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Patent ductus arteriosus stenting in a staged management of congenital heart defects with non-confluent pulmonary arteries.
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Background: The report describes our experience of patent ductus arteriosus stenting in congenital heart defects with non-confluent pulmonary arteries. It represents technique of this intervention, immediate and long-term results, analysis of complications and suggests potential ways of their prevention.
Methods: Patent ductus arteriosus stenting was performed in eight patients. Five patients had Tetralogy of Fallot, two — pulmonary atresia, one- pulmonary stenosis with ventricular septal defect. In all cases non- confluent pulmonary artery branches were present. Mean age of the patients was 178±170 days (from 8 to 630 days), mean weight — 6,0 ± 2,1 kg (from 2.9 to 11.0 kg). Five out of eight patients had right aortic arch. Four out of eight patients underwent balloon angioplasty of patent ductus arteriosus  2-45 days prior to stenting. Stenting was performed using coronary stent-systems through the femoral vein in three patients and through the femoral artery in five patients.

Results. Stenting of the patent ductus arteriosus and pulmonary valvuloplasty provided an augmentation of pulmonary blood flow and increase in saturation from an average of 72,8±8,4to 91,7±10,3%.There were no deaths in the early postoperative period and during the entire follow-up. Early postoperative complications were observed in 2 patients (28.7%). Five patients demonstrated significant increase in pulmonary artery branches size. Nakata index increased from the mean of 167.5 ± 28.6 to 296.3±59.6. and total neo-pulmonary index (n=2) increased from the mean of 64±20 to 121 ± 64.2. Three patients required repeat palliative operations (42.8%):  re-stenting of the arterial duct (n=2) and, later, placement of systemic to pulmonary shunt in one of them (n=1); balloon stentoplasty (n=1). Five out of eight patients received complete repairs of cyanotic congenital heart disease with no additional palliations.

Conclusions. Stenting of the patent arterial duct is a new and effective palliative approach for restoration and maintenance of pulmonary blood flow in children with cyanotic congenital heart disease.
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Introduction.

Developments in the field of pediatric cardiology, cardiac surgery and intensive care in the recent years led to the improvement of immediate and long-term results of treatment of children with complex cyanotic congenital heart defects. Proportion of primary total repair in young children is growing every year, reducing the need in staged palliative operations. Palliative interventions remain relevant in children with severe complex congenital heart defects with duct-dependent pulmonary blood flow. [9]. These defects include: Tetralogy of Fallot with pulmonary atresia, the presence of major  aorto-pulmonary collaterals or non-confluent pulmonary artery branches with Tetralogy of Fallot,  heart with single ventricle circulation, and so on. In these cases, palliative operations remain an optimal management strategy. The main goal of palliative care interventions is to provide degree of pulmonary blood flow, sufficient for adequate oxygenation of arterial blood and growth of native pulmonary artery branches. To achieve these goals, systemic-to-pulmonary anastomosis is inserted. The risk of palliative surgery remains important, especially in complex lesions, and reaches 7-9% [1,4]. An alternative to this palliative correction is less invasive endovascular intervention - patent ductus arteriosus stenting [8].

Methods:
From July 2009 to June 2014 stenting of the patent ductus arteriosus was undertaken in eight patients with congenital heart disease with duct-dependent pulmonary blood flow at the Ukrainian Children`s Cardiac Center, Kyiv, Ukraine. Indications for this procedure were as follows: presence of ductus-dependent cyanotic congenital heart disease; anatomic features that precluded one stage total repair; cyanotic spells or breathlessness-resistant to medical therapy; comorbidities, which greatly increased the risk of total repair compared to palliative operations.

The mean age of patients was178±170 days and ranged from 8 to 630 days, mean weight –6,0±2,1kg, ranging from 2.9 to 11.0 kg. Two patients were diagnosed with "pulmonary atresia with ventricular septal defect and major aorto-pulmonary collateral arteries," five patients were diagnosed with Tetralogy of Fallot with non-confluent pulmonary artery branches and one with valvular pulmonary artery stenosis and ventricular septal defect (Table. 1). Right aortic arch was observed in five cases. Four of the eight patients had balloon angioplasty of the patent ductus arteriosus 2–45 days prior to stenting.

Table 1.  

Preoperative characteristics of patients with duct-dependent pulmonary blood flow.

	Patient

№
	Diagnosis
	Sex
	Age

(days)
	Weight (kg)
	SatO2

Before operation

(%)
	Infusion

PGE.
	MV pre operatively

	1
	Tetralogy of Fallot, non-confluent pulmonary artery branches
	male
	90
	6,2
	78
	-
	-

	2
	Tetralogy of Fallot, major aortopulmonary collaterals
	male
	45
	4,1
	67
	-
	-

	3
	Tetralogy of Fallot, non-confluent pulmonary artery branches, peripheral right pulmonary artery stenosis.
	female
	630
	8,0
	55
	-
	-

	4
	Pulmonary artery atresia III type, ventricular septal defect, major aortopulmonary collaterals
	male
	22
	3,5
	63
	+
	+

	5
	Tetralogy of Fallot with non-confluent pulmonary artery branches
	male
	8
	2,9
	75
	+
	-

	6
	Tetralogy of Fallot with non-confluent pulmonary artery branches.
	female
	45
	5,2


	76
	-
	+

	7
	Tetralogy of Fallot with non-confluent pulmonary artery branches
	male
	390
	11
	81
	   -
	     +

	8.
	Pulmonary artery stenosis, valvular and ventrical septal defect.
	female
	195
	7,5
	88
	-
	     +


In all patients diagnosis was established preoperativelywith cardiac ultrasound. Six patients required CT scan of the chest with intravenous contrast to clarify the pulmonary anatomy. Three patients required intensive care admission preoperatively, two of them for infusion of prostaglandin E1 (PGE) to maintain the function of the ductus arteriosus. Four patients were breathing spontaneously, four - were intubated before the operation. Stenting of the ductus arteriosus was performed in a cath lab. During the intervention routine monitoring included: ECG, systemic blood pressure, saturation of arterial blood (SatO2). Diagnostic angiography and hemodynamic assessment were performed immediately before stenting. For visualization and navigation for intervention Siemens «AxiomArtis II» was used. Angiographic examination following ductus arteriosus stenting was performed using the following tools:  pediatric introducers 4F, 5F, angiography wires with / without hydrophilic coating diameter of .014 ", .021", .032 ", angiographic catheters MP, JR, C4 size 4F and 5F, JR delivery system size 5Fr.

Technique of stenting
Stenting procedure was performed under general anesthesia in all cases. Intraoperative heparynization of 100 units/kg was given once at the beginning of the procedure. Choice of access for stenting depended on intra-cardiac anatomy and anatomy of the ductus arteriosus. Stenting was conducted through the femoral vein in three, through the femoral artery - in five patients. Angiographic catheter was installed into arterial end of ductus arteriosus. In case of venous access catheter passed through the inferior vena cava, right atrium, tricuspid valve, right ventricle, ventricular septal defect, ascending aorta, to reach the ductus arteriosus. In case of arterial access catheter went through the femoral artery, descending aorta, aortic arch into the orifice of the ductus arteriosus. To pass (n = 7) or recanalize ductus arteriosus  (n = 1) 0.014 inch coronary wire ATW or Shinobi production «Cordis» were used (Fig. 1a).

After installing the wire in the distal pulmonary artery or in the orifice of the ductus arteriosus guiding catheter JR 5F was inserted. Through a catheter on a wire a coronary stent was placed in to a duct. When choosing the length and diameter of the stent our goal was to cover the entire length of the arterial duct with it. The length of the latter was chosen to slightly exceed the length of the patent ductus arteriosus (1-2 mm). During positioning of the stent special attention was paid to its placement in an effort to avoid its protrusion deep into the aorta or pulmonary artery. The diameter of the stent didn`t exceed 3.5 mm in children up to 3 kg and 4 mm in children weighing from 4 to 6 kg. Fixed low-profile coronary stent-system was used for ductal stenting (GenesisSordis, BXsonicPRCordis, DriverRX (Medtronic), IntegrityRX (Medtronic)). The average stent diameter was 3.7 mm (3.5 to 4.4 mm).
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Figure 1.Recanalization and stenting the patent ductus arteriosus. 

Patient T, age - 1 year 9 months, weight – 8 kg, ID № 2542/2012. Diagnosis Tetralogy of Fallot, non- confluent pulmonary artery branches: a - guidewire for recanalization of chronic occlusion pass through the orifice of the arterial duct in to the left pulmonary artery; b - angiographic images of the arterial duct after balloon angioplasty; c - angiographic images of stented ductus arteriosus.

Angiography through guiding catheter was performed to control stent position. Stent was inflated to the nominal size and pressure, according to manufacturer recommendations. After stent implantation control aortography was performed (Fig. 1c). Additional pulmonary balloon valvuloplasty was performed in congenital heart defects with pulmonary stenosis, using balloon catheter Tyshak II « NuMed», with a diameter 120% of the pulmonary artery valve. Pressure measurements, SatO2, and control angiography were performed after balloon dilation to determine the effectiveness of balloon valvuloplasty. 
Table 2.
Immediate results of stenting of the рatent ductus arteriosus.

	Patient

№
	Length of  PDA, mm
	Narrowest diameter PDA
	Stent
	SatO2
Before operation
	SatO2
After operation
	X-ray time
	hospitalization (day)
	Additional endovascular intervention
	Complications

	1. 
	13
	1,5
	3,5х13
	78
	90
	24
	7 
	BPVP
	-

	2. 
	19
	1,5
	4x18
	67
	95
	15
	9
	-
	-

	3. 
	13 
	-
	3.5х18
	55
	90
	52
	10
	Recanalization of PDA, BPVP
	-



	4. 
	22
	2
	3.5х24
	63
	75
	5
	18
	-
	Hydrothorax, pleurocentesis

	5. 
	10
	1
	3.5х12
	75
	98
	21
	13
	BPVP
	-

	6.  
	14
	1,5
	3,5х15
	76
	96
	23
	11
	BPVP
	Hydrothorax, drug treatment.

	7.
	18
	2
	4,4х20
	79
	94
	16
	6
	BPVP
	-

	8.
	     13,8
	   1
	4x15
	88
	97
	   18
	7
	-
	-


After the operation introducers were removed and compression bandage for 6-8 hours was placed. Within 24 hours after stenting was performed prophylactic antibiotics and heparin for the prevention of bacterial complications and thrombosis associated with the procedure were given. Postoperatively, during the first day, all patients received intravenous continuous infusion of heparin at 10 IU / kg / hr. Clotting time was kept within 10-12 minutes. Additional heparin was administered intravenously, bolus, at the rate of 30-50 IU / kg, if necessary. Aspirin was administered at a dose of 5 mg / kg once daily for continuous use. Aspirin was first given on average after 6-12 hours post-procedure.

Results and discussion

Diagnosis was confirmed in all patients with angiography after the preoperative ultrasound study. Ductus arteriosus was patent in six patients. In one patient the duct was not patent – recanalization followed by balloon angioplasty and stenting were performed.

In five cases, arterial duct originated from left truncus brachiocephalicus, in three - from aortic isthmus. In one patient the arterial duct did not function. Mean diameter of the duct at its narrowest point was 1,5 ± 0,6 mm, length - 15,5 ± 3,7 mm. Following stenting with angiographic control, increase in diameter and improved blood flow through the open arterial duct with marked increase in saturation from an mean of 72,8±8,4 tо 91,7±10,3% (Table. 2) were recorded in all patients.

Complications in the early postoperative period occurred in two patients. Both showed radiological signs of edema of the left lung during the first hours after the operation, exudation into the left pleura, which required conservative treatment and, in one case, drainage of the left pleural cavity (pleurocentesis). Complications, in our opinion, were associated with an increased pressure in the blood vessels and transient increase in vascular permeability. In the past three patients to reduce the risk of this complication, the procedure was performed under conditions of mechanical ventilation, which was prolonged for at least 24 hours after procedure. 

Intermediate and long-term results. The follow-up period ranged from two to twenty-eight months. To monitor the result, all patients were subjected to echocardiography after 1 month, 3 months and 6 months after stenting patent ductus arteriosus. Angiography was conducted in the following cases: lack of sufficient information to assess the functioning of the stented arterial duct, progressive decrease in arterial saturation, suspected restenosis in the stent, in preparation for surgical correction of the defects. Two of the seven patients required repeated stenting because of the emergence of a stent restenosis (due to endothelial cell proliferation and ductal tissues) and one patient needed balloon stentoplasty (Fig. 2). The need for these procedures occurred over 3-28 months after initial procedure.
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Figure 2.Patient. T,age - 4 years, weight – 18 kg, ID № 2469/2013. Diagnosis "Tetralogy of Fallot, non-confluent pulmonary artery branches, peripherial right pulmonary artery stenosis". Selective angiography visualization of stent restenosis in PDA.
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a.                                                  b.

Figure 3.Patient S. ID № 1319 and 3099/2013. Angiographic image of left pulmonary artery in a patient with Tetralogy of  Fallot and non-confluent pulmonary artery branches, after PDA  stenting :  

a) 3 months age; b) 9 months age (6 months after stented PDA)

In the long-term, seven patients experienced significant growth of native pulmonary artery branches (Fig. 3). Nakata index increased from the mean of167.5 ± 28.6 to 296.3±59.6. Total neo-pulmonary index (n=2) increased from the mean of 64±20 to 121 ± 64.2, mainly due to the progressive growth of the left pulmonary artery (Table. 3). One patient did not experience significant growth of the pulmonary artery branches, which required re-stenting, and Melbourne systemic-to-pulmonary shunt. Three patients are still followed after stenting. Five of eight patients received total repair of defects without additional palliative cardiovascular surgery, the mean age at surgery being 9.5 ± 7.4 months. Four of these patients underwent unifocalization of the pulmonary arteries without the use of synthetic materials. During long-term follow-up there were no deaths after PDA stenting.

Patent ductus arteriosus stenting is a new and effective method of palliative restoration and maintenance of pulmonary blood flow in children with cyanotic CHD. Stented PDA serves as an aorto-pulmonary anastomosis, increases blood flow in the pulmonary artery, provides a sufficient level of saturation of arterial blood, promotes growth of pulmonary artery branches, a prerequisite for a successful total repair. Compared to surgical methods, stenting is less invasive and allows the patient to progress easier in a post-operative period. This intervention significantly reduces duration of hospitalization, decreases the overall cost of patients` treatment at the hospital and potentially allows to avoid many surgical complications (hemothorax,chylothorax, deformation of the pulmonary artery, phrenicus or recurrent laryngeal nerves injury, bleeding).

Attractive advantages are the option to re-stentoplasty with growth of patient and the absence of adhesions. During the last decade the results of   PDA stenting with cyanotic CHD significantly improved [3,5]. This is due to the accumulation of experience, the advent of advanced, flexible, low-profile stent systems, developing correct indications and patient selection for stenting. Modern literature points to the overall effectiveness of this procedure in patients with relatively straight arterial duct (not more than two bends), requiring a reliable blood flow within 3-6 months [2,8]. Presence of more than two bends of ductus arteriosus significantly increases the complexity of stenting or makes it technically impossible.

Very important during the intervention is the choice of length and diameter of the stent. This is due to the fact that all segments of ducts have the ability to spasm. Even short (3 mm) areas that are not covered by stent segments of the duct can lead to restriction of pulmonary blood flow and hypoxia.

Table 3.

Long-term results of stenting patent ductus arteriosus.

	Patient

№
	Time of Follow- up

(month)
	Total neopulmonary index before procedure
	Total neo pulmonary index, long-term results


	Index Nakata before stenting
	Index Nakata long-time results
	Additional palliative interventions
	Total repair



	1. 
	9
	-
	-
	150
	352
	-
	+

	2.
	28
	84
	185
	-
	-
	Restenting
	-

	3. 
	15
	-
	-
	172
	155
	Stentoplasty
	-

	4. 
	3
	44
	57
	-
	-
	Restenting, Melbourne shunt
	-

	5. 
	5
	-
	-
	140
	278
	-
	+

	6.  
	6,5
	-
	-
	151
	388
	-
	    +

	7.  
	6
	-
	-
	143
	318
	-
	     +

	8.
	2
	-
	-
	249
	277
	-
	       +


For the optimal result of procedure, stent may be several millimeters longer than the duct, and should cover the entire length of PDA. The choice of stent diameter depends on the weight of the patient. We follow these recommendations: for patients weighing 3,0-4,0 kg choose stent diameter of 4 mm, patient weighing 4,0-5,0 kg - stent diameter of 4.5 mm, infants weighing less than 3 kg - 3.5 mm stent. In patients weighing less than 2.5 kg stenting can be dangerous because of the rigidity of delivery systems and their diameter, which can lead to injury and rupture of blood vessels [2]. In cases where stented ductus provides blood flow only in one lung, we choose to 0.25-0.5 mm stent less than the recommended diameter.

Relatively large diameter of the stent in infants can lead to excessive blood flow to the lungs and lung edema, as well as heart failure resulting from an acute increase in preload level. Planning further management policy, one should be aware that diameter of  stented duct will gradually decrease due to pressure of the wall of ductus arteriosus, germination of ductal tissues through the holes of stent and in-stent neointimal proliferation. While planning and conducting interventions one should consider the possibility of specific arterial duct stenting complications (acute stent thrombosis, stent migration) .Acute stent thrombosis occurs in 2-3% of cases and is a life-threatening complication [1,4,8]. In our study none of the patients had evidence of acute thrombosis. On the recommendation of the authors, in the event of acute thrombosis balloon stentoplasty or thrombolytic therapy with streptokinase within 24 hours of thrombosis may be performed. At our institution, when signs of thrombosis are present, first-line management is a bolus of heparin at a dose of 100 (units/kg) followed by determination of the need for the above mentioned treatment. 

One of the complications of arterial duct stenting may be stent migration [5,6]. This problem is not life threatening, but requires surgical removal of the stent and insertion of a systemic-to-pulmonary shunt. To prevent this complication, it is recommended to stop infusion of prostaglandins for several hours before the procedure. However, this is only possible in the absence of severe cyanosis and with sufficient blood flow through the PDA according to echocardiography. We didn`t observe any complications described above in our study. Among early postoperative complications in our study there were 2 cases of hydrothorax that required conservative treatment and pleurocentesis in one case each. To prevent complications such as pulmonary edema, the last three patients who underwent intervention were electively transferred to mechanical ventilation. This allowed to control blood flow in the pulmonary artery by adjusting the parameters of ventilation. According to different authors mortality in PDA stenting ranges from 3 to 20% [2,8].

In our study, there were no deaths. Thus, taking into account our recent experience, stenting of the PDA in certain circumstances is an effective and safe palliative alternative in the treatment of children with heart defects and ductus-dependent pulmonary blood flow.

Conclusions

1. Stenting of patent ductus arteriosus is a safe and effective method of increasing pulmonary blood flow in patients with Tetralogy of Fallot and non-confluent pulmonary artery branches.

2. Stenting of the ductus arteriosus in the first year of life provides growth of pulmonary artery branches.

3. This method allows to increase diameter of stented ductus arteriosus by stentoplasty or repeat stenting.
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