic desaturation implied the device is allocated assiduously for the patient (14). The fenestrated device with the self-expandable double-disc is available with 4, 6, 8, and 10 mm fenestrations. As the implantation of the AFR device (Occlutech, Germany) is effortless without major complications confirmed by Clinical trials, the AFR device (Occlutech, Germany) is a secure option (15, 16).

Interventional closure of Atrial septal defects with double disc devices is a routine and secure procedure in children unaffected by pulmonary hypertension. The AFR device (Occlutech, Germany) implantation is comparable to that (14, 17). In adults, a positive long-term outcome could be demonstrated, showing a significant improvement in the cardiac index, a very low rate of device occlusions, and resolving the symptom of syncope without relapse (15, 16). More data is required through clinical trials with higher patient numbers and longer follow-up periods, but the results so far are ensuring.

However, limited experience is present in the pediatric cohort with just a small number of case reports and series describing pediatric patients with heterogenous etiologies of PAH (14, 18). In this case, an AFR device (Occlutech, Germany) with an 8 mm fenestration could be successfully implanted in a 6-year-old child. The oxygen saturation was within a satisfying range and the absence of significant clinical symptoms for over 5 years is a tremendous outcome for this patient's devastating situation initially.



6. Conclusion

The AFR device (Occlutech, Germany) is a secure and effective interventional measure in adults with drug-resistant severe pulmonary hypertension, especially in those showing recurrent syncope. The AFR device is superior to the balloon-atrial septostomy in terms of safety and long-term outcome. This case shows again that even in smaller children, the implantation of an AFR device (Occlutech, Germany) is a very promising treatment option, which is also feasible in children. The 8 mm device also seems possible in terms of growth and adolescence, so in our case, platelet aggregation inhibitors were sufficient to maintain the shunt connection long-term. Nearly six years after implantation, exercise capacity is excellent, NT-pro BNP levels and oxygen saturation are within the normal range, and the shunt connection remains open. However, it seems crucial to consider early implantation at the occurrence of the first syncope or when deterioration of the PAH necessitates the escalation of pharmacological therapy to triple therapy. The early implantation will enable patients to accommodate the potential desaturation over time. Further investigations and clinical trials are required for the more widespread use of this therapeutic optimisation in PAH management.



7. Patients perspective

The implantation of the AFR device (Occlutech, Germany) was an absolute game changer. This enabled me to return to life and participate in school and limited exercise. To conclude, it facilitated reintegration with my peers.
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Variables

Mediastinal and pleural
Volume (mL/kg)
Mediastinal (kg)
Right pleural (kg)
Left pleural (kg)
Duration (days)
Total
Mediastinal
Right pleural

Left pleural
Ascites

Need for Ascites drainage

Bold values are statistically significant.

Univariable model
P-value HR 95% CI
0.382 1.002 0.998-1.005
0.320 1.003 0.997-1.010
0.404 1.003 0.996-1.010
0.022 1.074 1.010-1.141
0.418 1.066 0.914-1.242
0.323 1.038 0.964-1.118
0.043 1.082 1.002-1.168
0.036 6.768 1.129-40.568

Multivariable model
P-value HR 95% CI
0.015 1.098 1.018-1.184
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Variables ALL (n=210)

n (%) or median

(IQR)
Number of patients 210
Age at total cavopulmonary connection (TCPC) 2.2 (1.8-2.7)
Weight at TCPC 11.6 (10.7-13.0)
Male sex 123 (58.6)
Primary diagnosis
Hypoplastic left heart syndrome (HLHS) 79 (37.6)
Univentricular heart (UVH) 30(14.3)
Tricuspid atresia (TA) 27 (12.9)
Double inlet left ventricle (DILV) 23(11.0)
Unbalanced atrioventricular septal defect (UAVSD) 12(5.7)
Congenitally corrected transposition of the great 10 (4.8)
arteries (ccTGA)
Pulmonary atresia with intact ventricular septum 10 (4.8)
(PAIVS)
Others 19 (9.0)
Dominant right ventricle (RV) 127 (60.5)
Associated cardiac anomaly
Transposition of the great arteries (TGA) 42 (20.0)
Double outlet right ventricle (DORV) 24 (11.4)
Coarctation of the aorta (CoA) 19 (9.0)
Dextrocardia 19 (9.0)
Heterotaxy 17 (8.1)
TAPVC/PAPVC 19 (9.0)
Systemic venous return anomaly 22(10.5)
Stage I palliation
Norwood/Damus-Kaye-Stansel (DKS) procedure 105 (50.0)
Aortopulmonary shunt (APS) 47 (22.5)
Pulmonary artery banding (PAB) 21(10.0)
Atrioseptectomy 5(2.4)
Stage II palliation
Bidirectional cavopulmonary shunt (BCPS) 210 (100.0)
Age at BCPS 0.3 (0.3-0.5)
Interval BCPS and TCPC 1.8(14-2.2)
Other procedures prior to TCPC
Pacemaker implantation 2(1.0)
Pulmonary artery reconstruction 48 (22.9)
Atrioventricular valve procedure 32(15.2)

IQR, interquartile ranges; TAPVC/PAPVC, total (partial) anomalous pulmonary
venous connection.
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Variables

n (%) or median (IQR) or mean £ SD

Number of patients
Operative data

Conduit diameter (mm)

Cardiopulmonary bypass (CPB) time (min)
Need for Aortic cross-clamp

Aortic cross-clamp time (min)
Concomitant procedure
Damus-Kaye-Stansel (DKS) procedure
Atrioventricular valve (AVV) procedure
Pulmonary artery (PA) reconstruction

Atrioseptectomy

Systemic ventricular outflow tract enlargement

Pacemaker implantation
Fenestration

Postoperative data

Intensive care unit stay (days)
Hospital stay (days)
Chylothorax

Need for ascites drainage

Secondary fenestration

ALL (n =210)

210

3(14)
194 (92.4)
13 (6.2)
67 (50-91)
39 (18.6)
44 (26-68)
34(162)
1(05)
20 (9.5)
10 (4.9)
5(2.4)
3(14)
2(1.0)
4(1.9)

4(3-7)
18 (13-29)
46 (21.9)
35(16.7)
2(1.0)
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Variables

Total volume
HLHS
Dominant RV
APCs

PAP

EDP

AOPs

Right pleural
HLHS
Dominant RV
APCs
Norwood
PAP

Left pleural
Dextrocardia
PAP

EDP

AOPs

SO2
Mediastinal
CPB time
Bilateral SVC
Anomalous SVD
Number of previous operation
PAP

TPG

Univariable model

P-value

0.022
0.339
0.008
0.013
0.011
0.037

< 0.001
0.043
< 0.001
0.005
0.013

< 0.001
0.002
0.006
0.035

< 0.001

0.032
0.033
0.007
0.025
0.004
0.028

OR

2.097
1.374
3.115
1.199
1.199
1.027

3.373
2.009
4.137
2.522
1.199

6.082
1.253
1.211
1.027
1.131

1.010
3.506
3.476
1.875
1.239
1.276

95% CI

1.114-3.948

1.347-7.201
1.039-1.385
1.042-1.380
1.002-1.052

1.776-6.408
1.024-3.943
1.785-9.588
1.319-4.821
1.039-1.385

2.253-16.417
1.084-1.448
1.056-1.389
1.002-1.052
1.054-1.215

1.001-1.019
1.105-11.129
1.408-8.580
1.084-3.242
1.071-1.434
1.026-1.586

Multivariable model

P-value

0.004

0.044

0.006

0.003

< 0.001
< 0.001

< 0.001

0.007

0.004

OR

3.898

1.205

3.408

3.799

14.682
1.508

1.178

4.512

1.289

95% CI

1.541-9.859

1.005-1.445

1.428-8.131

1.588-9.088

3.970-54.294
1.240-1.833

1.080-1.284

1.524-13.363

1.086-1.530
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Variables

Total

HLHS
Dominant RV
APCs
Norwood
PAP

SVEDP
Right pleural
HLHS
Dominant RV
APCs
Norwood
PAP

Left pleural
Dextrocardia
PAP

SVEDP

Univariable model
P-value HR 95% CI
< 0.001 1,776 1.329-2.340
0.001 1,590 1.197-2.109
< 0.001 2,222 1.485-3.322
0.002 1,541 1.166-2.032
0.004 1,093 1.027-1.161
0.020 1,072 1.011-1.136
< 0.001 3,745 1.321-2.358
0.006 1,484 1.119-1.964
< 0.001 2,128 1.432-3.164
0.002 1,529 1.161-2.012
0.010 1,085 1.019-1.153
0.011 1,859 1.152-2.994
0.009 1,083 1.020-1.150
0.016 1,072 1.013-1.133

Multivariable model

P-value HR 95% CI
0.007 1,818 1.177-2.808
0.002 1,988 1.273-3.095
0.023 1,083 1.011-1.161

< 0.001 2,088 1.418-3.067
0.003 1,835 1.228-2.739
0.006 2,105 1.234-3.597
0.001 1111 1.041-1.186
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Variable Borderline PVRI  Low PVRI

(n=92) (n=91) value

Age 35 [19-58] 39 [18-64] 0078
Sex

Female (n=153) 79 (85.9%) 74 (813%) 0406

Male (n=30) 13 (14.1%) 17 (18.7%)
NYHA functional class

NYHA T 11 (12%) 29 (31.9%) 0004

NYHA II 76 (82.6%) 57 (62.6%)

NYHA IIT 5 (5.4%) 5 (5.5%)
Atrial fibrillation 8 (13.1%) 18 (19.8%) 0032
Preoperative $a0, (%) 97 (84-100) 98(92-100)  <0.001
Comorbidities

Previous pulmonary 4(4.3%) 22 0518
disease

CTEPH 2.(22%) 1(11%)

Diabetes mellitus 1(11%) 1(11%)

Hypertension 3 (3.3%) 4 (4.4%)

History of stroke 0(0%) 1(11%)

Thyroid disease 3 (3.3%) 1(11%)
Preoperative PaO, 867 (55.8-181) 1014 <0.001
(mmHg. 1 =159) (713-156.7)
Preoperative pulmonary 70 (76.1%) 39 (429%) <0001

vasodilator drugs

CTEPH, chronic thromboembolic pulmonary hypertension; NYHA, New York
Heart Association; PaO,, Oxygen partial pressure; SaO,. peripheral oxyger
AR T
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Variable Borderline PVRI Low PVRI p value

(n=92) (n=91)
Baseline Echocardiography
Defect size (mm) 325 (13-56) 34 (13-80) 0.127
Bidirectional shunt 44 (47.8%) 24 (26.4%) 0.003
LV size (n = 173)
Small-sized LV 21 (24.4%) 29 (33.5%) 0.19%
TAPSE (mm. 22(11-37) 284 (11-41) <0001
=178)
Tricuspid regurgitation
Mild 33 (35.9%) 44 (48.4%) 0.036
Moderate 26 (28.3%) 27 (29.7%)
Severe 30 (32.6%) 18 (19.8%)
TVG (mmHg) 755 (24-166) 53 (24-110) <0001
Mitral regurgitation
Mild 37 (40.25) 34 (37.4%) 0.488
Moderate 12 (13%) 12 (13.2%)
Severe 5 (5.4%) 1(1.1%)
Right Heart Catheterization
Flow ratio 26 (1.08-21.34) 34 (125-252) 0.002
mPAP (mmHg) 48 (24-84) 29 (21-75) <0001
Procedural anaesthesia
Local (n=162) 85 (92.4%) 77 (84.6%) 0.099
General (n=21) 7 (7.6%) 14 (15.4%)

LV, left ventricle; mPAP, mean pulmonary arterial pressure; TAPSE, tricuspid
annular plane systolic excursion: TVG, tricuspid valve gradient.
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183 patients included in final analysis

I

Low PVRI Borderline PVRI
N=91 N=92
Post AVT PVRI Post AVT PVRI
2 2
PVRI :;BA:IU.M PVRI ),'B_\;IU.m <8WU.m? > 8 WU.m2

n=39 n=8
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Variable Overall No morbidity  p

morbidity (n=141) value
(n=42)

Borderline PVRI 30 (32.6%) 62 (67.4%) 0.002
Age 2 40 years old 15 (203%) 59 (79.7%) 0477
Sex:

Female 35 (22.9%) 118 (77.1%) 0957

Male 7 (233%) 23 (76.7%)
Defect size > 30 mm 32 (21.8%) 115 (78.2%) 0442
TAPSE< 17 mm 3 (158%) 16 (84.2%) 057
TVG 2 64 mmHg 33 (34.7%) 62 (65.3%) <0.001
Small-sized LV 11 (22%) 39 (78%) 0823
mPAP > 36 mmHg 30 (31.9%) 64 (68.1%) 0.003
Pa0, < 80 mmHg 9 (375%) 15 (62.5%) 0.021
Preoperative 34 (31.2%) 75 (68.8%) 0.001
pulmonary vasodilator
Aox time >45 min 12 (222%) 42 (77.8%)
CPB time > 100 min 8 (25.8%) 23 (74.2%)

Aox, aortic cross clamp; CPB, cardio-pulmonary bypass: LV, left ventricle:
MPAP, mean pulmonary arterial pressure; PaO,, partial oxygen pressure:
PVRI, pulmonary vascular resistance index; TAPSE, tricuspid annular plane
systolic excursion: TVG, tricuspid valve gradient.
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Variable COR P P
(95% CI) value (95% CI) value
Borderline PVRI 238 (13- 0004 263 (102~ 0045
430) 6.77)
TVG 2 64 mmHg 299 (164~ <0001 277 (1.08- 0034
5.46) 7.13)
mPAP > 36 mmHg 272(149- 0001 155(051- 0435
4.95) 4.67)
Pa0,< 80 mmHg 305 (115~ 0026 150 (053~ 0439
8.15) 423)
Preoperative pulmonary 209 (14~ 0016 194 (0.73-  0.182
vasodilator 3.80) 5.15)

Cl, confidence interval; mPAP, mean pulmonary arterial pressure; PaO,, partial
oxygen pressure; PVRI, pulmonary vascular resistance index; TVG, tricuspic

valve GraciBrt.
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Variable Borderline PVRI  Low PVRI  p value
(n=92) (n=91)
Surgical closure
Pericardial patch 84 (913) 80 (87.9%) 0451
Direct closure 8 (8.7%) 11 (12.1%)
Tricuspid valve repair 53 (57.6%) 1(45.1%) 0089
Mitral Valve Repair/ 20 21.7%) 16 (17.6%) 0479
Replace
Aox time (minutes. 345 (12-174) 32 (7-131) 0281
n=181)
CPB time (minutes 68.5 (28-236) 69.5(26-221) 0349
n=178)
Number of support agent
Without 3(33%) 13 (143%) <0.001
1 14 (152%) 31 (34.1%)
2 37 (40.2%) 36 (39.6%)
23 38 (41.3%) 11 (12.1%)
Perioperative 44 (47.8%) 8 (88%) <0.001

pulmonary vasodilator

T
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Postoperative complication ~ Value (n=183) p value

Mortality 3 (1.6%) 0.621
Morbidity (1= 42) 0.002; 0.045°
Pulmonary hypertension crisis 7 (3.8%)
Prolonged ICU stay 33 (18%)
Prolonged mechanical ventilation 34 (18.5%)

ICU: intensive care unit
aadjusted.
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Patients #1-12 PAH patients undergoing
LuTx

N=12

Bilateral lung
MCS type during LuTx | VA-ECMO, n=11; CPB, n=1
Associated procedures in the same operation ASD closure on CPB, =2

Operation time (cut-suture) - hours (range) 66+05 (46-10.1)

course after LuTx

Post-LuTx ECMO-duration - hours (range) 185 (73-363)
Post-LuTx ventilation time on ECMO - hours 40 (17-144)
Post LuTx ventilation time after ECMO- 2(0-6)

ion - hours
Ti (number) 0o
ICU stay post-LuTx - days 1542 (4-32)
In-hospital stay post-LuTx - days 41+4 (21-62)

Clinical follow-up

Lung function post-LuTx |

FEV1 3 months post-LuTx (%), n= 11 | 73+5 (52-106)
FEV1 12 months post-LuTx (%), n= 11 | 836 (57-125)
Impeding rejection, number of steroid pulses | 2+058 (0-5)
Survival post-LuTx - months (range; % 61 (26-104; 100% survival)
survival)

Number of Re-LuTx - n (%) 1(0.08%)"

Values are presented as mean + SEM (range). Survival is indicated according to the
end of the follow-up (September 1, 2022).

ASD, atrial septal defect; CPB, cardiopulmonary bypass; FEVI, forced expiratory
volume in the first second; ICU, intensive care unit; LuTx, lung transplantation:
MCS, mechanical circulatory support; VA-ECMO, veno-arterial extracorporeal
membrane oxygenation

*One patient underwent Re-LuTx due to CLAD 3 31 months after initial LuTx (ie
after the 2-year follow-up period).
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Intraoperatively

20 mg/kg (max. 1g) iv Start with continuous iv infusion: 0.02 mg/kg/d

Postoperatively, days 0-2
i i MMF i
12h post OP: 2 mg/kg iv - 30 mg/kg/d Z

24 h post OP: 2 mg/kg iv
36 h post OP: 2 mg/kg iv

i i MMF Tacrolimus
- d3-d5: 2 mg/kg/d Target dose: 1,2 g/m’/d Target drug levels: months 0-6: 12-15 pg/L
d6-d9: 1 mg/kg/d Target drug level: 1,2-3,5 mg/L. ‘months 7-12: 10-12 pg/L
d10-d28: 05 mg/kg/d from month 13: 8-10 pg/L
: 035 mg/kg/d
025 mg/kg/d
: 0.2 mg/kg/d

mo 7: 0.15 mg/kg/d
mo 13: 0,1 mg/kg/d

in used in our center consisted of oral tacrolimus, mycophenolate-mofetil, and prednisolone. No inductior
s used in our center.

d, days postoperatively (day 0 = day of surgery); iv, MMF, fetil; d, day; iv, int

“Initially, the tacrolimus dose is increased very cautiously for nephroprotection. Accordingly, the tacrolimus serum level on postoperative day 2 is usually not in the primary
target range of 12-15 ig/L. When continuous intravenous administration is switched to oral tacrolimus, the current cumulative intravenous daily dose is tripled for ora
dosing in CF patients and doubled in non-CF patients. The cumulative daily oral dose (divided into two single doses) is then adjusted depending on blood levels.
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Patients #1- At LuTx
N=12

B

Age - years 119+ 1.4 (19-17.8)

Sex, Female - 1 (%) 9 (75%)

Height - m 150.1 (03-1.8)

Weight - kg 35.2+43 (82-58.0)

BSA - m® 12+0.1 (04-1.7)

Clinical diagnosis

PH Group 1 - n

11 IPAH 4

12 HPAH (BMPR2, 7 =3; TBX4, n=1) 4

14.4 PAH-CHD 2

1.6 PVOD/PCH 7

Functional status pre-LuTx

'WHO Functional Class 3701

6 MWD (0 m for ECMO)* - m, n =11 21056

6 MWD (last before LuTx) - m, =11 276+ 50

NT-proBNP—ng/L 3,380.7 £ 1,106.0

Invasive ics pre-LuTx

mRAP - mm Hg, n =11 94+13

RVEDP - mm Hg, =10 127510

mPAP/mSAP, n =11 12201

PVRi - WU, n=11 27324

PVR/SVR, n=11 14102

Cardiac index (Qsi) - L/min/m’, n =11 2702

Risk (EPPVDN) pre-LuTx

Total patients - n 12

Noninvasive Risk - Higher Risk - 8
Risk - 4

Noninvasive Higher Risk Score, max. 15 (decimal) 103/15 (0.69 = 0.05)

Noninvasive Lower Risk Score, max. 14 (decimal) 20/14 (0.14 £ 0.02)

Patients with cath 0-12 months pre-LuTx - n 1

Invasive Risk - n Higher Risk - 7

Risk - 4

Invasive Higher Risk Score, max. 21 (decimal) 13.4/21 (0.63 = 0.05)

Invasive Lower Risk Score, max. 20 (decimal) 2920 (0.15 £ 0.02)

Lung function pre-LuTx

FEV1 at the time of listing for LuTx - %, =10 69.7+58

Pulmonary hypertension

PDESi + ERA - n 1

PDESi + ERA + i.v. epoprostenol — 2

PDESi + ERA + iv. iloprost - n 1

PDESi + ERA + i.v. treprostinil - n 3

PDESi + ERA + inhaled iloprost - n 3

ERA + RIO + i.v. treprostinil - n 1

PDESi + ERA + SEL + repetitive levosimendan — n 1

VA-ECMO pre LuTx - n 3

VA-ECMO duration pre LuTx — hours, n=3 30 (22-292)

Values are presented as mean + SEM. If the child had a mutation that was associated with PAH, he/she was classified as group 12 PH (HPAH). The indicated serum N-
terminal prohormone of brain natriuretic peptide (NTproBNP) concentrations are the last measurements prior to LuTx. For risk stratification, see the new 2019 EPPVDN
risk score. Of the 11 patients treated with phosphodiesterase type 5 inhibitors (PDES), 10 patients received sildenafil and 1 patient tadalafil. Of the 12 patients treatec
with endothelin receptor antagonists (ERA), 7 patients were treated with macitentan and 5 patients with bosentan. In addition to the aforementioned medication, 3 of
the 12 LuTx patients were treated with amlodipine and 9/12 with spironolactone.

BSA, body surface area; cath, catheterization; CHD, congenital heart disease; EPPVDN, European Pediatric Pulmonary Vascular Disease Network; ERA, endothelin receptor
antagonist; HHT, hereditary hemorthagic telangiectasia; HPAH, hereditary PAH; IPAH, idiopathic PAH:; i.; intravenous; LuTx, lung transplantation; mPAP, mean pulmonary
arerial pressure; MRAP, mean right atral pressure; mSAP, mean systemic arterial pressure:; NT-proBNP. N-terminal pro-b-ype natriuretic peptide; PAH, pulmonary arteria
hypertension; PCH, pulmonary capillary hemangiomatosis; PDESI, phosphodiesterase type 5 inhibitor; PVOD, pulmonary usive disease; PVR, pi !
resistance; PVR, pulmonary vascular resistance index; Qsi, systemic flow index; RIO, riociguat; RVEDP, right ventricular end-diastolic pressure; SEL, selexipag; SVR, systemic
vascular resistance; WHO, World Health Organisation

*Three patients were on VA-ECMO pre-LuTx. The 6 MWD is O m if the patient was on VA-ECMO pre-LuTx.
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No| Age Sex | Weight (kg) & | Height Mcs Venous Location | Arterial cannula | Location Pre-LuTx Post-LuTx Complications
(M/F) | percentile (%) | (cm) type | Cannula (Size) ECMO- ECMO-
(Size) Duration Duration

(hours) (hours)
430 4 '~ FemTrak V. femoralis NOVAPORT (15 Fr.) Vascular perforation during cannulation
(4th Perc.) (20 Fr) (Seldinger-technique, ECMO-CPR),
bleeding into the mediastinal space,

2 132 |F 400 162 134 |V-A | FemTrak V. femoralis | NOVAPORT (15 Fr.) | A. femoralis | 292 286 Impaired distal leg perfusion with the
(12nd Perc.) (20 Fr) need for embolectomy and vascular

3 107 |M 350 165 127 |V-A | Bio-Medicus | V.femoralis | NOVAPORT (13 Fr) | A. femoralis |0 168 Surgical revision for hemothorax on
(42nd Perc.) (17 Fr) day 1

4 142 |F 500 168 153 |V-A |HLIS V. femoralis | NOVAPORT (13 Fr.) | A. femoralis | 0 184 None
(34th Perc) (21 Fr)

5 19 M 82 80 042 | VA | BioMedicus | Right atrium | Bio-Medicus (12 Fr.) | Aorta 0 106 Intrathoracic hematoma on day 1 post-
(<lst Perc) (14 Fr) (open chest) (open chest) LuTx requiring surgical removal.

Infarction of the arteria cerebri media,
hemiparesis, complete restoration after

12 months
6 175 [F 400 157 132 |v-A [HIS V. femoralis | NOVAPORT (13 Fr.) | A. femoralis | 0 363 None
(<lst Perc) (21 Fr)
7 103 |F 250 122 092 | V-A | BioMedicus | V.femoralis | Bio-Medicus (12 Fr) | A. femoralis |0 183 None
(3rd Perc) (15 Fr))
8 n7 M 330 144 115 |VA | Bio-Medicus | V.femoralis | NOVAPORT (13 Fr) | A.femoralis | 46 159 None
(15th Perc) (17 Fr)
9 178 |F 580 175 168 |VA | Novaport V. femoralis | NOVAPORT (15 Fr) | A. femoralis | 0 73 None
(46th Perc) (15 Fr))
10| 162 |F 520 164 154 |VA | Novaport V. femoralis | NOVAPORT (15 Fr.) | A. femoralis | 0 216 None
(24th Perc) (15 Fr)
1 55 |F 168 115 073 |V-A | BioMedicus | V.femoralis | Bio-Medicus (12 Fr.) | A. femoralis |0 146 Leg ischemia post ECMO-explantation
(9th Perc) (15 Fr) requiring surgical embolectomy
12 82 |[F 08 130 089 |V-A | Biomedicus | V.femoralis | NOVAPORT (13 Fr) | A.femoralis |0 163 None
(7th Perc.) (15 Fr)

BSA. Giody sinface shes: LiTH if rarisantaton: MCS: recrarscal Srculsicni e Sisoort V-A vero-srasl
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