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Abstract

:

Background. Despite current trends toward early primary repair, the surgical systemic-to-pulmonary shunt is still considered the first-choice palliation in patients with critical tetralogy of Fallot (TOF) and duct-dependent pulmonary circulation unsuitable for primary repair. However, stenting of the right ventricular outflow tract (RVOT) is nowadays emerging as an effective alternative to surgical palliation in selected patients. Methods and results. RVOT stenting is usually performed from a venous route, either femoral or, in selected cases, the right internal jugular vein. Less frequently, mostly in pulmonary infundibular/valvar atresia, this procedure can be performed using a hybrid surgical/interventional approach by surgical exposure of the RVOT, puncture of the atretic valve, and stent deployment under direct vision. The size and type of the most appropriate stent may be chosen, based on ultrasound measurements of the RVOT, to cover the right ventricular infundibulum completely and, at the same time, sparing the pulmonary valve, unless significant pulmonary valve annulus hypoplasia and/or supra-valvular stenosis is a significant component of the obstruction. In the large series so far published, early mortality of RVOT stenting is less than 2%, comparing favourably with either Blalock-Thomas-Taussig shunt or early primary repair. In addition, morbidity and clinical sequelae of this approach do not significantly differ from surgical palliation, even if RVOT stenting shows lesser durability and a higher rate of trans-catheter re-interventions over a mid-term follow-up. Finally, similar but more balanced pulmonary artery growth than surgical palliation following RVOT stenting is reported over a mid-term follow-up. Conclusions. RVOT stenting is a technically feasible, well-tolerated, and effective palliation in critical TOF. This approach is cost-effective with respect to surgical palliation either in high-risk neonates or whenever a short-term pulmonary blood flow source is anticipated due to the early surgical repair. It effectively increases pulmonary blood flow, improves arterial saturation, and promotes balanced pulmonary artery growth over a mid-term follow-up.
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1. Introduction—Historical Perspective


Critical tetralogy of Fallot (TOF) pertains to a wide spectrum of congenital heart diseases with duct-dependent pulmonary blood flow, characterized by severe pulmonary hypoperfusion at the time of the arterial duct closure and associated with a high morbidity and mortality during the neonatal period. Primary surgical repair is the treatment of choice for most of these patients [1], allowing an effective increase of oxygen saturation and normal growth of the right ventricular outflow tract (RVOT) and pulmonary arteries. However, a small subset of patients with TOF requires early palliative intervention before complete repair due to a high surgical risk caused by poor clinical conditions and/or anatomic cardiac or extra-cardiac comorbidities. In these cases, primary surgical repair is associated with increased morbidity and mortality [2]. Early surgical palliation is advised in the case of neonatal comorbidities (i.e., prematurity, low birth weight, infections or extra-cardiac malformations) and complex associated cardiac lesions (i.e., complete atrio-ventricular septal defect, double outlet right ventricle arrangement, severe RVOT or pulmonary artery hypoplasia or atresia) that predict higher risk surgical repair.



Patients with critical, duct-dependent TOF due to complex malformation of the right ventricular outflow tract (RVOT) or severe valvular stenosis/hypoplasia [3] would greatly benefit from a stabilized source of pulmonary blood flow to achieve clinical improvement and growth of the pulmonary arteries, resulting in lower-risk surgical repair at a later stage [4]. Continuous intravenous infusion of prostaglandin E allows for a relatively short period of ductal patency, but in most cases, a stable and more durable pulmonary blood flow source is needed for a longer time. Historically, the first performed surgical option was direct end-to-side anastomosis with the subclavian artery-to-ipsilateral pulmonary artery (classic Blalock-Thomas-Taussig shunt) [5], later modified by the introduction of expanded poly-tetrafluoroethylene as a conduit to pulmonary artery [6], the so-called modified Blalock-Thomas-Taussig shunt (mBTT shunt). Over time, other different surgical systemic-to-pulmonary artery shunts were proposed, ranging from the descending aorta-to-left pulmonary artery (Potts procedure) [7], ascending aorta-to-right pulmonary artery (Waterston procedure) [8], and, finally, ascending aorta-to-main pulmonary artery (central shunt or Melbourne shunt) [9]. All these surgical techniques may be potentially performed without cardio-pulmonary bypass. However, in the case of hemodynamic instability after the intraoperative test of temporary pulmonary artery clamping, cardio-pulmonary bypass may be necessary, resulting in higher operative morbidity and mortality [10]. The Potts and Waterson shunt procedures significantly increase pulmonary blood flow and show high long-term durability but at the expense of high-pressure and unbalanced pulmonary blood flow, resulting in segmental pulmonary artery hypertension and uneven growth of the pulmonary vascular bed. Modified Blalock-Thomas-Taussig shunt provides better control of pulmonary blood flow, but still at the expense of its uneven distribution to the pulmonary vascular bed due to the prosthetic shunt size, length, and conduit angulations. Over a mid-term follow-up, it results in pulmonary artery distortion and left-to-right discrepancy of pulmonary artery size. Recent technical advances led to the development of the central shunt, for which the main advantage is the provision of a significant and balanced increase of the pulmonary blood flow at the same time. It results in more balanced pulmonary artery growth and longer effective palliation, although at the expense of on-cardio-pulmonary-bypass surgery. Alternatively, more complex, surgical strategies may include RVOT reconstruction with a restrictive outflow patch [11] and construction of a Sano-type right ventricular-to-pulmonary artery shunt [12], all of them needing cardiopulmonary bypass support. To date, the modified Blalock-Thomas-Taussig shunt remains the most commonly used surgical palliation, although it continues to be a relatively high-risk procedure, with an overall mortality of 7.2% [13] despite significant technical advances in the last decades. Several types of palliative percutaneous procedures have been proposed over the years as cost-effective alternatives to surgical palliation, namely pulmonary balloon valvuloplasty, arterial duct stenting, and RVOT stenting. Pulmonary valvuloplasty was the first described percutaneous palliation of tetralogy of Fallot [14]. However, this approach did not gain widespread acceptance due to the unpredictable oxygen saturation increase and durability. A further palliative percutaneous approach was arterial duct stabilization by formalin infiltration [15,16] or stent angioplasty [17]. Arterial duct stabilization by stent implantation to achieve durable patency was consistently reported as a cost-effective palliation in critical TOF, making it possible to finely tailor the shunt magnitude to the individual patient [4,17,18,19]. This approach showed favourable effects compared to surgery in increasing the oxygen saturation and promoting the growth of the pulmonary vascular tree in different pathophysiologic settings [20], due to a significant increase and even distribution of the pulmonary blood flow [21]. In parallel with this palliation type, RVOT stenting was evaluated as a bridge towards lower-risk complete repair in this setting. The theoretical advantages of this latter approach were a more predictable anatomy of RVOT concerning the arterial duct course and the presence of a bailout arterial duct patency, resulting in lower procedural risk compared to arterial duct stabilization. An important drawback of this procedure is the need to implant the stent inside the right ventricle, with all the potential consequences due to foreign material inside a growing heart.



The first successful RVOT stenting was reported in 1997 by Gibbs et al. [22] in four patients with right ventricular outflow tract obstruction and different anatomical substrates, aged between 2 and 15 years. The procedure was successful with a mean right-to-left ventricular pressure ratio decreasing from 0.95 to 0.35 in the three patients with an intact ventricular septum and an oxygen saturation increase from 76% to 91% in the patient with TOF. Improvement was maintained at a mean follow-up of 9.7 months in three cases, but one patient required stent enlargement 17 months later due to neo-endothelial proliferation within the stent. Since this first report, several authors have described the feasibility, safety, and efficacy of RVOT stenting as an alternative to surgical palliation in TOF with duct-dependent pulmonary circulation, with some advantage on improving arterial saturation and pulmonary artery growth (Table 1). In 2009, Dohlen et al. [23] reviewed the effectiveness of RVOT stenting in nine symptomatic infants with TOF with or without pulmonary atresia, all with confluent true central pulmonary arteries, who underwent 11 RVOT stenting procedures. In their patients, stenting of the RVOT provided a safe and effective management strategy, improving arterial oxygen saturations (from a median of 73% with supplemental oxygen to a median of 94% in room air) and encouraging pulmonary artery growth. Interestingly, if there was a significant increase in arterial saturation in their initial experience, the procedure was concluded even if the entire infundibulum was not covered. However, a further strategy was to completely cover the RVOT and pulmonary valve with a single long or tandem coronary stents, since two patients developed significant cyanosis secondary to progressive muscular narrowing below the stent, which required the deployment of an additional stent. The benefit of RVOT stenting on pulmonary arterial growth was further investigated by Barron et al. [24], who assessed the effect of this procedure on subsequent surgical intervention in 32 symptomatic patients with TOF. They found a significant growth of the pulmonary arteries after RVOT stenting (the left pulmonary artery Z-score increased from −1.27 to +0.11, while the right pulmonary artery Z-score increased from −2.02 to −0.65), and this could potentially improve the substrate for subsequent surgical repair. In 2013, Stumper et al. [25] reported their single centre experience of RVOT stenting in 52 consecutive patients with normally related great arteries, ventricular septal defect, and severely narrowed RVOT. They were judged to be at high risk for surgical palliation or early primary repair. The procedure resulted in a significant increase of arterial oxygen saturation (from a median of 71% to 92%) with low early mortality (1.9%) and surgical re-intervention rate (5.7%). The authors emphasised the importance of performing pulmonary balloon valvuloplasty at the same time as the procedure, as multilevel obstructions are typical of TOF and the importance of placing the stent across the pulmonary valve without hesitation, whenever this is deemed necessary. In 2016, Sandoval et al. [26] compared the outcome of four groups of TOF patients with confluent central pulmonary arteries, including pulmonary atresia: Stent group, primary repair (aged < 3 months) with pulmonary stenosis, primary repair (aged < 3 months) with pulmonary atresia, and primary repair between 3 and 11 months of age. Stent patients had the smallest pulmonary arteries and the highest number of coexisting comorbidities. Stenting allowed deferral of complete surgical repair to an age, weight, and Nakata index similar to the low-risk surgery aged >3 months group submitted to primary repair. The three early treatment groups had similar intensive care unit/hospital stays and high re-intervention rates in the first 12 months after repair compared with the surgical repair >3 months group. In 2017, Quant et al. [27] compared the outcome of RVOT stenting versus mBTTS by a 10-year single-centre retrospective chart review study. They included all the patients who had undergone palliation of TOF-type cardiac malformations, either by modified Blalock-Thomas-Taussig shunt (n = 41) or RVOT stenting (n = 60). They found that the RVOT stent group had a lower admission rate to the paediatric intensive care unit (p < 0.001) with a shorter length of stay (p < 0.003) and shorter cardiac ward length of stay (p < 0.001), while the overall mortality until the surgical repair was comparable in both groups (p = 0.698). The overall number of reinterventions (either surgical or catheter intervention) was higher in the RVOT stent group (p = 0.002). The length of palliation was significantly shorter in the RVOT stent group (p < 0.001), with no significant difference in cardio-pulmonary bypass time (p = 0.035) at repair or in the intensive care unit stay (0.097) or total hospital length of stay (p = 0.029). Interestingly, they did not find any difference in the type of surgical repair between the two groups. The same authors compared the pulmonary arterial growth during palliation after RVOT stenting versus mBTTS in 293 patients coming forward for the complete repair of TOF–type lesions in 10 years [28]. They found that RVOT stenting promoted a better (the benefit of RVOT stenting versus mBTTS was 0.599 z-scores for the left pulmonary artery and 0.749 z-scores for the right pulmonary artery) and more constant pulmonary arterial growth, as well as better oxygen saturations compared with mBTTS in the initial palliation of Fallot-type lesions.



Finally, RVOT stenting has also been described in the case of very complex anatomic settings associated with infundibular/pulmonary valve atresia. In this case, a hybrid approach, by trans-ventricular balloon dilation and stenting of the RVOT under direct vision through medial sternotomy, appears as a safe and well-tolerated procedure [29,30]. Moreover, in TOF and associated atrioventricular septal defects, RVOT stenting is a safe and effective palliative option [29], promoting pulmonary arterial growth and improving oxygen saturations before surgical repair.




2. Indications and Contraindications


Even though the choice between RVOT stenting and surgical palliation strongly depends on the local policy of any single centre and the expertise of both the interventional cardiologist and the paediatric cardiac surgeon, this percutaneous approach is nowadays widely considered safer and more physiologic than the mBTT shunt. The following criteria could guide inclusion into the stenting program:




	
Patients with a high-risk profile for conventional surgical palliation: Low birth-weight neonate with or without any significant comorbidity or with unfavorable anatomic arrangement of the pulmonary arteries, such as pulmonary artery discontinuity or hypoplasia [33].



	
Patients at low risk for surgical palliation but with an anticipated need for short-term support to the pulmonary circulation due to the early surgical repair.








RVOT stenting might be challenging in anatomical limitations such as complex anatomy of RVOT, pulmonary infundibular/valve atresia or severe pulmonary valvular hypoplasia. A hybrid approach may be a cost-effective alternative to the pure percutaneous option [34]. Conversely, the coronary artery pattern does not seem to impact the procedural results and the outcome significantly.




3. Technical Tips


A cardiac ultrasound, particularly using the subcostal and parasternal short-axis view, is very useful and accurate in defining the relative contribution of the sub-valvular, valvular, and supra-valvular stenosis to the overall obstruction, as well as the anatomy of the branch pulmonary arteries, being crucial in planning and guiding this percutaneous procedure (Figure 1A,B). Indeed, the pre-procedure echocardiographic evaluation in multiple views of the length of the right ventricular infundibulum, the site of the stenoses, the size of the pulmonary valvular annulus, the morphology of the pulmonary valve, as well as the relative contribution of the main pulmonary artery trunk to the overall pulmonary hypo-perfusion are of utmost importance in choosing the type, length, and diameter of the stent to be implanted. Echocardiography may also be crucial during the stent positioning and deployment, allowing fine tailoring of the procedure in any patient.



The standard vascular access from the right femoral vein facilitates easily reaching of the RVOT, while the right internal jugular vein approach may be useful in low-weight neonates (<2 kg). A standard intravenous heparin (100 IU/kg) is given after vessel entry, and antiplatelet therapy (acetylsalicylic acid, 3–5 mg/kg/day) is recommended after stent deployment. In most cases, a 4/5 F right Judkins or Cobra catheter may allow reaching the RVOT easily. Once a correct position is achieved, baseline angiograms should be performed in a 30° right anterior oblique +20° cranial and lateral views (Figure 2A). The former view usually outlines the anterior deviation of the outlet septum and the distance between the right ventricular ostium infundibulum and the pulmonary valve annulus. In contrast, the lateral view is most reliable to finely position the stent to spare the pulmonary valve or completely cover the valvular annulus and proximal pulmonary artery trunk. However, reliable measures should derive by at least two measurements in different views in order to overcome the anatomic curvature of the outflow tract and angiographic foreshortening and should be compared to the echocardiographic data. Echocardiographic measurements of the RVOT are generally the most reliable ones. Therefore, the patient should be draped to allow for peri-procedure ultrasound scanning. The stent length should be slightly longer than the longest measurement on the ultrasound, and an attempt should be made to avoid crossing the pulmonary valve unless there is significant valvular hypoplasia and/or supra-valvular stenosis. The type and diameter of the stent are generally chosen based on the patient weight as well as the predicted need of the palliation. In neonates weighing more than 2.5 kg and needing short term palliation, a 5 mm coronary stent is adequate, while in those who require medium-term palliation, a peripheral vascular stent, such as Formula stent (Cook Europe, Bjaeverskov, Denmark) or Valeo stent (Bard Peripheral Vascular, Tempe, AZ, USA), allows for later over-dilation. After the stent is chosen and the diagnostic catheter is inserted into the delivery sheath to enter the pulmonary arteries, the appropriate wire for the stent delivery is placed in the distal right pulmonary artery as a track for advancing the delivery sheath or guide catheter and delivering the stent. Angiographic test injections are then used to confirm the correct position of the stent before final deployment. Hand inflation of the balloon allows for fine positional adjustments of the stent during placement. Pulmonary valvuloplasty with the same balloon should be eventually performed in the case of stenotic pulmonary valve. Control angiography will then image the correct deployment of the stent and rule out any dissection or rupture (Figure 2B). It is also possible to perform direct stenting without using the delivery sheath, mainly in the case of coronary stents and/or whenever the infundibulum is not particularly tortuous. During post-procedure management, a safe approach is to start diuretic therapy in patients who experience a significant rise (>20%) in arterial saturation to avoid potential damage resulting from increased pulmonary blood.




4. Results


RVOT stenting provides less durable palliation than a conventional surgical shunt [27] due to tissue reaction and fibrous tissue ingrowth, which tends to prolapse through the stent struts. The use of newer technologies, such as drug-eluting stents, could overcome this shortfall and improve the long-term patency of the stented outflow tract. Despite the lower durability than the conventional surgical shunt, stenting of the RVOT results in a greater rise of oxygen saturation and promotes better and more constant symmetrical pulmonary arterial growth than mBTT shunt palliation [28]. It is possibly due to a balanced flow to main pulmonary artery branches compared with the unfavorable graft geometry of a surgical shunt, which usually causes overgrowth of the ipsilateral pulmonary artery and lesser development of the contralateral pulmonary artery. This finding is in line with the most recent reported literature on pulmonary arterial growth following arterial duct stenting [21] or different modifications of the Norwood palliation for patients with hypoplastic left heart syndrome [35]. At the time of surgery, complete removal of the stent might not be possible in all cases, since often remnants of the stent are embedded into the myocardium. It is still unknown whether these retained stent fragments may be a focus for future ventricular arrhythmias or infections [24]. Even though removing the stent may lengthen the surgical repair, the cardio-pulmonary bypass time seems to be similar to trans-annular patch repairs of non-stented patients [24,31]. Importantly, most studies report that after the palliation period, there are no differences in the type of surgical repair [27]. This might also be due to the fact that most neonatal TOF presenting with severe cyanosis are those with more severe RVOT obstruction and smaller outflow tracts that would usually require a trans-annular patch with any surgical strategy. Finally, the overall mortality rate during palliation with RVOT stenting appears similar to that after the mBTT shunt [27].




5. Limitations


All the studies published so far are retrospective and address a relatively small cohort of patients. Moreover, in the comparative studies, patients were not randomised to either treatment, but were selected on clinical grounds and on a surgical risk assessment. Larger multicentre prospective randomized trials would be very helpful in this setting to address these limitations.




6. Conclusions


RVOT stenting is a technically feasible, well-tolerated, and effective palliation in critical TOF patients, at similar or lower risk than surgical palliation. It can effectively improve oxygen saturation and promote pulmonary arterial growth to lower the risk of surgical repair. It is indicated either in neonates with a high risk for surgery or in low-risk patients who need short-term pulmonary blood flow support due to the early surgical repair. RVOT stenting promotes a significant and more balanced growth of the pulmonary artery compared to the modified Blalock-Thomas-Taussig shunt. Although less durable than surgical palliation, RVOT stenting shows comparable clinical sequelae and early mortality rates. Thus, in short/medium-term palliation of critical pulmonary outflow-tract obstruction with duct-dependent pulmonary circulation, it could be proposed as a first-line approach, allowing a safer surgical repair of TOF or uni-ventricular palliation along the Fontan track in the case of more complex anatomy.
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Figure 1. (A) Echocardiographic picture in subcostal right oblique view showing TOF anatomy with a long, very narrow right ventricular infundibulum. (B) Significant aliasing is imaged at the color-Doppler analysis. Abbreviations: RA = right atrium; RV = right ventricle; RVOT = right ventricular outflow tract. 
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Figure 2. (A) Angiographic right anterior oblique view showing anterior deviation of the outlet septum and significant narrowing of the infundibular portion of the right ventricle. The black arrow indicates the narrow RVOT. (B) Significant increase of the pulmonary blood flow after RVOT stent angioplasty as imaged at the right anterior oblique view. The black arrow indicates the stented and enlarged RVOT. Abbreviations: RA = right atrium; RV = right ventricle; RVOT = right ventricular outflow tract; PA = pulmonary artery. 
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Table 1. The details of studies included in the review.
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Author, Year

	
Procedure

	
Number of Patients

	
Procedural Success Rate

	
Death Rate






	
Dohlen, 2009

	
RVOT stenting

	
9

	
9/9 = 100%

	
0/9 = 0%




	
Barron, 2013

	
RVOT stenting

	
32

	
31/32 = 97%

	
1/32 = 3%




	
Stumper, 2013

	
RVOT stenting

	
52

	
52/52= 100%

	
1/52 = 1.9%




	
Sandoval, 2016

	
RVOT stenting

	
42

	
39/42 = 93%

	
2/42 = 4.7%




	
Aurigemma, 2017 [31]

	
RVOT stenting

	
5

	
5/5 = 100%

	
0/5 = 0%




	
mBTTs/central shunt

	
12/10

	
20/22 = 91%

	
1/22 = 4.5%




	
Quandt, 2017

	
RVOT stenting

	
60

	
57/60 = 95%

	
0/60 = 0%




	
mBTTs

	
41

	
41/41 = 100%

	
2/41 = 4.9%




	
Valderrama, 2020 [32]

	
RVOT stenting

	
12

	
11/12 = 92%

	
0/12 = 0%
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