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Abstract 
 

The field of catheter based intervention for congenital heart lesions spans nearly half 

a century beginning with the Rashkind balloon atrial septostomy first performed in 1966 

[1], shortly followed by the first successful percutaneous closure of the patent ductus by 

Porstmann in 1967 [2]. About a decade later in 1976 King and Mills reported the first 

transcatheter closure of an atrial septal defect in a human [3]. The widespread application 

of this procedure would have to wait over two decades of intense technical development. 

Balloon dilation of a stenotic pulmonary valve, described by Kan in 1982, was the first 

percutaneous intervention to gain wide acceptance as the first line of treatment for a 

congenital cardiac lesion [4]. From this relatively straightforward procedure to the recent 

development of transcatheter pulmonary valve replacement [5], this chapter will review 

the current state of the art and future directions of pediatric cardiac intervention. 

 

 

Percutaneous Closure of the Patent 
Ductus Arteriosus 

 

Following Porstmann‘s initial description of a ―plug‖ to close the patent ductus arteriosus 

(PDA), several devices were developed including the Rashkind double-umbrella occluder, 

which required relatively large delivery systems and were somewhat cumbersome to implant 

[2,6]. The introduction of coils for PDA closure by Cambier et al in 1992 simplified the 

procedure and was highly successful for closing relatively small PDA‘s < 2.5 mm in diameter 

[7]. Successful closure of moderate to large PDA‘s up to 11 mm in diameter has been 

accomplished with the development of the Amplatzer Duct Occluder (ADO I), a nitinol frame 

device with polyester fiber packing, resulting in excellent closure rates and low incidence of 

complications [8] (Figures 1A-C). However, this device could not always be implanted in 
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very small patients with large PDA‘s due to excessive protrusion into the aorta or the left 

pulmonary artery. In addition, deployment is limited to a transvenous approach, and there is 

not sufficient flexibility in the device configuration to allow closure of all the different 

morphological types of PDA [9]. The recently introduced new version of this device (ADO 

II), with two low profile discs connected by an articulated waist and elimination of the 

polyester fiber packing, has enabled closure of moderate to large PDA‘s in very small infants 

[10-13] (Figures 2A-C). The manufacturer‘s recommendation for minimum patient weight is 

6 kg, but infants weighing as little as 3 kg have undergone PDA closure with this device [10]. 

The waist diameter ranges from 3 to 6 mm, allowing closure of PDA‘s with minimal 

diameters no larger than 5.5 mm. Based on Krichenko‘s classification of ductal anatomy only 

aortopulmonary window type PDA‘s may not be amenable to closure with this device. Very 

small infants with very large PDA‘s continue to be at risk for left pulmonary artery or aortic 

obstruction caused by the retention discs. Aortic and pulmonary artery angiography can be 

performed with the device fully deployed but not released, and the device recaptured and 

removed if significant obstruction is detected. A smaller device if available can be tried, but 

some patients, most often premature babies, still require surgical closure. The ADO II device 

received CE Mark approval in 2008, and at the time of this writing a clinical trial evaluating 

its safety and efficacy is underway in the United States. For the future, additional design 

changes and a greater range of available sizes may further expand the patient size and ductal 

morphology amenable to percutaneous closure. 

 

 
a    b    c 

Figure 1. A. Angiography in the descending aorta in the lateral projection shows a moderate to large 

patent ductus with dense opacification of the main and branch pulmonary arteries. Note the venous 

catheter has been advanced across the PDA. B. Deployment of the retention disc (aortic end) of the 

ADO I device from a transvenous approach. C. Angiography in the descending aorta following ADO I 

deployment demonstrates complete PDA closure (ADO = Amplatzer duct occluder, PDA = patent 

ductus arteriosus). 
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a   b   c 

Figure 2. A. Deployment of the ADO II device from a retrograde approach as seen in the lateral 

projection. The pulmonary and aortic discs are both deployed and the intervening waist is across the 

PDA, but the device is still attached to the delivery wire. B. Angiography prior to release ensures 

adequate position. C. Angiography in the descending aorta following ADO II deployment demonstrates 

complete PDA closure (ADO = Amplatzer duct occluder, PDA = patent ductus arteriosus). 

 

Pulmonary Valvuloplasty 
 

Balloon dilation of the pulmonary valve, first reported in 1982, is the first line of 

treatment for congenital pulmonary valve stenosis [4]. Excellent immediate and long-term 

results have been reported in children with typical pulmonary valve stenosis with a very low 

incidence of reintervention, provided an adequate balloon to annulus ratio (BAR) is used [14-

19]. Generally the recommended BAR is 1.2 – 1.4, with lower ratios resulting in suboptimal 

outcome. Patients with dysplastic pulmonary valves do not respond nearly as well and 

typically require a BAR closer to 1.4, with adequate relief of obstruction reported in 35% to 

65% of these patients [15,17,18]. Soon after introduction of balloon pulmonary valvuloplasty 

in children the procedure was successfully performed in neonates with critical pulmonary 

valve stenosis [20] (Figures 3A-B). Since that early report, technical advances including 

availability of low profile balloons, preformed catheters, and high torque wires have increased 

the success and safety of the procedure, also considered the first line of treatment in neonates. 

The baby is stabilized with a prostaglandin E1 infusion to maintain the ductus open before 

and during the procedure. An open ductus enables the wire to be advanced across the 

pulmonary valve to the descending aorta for greater stability. The wire can also be 

externalized as a ―wire rail‖ via the femoral artery, facilitating advancement of a balloon 

across the very tiny pulmonary valve orifice [21]. In contrast to older children, 25–30% of 

neonates have residual or recurrent obstruction requiring reintervention, most often within the 

first year of life [22-26]. Repeat valvuloplasty is often successful with long-term relief, but 

15-20% ultimately requires surgery due to either annular hypoplasia and/or subvalvar 

stenosis. 

Severe pulmonary regurgitation is uncommon following pulmonary valve dilation, and 

milder degrees are well tolerated at least in intermediate term follow-up. There is, however, 

increasing evidence that more than mild regurgitation may result in detrimental effects on the 

right ventricle and decreased exercise capacity in the longer term, even in patients with 
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isolated congenital pulmonary valve stenosis [27]. Risk factors for moderate or severe 

regurgitation include younger age, smaller body surface area and larger BAR, particularly 

when ≥ 1.4 [17,28]. It may be prudent, particularly in neonates and in patients with typical 

pulmonary valve morphology, to aim for a BAR closer to 1.2 and not exceeding 1.3 [29,30]. 

For those few patients who may require pulmonary valve replacement late after pulmonary 

valvuloplasty, percutaneous pulmonary valve implantation may become a feasible alternative. 

 

 

Percutaneous Pulmonary Valve Replacement 
 

One of the most exciting developments in pediatric intervention over the past decade has 

been the introduction of the percutaneous pulmonary valve (PPV), first implanted in a human 

in 2000 [5]. A significant number of patients with congenital heart disease require surgically 

placed conduits from the right ventricle (RV) to the pulmonary artery (PA), often at a very 

early age. These conduits have a limited lifespan due to development of stenosis, 

regurgitation or both, with detrimental effects on the right ventricle. Over the course of a 

lifetime multiple operations are needed to replace dysfunctional conduits. Bare metal stenting 

of stenotic RV to PA conduits has been performed at the expense of creating wide open 

pulmonary regurgitation [31,32]. The PPV has the potential to extend the life of these 

conduits, and decrease the number of open heart procedures performed on these patients. 

The Melody percutaneous pulmonary valve (Medtronic Inc., Minneapolis, Minnesota) 

consists of a bovine jugular venous valve sawn to a platinum-iridium balloon expandable 

stent (Figure 4, Video 1). The delivery system is 22 Fr, which is acceptable for children 

weighing at least 20 kg. The current device can be dilated to a diameter of 18, 20 or 22 mm. 

Certain anatomic features must be met by the right ventricular outflow tract (RVOT) ―landing 

zone‖ to allow successful deployment and adequate valve function. The current iteration of 

the valve is limited primarily to patients with an RV to PA conduit ≥ 16 mm and ≤ 22 mm in 

diameter at the time of surgical implantation, as opposed to a native or patched RVOT 

(Figures 5A,B). Balloon sizing of the RVOT is performed to determine suitability, and the 

balloon waist must be ≥ 14 and ≤ 20 mm. At the time of this writing, over a thousand of these 

valves have been implanted worldwide. The valve has received CE Mark, and is approved for 

use in the United States under HDE guidelines. The majority of patients who have benefited 

from this procedure are postoperative tetralogy of Fallot patients who have undergone one or 

multiple surgical pulmonary valve replacement(s) with a homograft or bioprosthetic valve 

[33]. Other patients treated with PPV implantation include those with truncus arteriosus or 

aortic valve disease post Ross operation [34]. 

The largest series reported to date with a mean follow-up of 28.4 months documents very 

good valve function with 70% freedom from reoperation at 70 months [35]. This series 

includes the learning curve from the first 50 patients undergoing the procedure, and 

improvement in patient selection, implantation technique and design of the device have 

further improved these results. A significant reduction in the RV pressure and RVOT 

gradient, and relief of pulmonary regurgitation was achieved with low morbidity. 
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a    b 

Figure 3. A. Right ventricular angiogram in the lateral projection demonstrates the stenotic pulmonary 

valve in a neonate with critical pulmonary valve stenosis. B. Balloon inflation across the pulmonary 

valve shows the typical waist in the middle of the balloon. Note the wire position across the patent 

ductus in the descending aorta. 

 

 

Figure 4. Melody percutaneous pulmonary valve consists of a bovine jugular venous valve sawn to a 

platinum-iridium balloon expandable stent. 

Very few deaths have occurred directly as a result of the procedure, most importantly 

related to coronary artery compression. The current protocol calls for careful evaluation of the 

coronary arteries and their proximity to the RV to PA conduit by cardiac MRI before the 

procedure. In addition, aortic root angiography or selective coronary angiography is 

performed while maintaining a fully inflated balloon across the conduit prior to valve 

implantation. If coronary artery compression results the valve is not implanted. Another 

serious complication is conduit (usually homograft) rupture, and to date no specific risk 

factors for this fortunately rare complication have been found. It is recommended that the 

final diameter of a high pressure balloon or of the valve not exceed the original conduit 

diameter by more than 10%. This complication can be effectively treated in the 

catheterization laboratory by simultaneous pericardiocentesis and/or thoracentesis, 

auto/exogenous transfusion, and insertion of either a covered stent or of the PPV itself. The 

PPV is a covered stent by virtue of the jugular venous tube that contains the valve and is sawn 

to the stent. Alternatively urgent surgical intervention may be required [36]. 
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In mid term follow-up pressure gradients have shown mild increase overtime, while the 

valve has remained remarkably competent even in patients followed as long as 5-10 years. A 

significant problem that can result in stenosis has been stent fractures, reported to occur in 

about 20% of cases. Risk factors for stent fractures include implantation into a native RVOT, 

lack of calcification of the conduit, and recoil of the PPV following balloon deflation [37,38]. 

In the hope of decreasing stent fractures, some operators are pre-stenting the conduits prior to 

valve implantation, with the thought that reinforcing the landing zone will decrease 

compressive stresses on the valve. Preliminary results suggest that pre-stenting does lower the 

risk of stent fractures [39,40]. Patients with stent fractures who develop significant 

obstruction requiring reintervention can undergo placement of a second PPV (37,41). 

The Edwards SAPIEN transcatheter valve has also been implanted in RVOT conduits in 

a small number of patients at the time of this writing. The device is the same as the Cribier 

Edwards transcatheter aortic valve, for which there is extensive experience in high risk 

elderly patients with severe aortic stenosis [42]. This valve consists of three bovine 

pericardial leaflets sawn to a stainless steel balloon expandable stent. The delivery system (22 

and 24 Fr) is a little bulkier than that of the Melody valve. The valve is available in 23 and 26 

mm diameters, and 14.5 and 16 mm lengths. At a median follow-up of 10 months for 7 

patients reported in 2010 the valves were functioning well and no stent fractures had been 

observed [43]. Conduits had to be 18 – 30 mm in size at the time of surgical implantation, and 

significant conduit narrowing had to be present for the valve to be implanted. Pre-stenting 

with a bare metal stent to a diameter 2-3 mm less than the final valve diameter was always 

performed given the relatively short length of this valve. This valve allows implantation in 

patients with larger conduits, but follow-up is more limited than for the Melody valve at this 

time. The valve has received CE Mark, while in the United States a feasibility trial has been 

completed, and further investigation is underway with the goal of receiving HDE. 

At present both percutaneous pulmonary valves are suitable for delivery in surgically 

implanted conduits within the size constraints mentioned above, which account for only about 

15% of patients with pulmonary valve dysfunction. The biggest challenge for the future is the 

larger group with native outflow tracts, most commonly post-operative Tetralogy of Fallot 

patients, whose dilated and distensible pulmonary trunks preclude safe implantation of the 

available devices. A great deal of work currently taking place promises new technology in 

valve design that will hopefully allow extension of percutaneous pulmonary valve 

implantation to the majority of patients in need of a functional pulmonary valve [44,45]. 

 

 

Aortic Valvuloplasty 
 

Severe aortic valve stenosis is a progressive disease typically requiring repeat 

interventions for either recurrent stenosis or progressive aortic insufficiency following either 

surgical or percutaneous palliation. Balloon dilation of the aortic valve, initially reported by 

Lababidi et al in 1984 [46], has become the procedure of choice for initial treatment of 

moderate to severe congenital aortic valve stenosis in the majority of centers. It has also been 

shown to be effective for recurrent stenosis after either balloon dilation or surgical valvotomy, 

as long as there is less than moderate aortic insufficiency [47]. Balloon aortic valvuloplasty 
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has both delayed surgical intervention [48] and reduced the number of open heart surgical 

procedures in this patient population. 

The procedure is performed in most instances from a retrograde approach via the femoral 

artery. It is helpful to place a catheter in the left ventricle from a venous approach through an 

atrial communication or transseptal puncture for continuous monitoring of left ventricular 

pressure. A left ventriculogram delineates the valve anatomy and location of the stenotic 

orifice to guide introduction of the wire across it. An ascending aortogram should be 

performed to evaluate the degree of aortic insufficiency before intervention. Various catheters 

can be used to direct a soft wire across the aortic valve; frequently angled catheters such as 

coronary catheters work well. A stiffer wire is then placed across the valve for balloon 

dilation. In older children and adolescents simultaneous inflation of 2 balloons (double 

balloon technique) minimizes the size of the required arterial sheath thus decreasing vascular 

complications (Figure 6). 

The initial balloon to annulus ratio is chosen to be 0.9 (for double balloons the effective 

balloon diameter is used). Generally a reduction in the gradient to about 50% of the initial 

gradient, or a peak to peak gradient of < 40 mmHg, is aimed for. If this is not achieved with 

the initial dilation an ascending aortogram is performed to evaluate the degree of aortic 

insufficiency, and if less than moderate a slightly larger balloon is used, not to exceed a 

balloon/annulus ratio of 1.0 [49]. Intracardiac echocardiography can also be used to evaluate 

the degree of aortic insufficiency, decreasing the number of angiograms and the radiation 

exposure. Some studies have shown a correlation between balloon:annulus ratio and a 

significant increase in aortic insufficiency, but this has not been a consistent finding 

[47,49,50]. In some cases exceeding the balloon:annulus ratio to slightly > 1.0 may be 

justified. 

 

 
a    b 

Figure 5. A. Deployment of the Melody percutaneous pulmonary valve in a patient with truncus 

arteriosus status post prior surgical pulmonary valve replacement with a 20 mm homograft. The inner 

balloon is fully inflated and the outer balloon is beginning to be inflated. Two stents were placed in the 

homograft prior to pulmonary valve insertion to reinforce the landing zone. B. Main pulmonary artery 

angiogram following Melody valve implantation shows a well expanded and completely competent 

valve. 

 

 



Lourdes R. Prieto 668 

 

Figure 6. Aortic valvuloplasty using the double balloon technique. Note the waist in the middle of the 

balloons at the level of the valve annulus. Also note the ventricular pacing wire in the right ventricle for 

rapid ventricular pacing during balloon inflation and the intracardiac echocardiography probe in the 

right atrium to assess for aortic insufficiency during the procedure. 

In older children and adolescents cardiac contractions during inflation can result in 

significant movement of the balloons across the aortic valve, making it difficult to maintain 

the balloon in optimal position, and potentially causing damage to the valve or myocardium. 

Rapid ventricular pacing during balloon inflation stabilizes balloon position by transiently 

decreasing cardiac output [51]. A pacing rate that decreases the blood pressure by about 50% 

from baseline has been found to work well [52]. 

Neonates with critical aortic valve stenosis are also treated with balloon dilation in most 

centers, and results have been shown to be comparable to surgical valvotomy [53]. The 

approach in the majority is also retrograde from the femoral artery, but the carotid artery and 

umbilical arteries have also been used. Antegrade approach via the femoral vein through an 

interatrial communication and across the mitral valve is another option when crossing the 

valve retrograde proves difficult, but care must the taken not to injure the mitral valve. 

Complications are in the order of 5% outside of the neonatal period, most commonly 

rhythm disturbances and vascular problems at the access site. More serious complications 

such as leaflet evulsion or myocardial perforation can occur but are rare. Severe aortic 

insufficiency immediately after valvuloplasty requiring surgical intervention has been 

reported to occur in 0-1% of patients [47,54]. Neonates have a higher risk of complications, in 

the order of 10-15%. Similarly mortality is rare in older children, but about 15% in neonates 

within 30 days of the procedure. However a significant proportion of these infants in most 

studies have succumbed due to inadequate left heart structures and/or endocardial 

fibroelastosis [53]. 

Although reintervention is common, 10 year survival free from aortic valve surgery has 

been reported to be around 60% for patients undergoing valvuloplasty at < 1 month of age, 

and around 70% for older patients [48,50,55]. Freedom from either surgical or catheter 

reinterventions is about 50% at 10 years in children [50], and 50% at 5 years in neonates 

[53,56]. Transcatheter aortic valve implantation is currently being performed in adult patients 

with severe aortic stenosis who are high risk surgical candidates, but it is not yet feasible in 

the pediatric population [57]. 
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Coarctation Angioplasty or Stenting 
 

Despite nearly 3 decades since the first report of percutaneous balloon angioplasty of 

aortic coarctation in 1982 [58], the role of balloon dilation and/or stent angioplasty in the 

treatment of this lesion is still evolving, with many questions yet to be answered. It is widely 

accepted that neonates and infants with native coarctation of the aorta should undergo 

surgical intervention due to the very high incidence of recurrent obstruction in this age group 

following balloon dilation [59]. It is also widely accepted that teenagers and adults with 

newly diagnosed coarctation can generally undergo stenting as a first line of treatment. The 

approach to patients beyond infancy but who are not yet close to fully grown varies with 

institutional philosophy. The absence of long-term, randomized studies comparing surgery to 

transcatheter treatment modalities result in the lack of a standardized approach, while 

retrospective short and mid-term data reveals some of the pros and cons of the different 

available therapies. 

The use of stents in small children is generally avoided due to inability to implant a stent 

that can be later dilated to adult size to keep up with the patient's growth. Implantation of a 

low-profile stent that can be accommodated by the vascular structures of a small child would 

result in the creation of a fixed obstruction over time as the healthy aorta grows around the 

stent. Elimination of this obstruction would require surgical stent removal and extensive 

aortic reconstruction, a situation that should certainly be avoided. Balloon angioplasty is 

therefore the transcatheter treatment generally considered in this group of patients. 

Balloon angioplasty has been shown to achieve a similar immediate relief of obstruction 

in comparison to surgery, with comparable complication rates. However, recurrent stenosis is 

more common, hovering around 25% in contrast to 5-10% after surgery [60,61]. The reported 

rate of aneurysm formation varies greatly from one series to another ranging from 0-43%, 

owing in part to differences in the definition of an aneurysm, lack of standardized imaging 

protocols and variable lengths of follow-up. Some of the aneurysms became apparent as late 

as 6-8 years after ballooning [61,62]. Long-term follow-up studies are needed to determine 

the true incidence and clinical significance of aneurysms. 

Technically balloon dilation of aortic coarctation is relatively straightforward. A wire is 

positioned in the ascending aorta from a femoral arterial approach. It is important to make 

accurate measurements of the aortic arch, isthmus, coarctation site and descending aorta at the 

level of the diaphragm. A balloon diameter is chosen equal to the size of the healthy aorta 

proximal to the coarctation and generally not exceeding the coarctation diameter by more 

than a 4:1 ratio. If a residual gradient of more than 10-20 mmHg persists a larger balloon can 

be used typically not exceeding the diameter of the aorta at the diaphragm. 

Stent angioplasty for coarctation of the aorta was first introduced in the mid 1990s by 

Charles Mullins [63,64]. Several studies have documented excellent relief of the obstruction 

with residual gradient less than 20 mmHg or increase in the coarctation to descending aorta 

diameter ratio of > 0.8 in 98% of patients [65-69]. The absence of recoil allows use of a 

balloon that is equal to the final desired diameter and not greater, theoretically resulting in 

less aortic wall disruption than may be caused by balloon angioplasty. The patient should be 

large enough to allow placement of a stent that can be dilated to adult size either at the time of 

deployment or at subsequent catheterizations. There are currently 2 approved stent series that 

can be expanded to 26 mm, the normal mean diameter of an adult male aorta. The Johnson 
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and Johnson (Cordis) Palmaz XL 10 series (3110, 4010, 5010) is designed to expand to a 

minimum of 10 mm, and can be later expanded to a maximum of 25-28 mm. There will be 

some shortening at these larger diameters that the operator must be aware of. The second line 

approved in 2002 is the EV3 IntraStent LD Max series (EV3, Bloomington, MN). It has an 

open cell design reducing the degree of shortening, and more rounded cell edges at the stent's 

ends than the Palmaz series, theoretically decreasing aortic injury as the stent expands. The 

stent can also be enlarged to 24-26 mm, and has slightly less radial strength than the Palmaz 

series. Available lengths are 16, 26 and 36 mm. In addition to these large stents the Palmaz 

Genesis XD series (Cordis) may be appropriate for some patients due to its greater flexibility, 

facilitating advancement around curves. The maximum expanded diameter of this stent is 18-

20 mm, however many patients with coarctation appear to have some degree of generalized 

aortic hypoplasia and their aorta will not grow beyond this size. All of these stents must be 

manually mounted on the appropriate sized balloon in a way that minimizes the risk of 

slippage of the stent off the balloon. The BIB balloon (balloon in balloon, NuMED, 

Hopkinton, New York) is preferred by most operators as it allows gradual expansion of the 

stent and ability to reposition after inflating the inner balloon, followed by inflation to the 

intended diameter by the outer balloon (Figures 7A-C). 

The balloon size is chosen to be equal to the diameter of the distal transverse arch or the 

descending aorta at the level of the diaphragm, whichever smaller. A stiff wire is positioned 

across the coarctation from a retrograde approach and a long sheath advanced proximal to the 

coarctation. The balloon and stent combination is advanced inside the sheath to the 

coarctation segment. The sheath is withdrawn and stent positioning prior to deployment is 

checked by injection of contrast via the sheath or via a second arterial catheter. 

The overall complication rate for this procedure is in the order of 5-10%, and includes 

aortic wall injury including catastrophic aortic rupture, stent migration, balloon rupture, 

cerebrovascular accident, peripheral embolic events, and injury to the vascular access sites 

[66]. To minimize the risk of aortic rupture a staged approach is sometimes elected with 

intentional partial dilation of the stent at the initial implantation and further dilation to the 

final intended diameter 6-12 months later. Patients with near atresia and older patients, known 

to be at higher risk of aortic rupture, are suitable candidates for staged approach. 

Alternatively, implantation of a covered stent would significantly decrease, although not 

completely eliminate, the risk of rupture. Covered stents are not yet approved in the United 

States, but will likely receive approval in the near future upon completion of the Coarctation 

of the Aorta Stent Trial (COAST). Institutions currently participating in this trial have access 

to covered stents and can, under specific circumstances, request to use one on an emergent 

basis. 

Intermediate term followup for stent angioplasty demonstrates a very low incidence of in-

stent restenosis [70]. Reported reintervention rates as high as 40% include patients with 

intentional staged approach and therefore do not reflect recurrent stenosis. Late aneurysm 

formation has been reported in up to 6% of patients [71]. The risk of aortic wall injury on 

follow-up was noted to be higher when the balloon to coarctation ratio exceeded 3.5 and 

when pre-stenting balloon angioplasty was performed [65]. 

Transcatheter therapy is generally offered as the first line of treatment for recurrent 

coarctation (recoarctation) following surgery at any age, with the exception of patients with 

extended aortic arch hypoplasia. However, prospective studies comparing surgery and 
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transcatheter therapy for recoarctation are lacking. The choice of balloon angioplasty or stent 

placement follows the patterns discussed above. 

 

 
a   b   c 

Figure 7. A. Angiography in the descending aorta in the lateral projection shows a discrete coarctation 

in the typical location just below the left subclavian artery. B. Inflation of the inner balloon of a BIB 

balloon partially deploys the stent and allows further assessment of positioning before full deployment. 

C. Angiography post stenting shows excellent relief of the coarctation. 

A significant limitation to percutaneous treatment of coarctation is the creation of a fixed 

obstruction by placement of a stent in a growing patient that cannot be dilated to adult size. 

The concept of biodegradable stents to provide temporary scaffolding, and allow further 

growth of the vessel or further percutaneous intervention as the patient reaches adult size, has 

received considerable attention. Clinical trials with biodegradable stents from several 

materials including polymers and magnesium alloys in coronary or peripheral arteries have 

not demonstrated superiority over existing stents in those settings, where adaptation to growth 

is not the limiting factor [72]. However, further development of this technology may play an 

important role in growing infants and children. Use of a biodegradable magnesium stent to 

temporarily relieve a critical recoarctation in a newborn has been reported [73]. Other stent 

designs such as the Growth Stent [74,75], made of two separate longitudinal halves of 

stainless steel connected with bioabsorbable sutures, will continue to extend the interventional 

repertoire for percutaneous treatment of this and other lesions to younger patients. 

 

 

Percutaneous Atrial Septal Defect Closure 
 

The last decade has seen an explosion in feasibility and technical advances of 

percutaneous atrial septal defect closure (ASD). Percutaneous closure is now the procedure of 

choice over surgical closure for the majority of atrial septal defects in both children and 

adults, with experienced centers successfully closing over 80% of all ASD's [76]. There are 

currently 3 FDA approved devices in the United States for ASD closure: The Amplatzer 

septal occluder (ASO; AGA Medical Corp., Golden Valley, MN), the Helex septal occluder 

(W. L. Gore and Associates, Flagstaff, Arizona) and the Amplatzer cribriform septal occluder 

(ASO; AGA Medical Corp., Golden Valley, MN). Several other devices are available outside 

the United States, and development of new devices continues to be a very active field. 
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Although each device has different technical attributes in general the procedure is carried 

out in a similar fashion. In addition to fluoroscopy either transesophageal echocardiogram 

(TEE) or intracardiac echocardiography (ICE) is used to evaluate the anatomy of the ASD 

and to guide closure [77]. Choice of the type and size of device depends on the size and the 

anatomic features of the defect. In addition to the static diameter of the ASD obtained in 

multiple echocardiographic views the majority of operators use the "stop-flow" balloon 

stretched diameter to size the defect. The atrial septal defect is crossed from a femoral venous 

approach with an end hole catheter and the left superior pulmonary vein is accessed. A stiff 

wire is positioned in the vein and used to advance a balloon sizing catheter across the atrial 

septal defect. While interrogating the septum with color Doppler the balloon is inflated only 

until shunting through the defect is eliminated by disappearance of color flow [78]. The 

diameter of the balloon at the point of contact with the ASD rims represents the ―stop-flow‖ 

stretched diameter. Typically a mild waist in the balloon will be visible by both fluoroscopy 

and TEE or ICE. Depending on the device a delivery sheath is advanced over the wire into the 

left atrium or the device and delivery sheath ensemble is advanced together across the ASD. 

The device is then deployed according to specific recommendations. 

The first device to obtain FDA approval was the Amplatzer Septal Occluder in December 

2001 [79] (Figures 8A,B). The device is made of nitinol and consists of two expandable discs 

with a connecting waist. The left atrial disc is slightly larger than the right atrial disc since the 

direction of flow through an ASD is from left to right. A polyester mesh inside the nitinol 

frame enhances thrombogenicity. The delivery sheath ranges from 8 to 12 French depending 

on the size of the device. Although the device comes with its own delivery sheath, some 

operators prefer to either modify the sheath or use specially shaped sheaths that allow a more 

parallel approach of the left atrial disc to the septum [80-82]. Closure is achieved by the 

central waist which self centers at the ASD and exerts a radial force against the defect rims. 

The left and right atrial discs flatten against the surrounding septum stabilizing the device in 

place. Available sizes range from 4-38 mm (central waist diameter) in the United States, and 

up to 40 mm in other countries. 

 

 
a   b 

Figure 8. A. Amplatzer Septal Occluder is a memory shaped nitinol device consisting of two 

expandable discs connected by a central waist. A polyester mesh inside the nitinol frame promotes 

closure. B. Right atrial angiogram shows no residual shunt across an atrial septal defect closed with an 

Amplatzer device. Note the ICE probe in the right atrium. (ICE = intracardiac echocardiography). 
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The device size is chosen to be equal to or within 1-2 mm of the ―stop-flow‖ stretched 

ASD diameter, meaning that ASD's with a stretched diameter as large as 38 mm can 

theoretically be closed percutaneously. However, other considerations must be taken into 

account, including the total septal length to accommodate the device in smaller patients and 

the available rims around the defect. It is generally accepted that a rim is adequate if it 

measures more than 5 mm. Of all the available devices, the ASO is the most likely to allow 

closure of an ASD even when some of the rims are relatively deficient. Specifically, when the 

antero-superior (also known as retro-aortic) rim is deficient the device can obtain stable 

position by straddling the aorta. Deficiency of the postero-inferior rim is the most problematic 

for all devices and such ASD's typically require surgical closure [81]. Several techniques 

have been described to increase the success of ASD closure even in patients with very large 

or anatomically challenging ASD‘s, such as deployment of the left atrial disc within the left 

or right upper pulmonary vein followed by release of the waist and right atrial disc while 

simultaneously withdrawing the left atrial disc towards the septum [80]. Care must be taken 

not to injure the pulmonary vein with this maneuver. A balloon-assisted technique to support 

the left atrial disc of the Amplatzer device during deployment may also facilitate closure of 

large ASD‘s [83]. 

The Helex device, approved by the FDA in 2006, is a low profile double disc occluder 

made of polytetrafluoroethylene bonded to a nitinol wire frame (Figures 9A-E). It is available 

in 15-35 mm diameters in 5 mm increments. It is a relatively pliable, non-self centering 

device and can be delivered through a 9 French sheath. It has the additional safety feature of a 

retrieval cord that allows removal following implantation if the device does not appear to be 

adequately positioned or there is a significant residual shunt. The recommended device to 

stretched ASD diameter ratio is 2:1. This device is therefore not suitable for large ASD's with 

―stop-flow‖ diameter > about 18 mm. However, its lower profile makes it well suited for 

small to medium sized ASD's, particularly in young children. 

The Amplatzer Multi-Fenestrated Septal Occluder (―Cribriform‖ Occluder) was also 

approved by the FDA in 2006. As its name implies, it is designed specifically for closure of 

multiple fenestrations in the atrial septum [84]. It is available in four sizes (18, 25, 30, and 35 

mm). It is similar to the Amplatzer septal occluder described above, but the central 

connecting waist is narrow and the two discs are equal in size. This design allows the device 

to be placed through a relatively small hole while the discs cover other adjacent holes. The 

Helex device has also proven to be a good device for closure of fenestrated ASD‘s. 

Multiple studies have documented excellent results for percutaneous ASD closure 

comparable to those of surgical closure [76,79,85-87]. Although a small amount of residual 

shunting can be present either through or around the device immediately after deployment the 

majority decrease in size or completely disappear on follow-up as endothelialization of the 

device occurs. Clinical success, typically defined as complete closure or small, 

hemodynamically insignificant residual shunts ≤ 3 mm in diameter, is achieved in about 98% 

of patients by 12 months of follow-up. Major complications such as device embolization, 

heart block, and cerebrovascular accidents are rare, occurring in less than 5% of patients in 

most large series. 

An important, although exceedingly rare complication, is erosion of the atrial wall by the 

device resulting in pericardial effusion or frank tamponade. As of the time of this writing the 

incidence of this complication is approximately 0.1% for the Amplatzer device [88], while it 

has not been reported to occur with the Helex device. About 80% of these perforations occur 
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in patients with deficient anterosuperior (aortic) rim and occur at the roof of the right or left 

atrium or in the atrial junction with the aorta resulting in either hemopericardium or aortic 

fistula. It has been speculated that oversizing the device may be causative, and the 

manufacturer advises against using a device that is ≥ 1.5 times the static (unstretched) 

diameter of the ASD. However, there is variability in the experience of the interventional 

community with regards to the mechanism of perforation. Some feel that undersizing the 

device such that it does not straddle the aorta carries a higher risk due to greater motion of the 

device relative to the heart and increased friction between the edge of the device and the atrial 

roof or aorta [89]. 

 

 
a 

 
b    c 

 
d     e 

Image courtesy of W. L. Gore and Assosiates, Inc. 

Figure 9. A. Helex septal occluder is a double disc occluder made of polytetrafluoroethylene bonded to 

a nitinol wire frame. B. Both discs of the Helex device have been formed. The device is still attached to 

the control catheter via a thread, allowing removal if needed because of malposition or significant 

residual shunting. C. Recirculation phase of a right atrial angiogram showing opacification of the left 

atrium and complete ASD closure with the Helex septal occluder. D. Intracardiac echocardiography 

guiding placement of a Helex device shows the left atrial disc approaching the septum. E. Intracardiac 

echocardiography shows the fully released Helex device. (LA = left atrium, RA = right atrium). 
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Improving the results of percutaneous ASD closure and minimizing complications 

continues to be an area of intense research. There is a great deal of interest in developing 

biodegradable devices in the hope of diminishing long-term complications and allowing 

future transseptal access for left heart catheterization or treatment of arrhythmias originating 

on the left side of the heart. A biodegradable device would decrease the risk of long-term 

thrombogenicity or any chronic tissue reaction to a foreign body. Most importantly, the long-

term risk of erosion may be eliminated. The BioSTAR device (NMT Medical, Boston, MA) is 

a partially resorbable implant already in existence. It consists of a stainless steel double 

umbrella framework with a nitinol ring connecting the ends of the 8 arms. Two discs of 

acellular porcine collagen are attached to the wire frame and are completely absorbed within 

6 months of implantation, leaving only the wire frame behind. A new generation of this 

device (BioTREK, NMT Medical) is undergoing preclinical trials at the time of this writing. 

The BioSTAR device, which follows the family of clamshell-type devices (CardioSEAL, 

STARFlex; NMT Medical) is limited to small to medium-size ASD's and requires an 

adequate anterosuperior rim to avoid prolapse of the left atrial disc into the right atrium [90]. 

Further research should be aimed at creating more versatile biodegradable devices capable of 

closing larger defects. 

Future advances in echocardiographic imaging of the atrial septum in the form of three-

dimensional reconstruction would enhance the interventionalist's ability to deal with complex 

anatomy, such as multiple defects. It would also improve our understanding of the 

relationship between the device and adjacent cardiac structures. This technology has now 

been coupled with a transesophageal probe that allows on line display of the three-

dimensional septal anatomy. Progress is still needed in improving temporal resolution. 

Improved training of echocardiographers in this area should allow more widespread clinical 

use of this valuable technology [91]. 

 

 

Percutaneous Ventricular Septal Defect Closure 
 

Percutaneous closure of ventricular septal defects was first attempted in 1988 with the 

same class of clamshell-type devices originally intended for closure of atrial septal defects 

[92]. More recently Amplatzer devices specifically designed for VSD closure have become 

available. Despite this, a relatively small minority of ventricular septal defects are closed 

percutaneously at this time. The anatomy of the ventricular septum presents a greater 

challenge both in obtaining adequate positioning across the VSD for device delivery and in 

avoiding impingement of important structures such as the conduction system or the 

intracardiac valves. Unlike ASD's, large VSD's resulting in congestive heart failure and 

pulmonary hypertension require closure in infancy, therefore patient size is an important 

limiting factor to percutaneous VSD closure. Even in larger patients the procedure requires a 

high level of technical expertise and should only be performed in specialized centers with 

high volume and pediatric cardiothoracic surgical backup. 

In a discussion of percutaneous VSD closure it should be emphasized that the natural 

history of ventricular septal defects needs to be well understood for adequate selection of 

patients [93]. Asymptomatic patients with moderate to large, but pressure restrictive VSD‘s 

can be observed even in the presence of significant left ventricular dilation early in life. The 
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vast majority of these patients will experience spontaneous progressive decrease in left 

ventricular dimensions during childhood. There is no recommendation at this time to close 

ventricular septal defects only to decrease the small risk of bacterial endocarditis in the 

absence of sufficient evidence demonstrating that the risk of closure, whether surgical or 

transcatheter, is smaller than the risk of endocarditis [94]. 

One of the most important roles of transcatheter VSD devices is in closure of 

hemodynamically significant muscular ventricular septal defects, which are sometimes 

difficult for the surgeon to visualize or which may require ventriculotomy for the surgical 

approach (95). A small percentage of these patients have multiple muscular ventricle septal 

defects, or what is referred to as Swiss cheese septum. These patients can be extremely 

challenging for the surgeon, and although also extremely challenging for the interventional 

cardiologist, percutaneous closure of at least the most significant VSD‘s can sometimes be the 

best approach. 

Although data remains relatively limited percutaneous closure of post-operative residual 

ventricular septal defects is a valuable option in sometimes very ill or complex patients 

(Figures 10A-D). These defects are often in areas difficult to reach by the surgeon, and 

require a second open heart procedure to close surgically at a time when myocardial function 

may be compromised by persistence of a hemodynamic burden following cardiopulmonary 

bypass [95,96]. 

In most circumstances deployment of a VSD device is best accomplished by creation of 

an arteriovenous wire loop. The VSD is crossed from the left ventricle with the aid of an 

angled catheter. An exchange length guidewire is advanced across the VSD into the right 

ventricle and into a branch pulmonary artery. The wire is snared in the pulmonary artery and 

exteriorized via either the right internal jugular or the femoral vein. If the VSD is located in 

the mid, posterior or apical septum the right internal jugular vein is chosen and for anterior 

muscular or perimembranous VSD‘s the femoral vein provides a better course. The delivery 

sheath is then advanced from the vein over the wire across the VSD and positioned in the left 

ventricle. The device is then deployed according to protocol for the specific device. 

Retrograde delivery can also be performed depending on the anatomy if the patient size 

allows placement of the required sheath in the artery. Delivery of the device should be guided 

by both fluoroscopy and transesophageal echocardiography. 

Two devices are currently approved by the FDA for closure of muscular ventricular 

septal defects. The CardioSEAL device, from the family of clamshell-type devices, is a self 

expandable device with a double umbrella design. Each umbrella has four metal arms joined 

in the center and covered with a woven Dacron fabric. Knauth et al reported the largest series 

to date of VSD closure with this device [95]. More than 90% of the patients had either 

complete closure or significant decrease in the VSD size. Device arm fractures were observed 

in about 15% of devices, with a higher frequency in the larger devices, but were not 

associated with clinical problems. The complication rate was not insignificant, with 

approximately half the patients having a moderately serious or serious event. However, many 

of these included transient hemodynamic instability during these complex procedures with no 

permanent sequelae. Explantation of the device was necessary in 8% of the patients due to 

malposition, embolization or a significant residual shunt. There was one death directly related 

to device closure. 
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a    b 

 
c    d 

Figure 10. A. Left ventricular angiogram in a patient with congenitally corrected transposition status 

post double switch procedure shows a significant residual ventricular septal defect with opacification of 

the main and branch pulmonary arteries. B. Arteriovenous wire loop to allow insertion of the delivery 

sheath from the venous side across the VSD. The VSD was crossed retrograde from the left ventricle, 

the wire was snared in the main pulmonary artery and brought down to the IVC. C. Injection of contrast 

via the delivery sheath to check device position after deployment of the left ventricular disc while 

forming the right ventricular disc. D. Left ventricular angiogram after release of the VSD device shows 

no significant residual shunting. (IVC = inferior vena cava, VSD = ventricular septal defect). 

The second approved device is the Amplatzer muscular VSD occluder. Similar to the 

Amplatzer ASD device, it is made of nitinol wire with a polyester mesh inside. The waist is 7 

mm long to accommodate the ventricular musculature, and the left and right ventricular discs 

are 8 mm larger than the connecting waist. It is available in 4-16 mm diameter (which refers 

to the waist) and requires a 6-9 French sheath for delivery. The device is chosen to be 1-2 mm 

larger than the VSD diameter as measured by TEE at end diastole. 

Excellent results have been reported by large centers with successful deployment in 85-

95% of patients and closure rates of 90-95% [97,98]. Severe complications do occur in 7-10% 

of patients including device embolization, valve regurgitation, arrhythmias, perforation, 

hemolysis and complete heart block. Complications are associated with younger age and 

lower weight of the patient at the time of the procedure. 

The Amplatzer perimembranous VSD device was developed more recently and has 

undergone initial clinical trials, but has not received FDA approval [99]. It is also made of 
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nitinol wire with a polyester mesh inside to promote thrombosis. The device is asymmetric 

with the aortic end of the left ventricular disc only 0.5 mm larger than the waist in order to 

avoid impingement on the aortic valve, and the other end 5.5 mm larger than the waist. The 

right ventricular disc is 2 mm larger on either side. A 2 mm rim of tissue below the aortic 

valve is required to be able to implant this device. In the initial trials patients had to weigh at 

least 8 kg in order to be included. Although good closure rates have been reported by large 

centers [100] complete heart block occurs in about 5-6 % of patients in most series and is 

associated with younger age [99,100]. It can occur during or early after the procedure, but can 

also be a late event as long as 20 months post device deployment. Rare reports of late sudden 

death may be related to late onset of complete heart block. In some patients new aortic 

insufficiency has been observed after deployment of this device. Given these potential 

complications, particularly in younger patients, surgical closure of perimembranous VSD‘s 

remains the procedure of choice in the majority of patients at the time of this writing. 

Outside the United States Nit-Occlud coils (pfm medical, Cologne, Germany), originally 

designed for closure of PDA‘s [101], have been used to close small to moderate muscular and 

perimembranous VSD‘s with good results [102]. The device is made of nitinol coils in a 

cone-in-cone configuration. A new, stiffer version of the device with the addition of polyester 

fibers covering its distal end is currently being evaluated in clinical trials for closure of 

muscular and perimembranous VSD‘s ≤ 7 mm in diameter. Patients must be older than 24 

months for inclusion, and the rim of the VSD must be at least 3 mm from the aortic annulus. 

The deployment technique is as described above with formation of an arteriovenous loop and 

advancement of the delivery sheath from the venous side. The presence of some aneurysmal 

tissue at the VSD is advantageous for anchoring this device. Complete heart block associated 

with this device has not been described, but clinical experience is relatively limited. 

Future advances in VSD closure techniques should focus on development of devices with 

less potential for impingement on intracardiac valves or on the conduction system. Improved 

visualization of the complex 3-dimensional anatomy of the ventricular septum and 

surrounding structures with such modalities as 3-dimensional TEE or MRI to guide the 

procedure would be a great advantage [103,104]. The development of MRI compatible 

catheters, wires and other interventional equipment is currently an area of ongoing research 

[105]. 

 

 

Pulmonary Artery Stenosis 
 

Interventional work on the branch pulmonary arteries runs across the gamut of congenital 

cardiac lesions including tetralogy of Fallot, single ventricle, and syndromes associated with 

pulmonary artery stenosis such as William‘s syndrome (Figures 11 A, B). The ability of the 

interventional cardiologist to reach peripheral pulmonary arteries not accessible to the 

surgeon plays an important role in improving the outcome of either definitive treatment or 

palliation of multiple congenital cardiac lesions. 

Balloon angioplasty is the transcatheter procedure of choice in small peripheral 

pulmonary arteries, or when patient size precludes stent implantation due to inability to 

expand a small stent to adult size. Exact definition of the anatomy by selective angiography in 

the stenotic branch is imperative. Access to a stenotic pulmonary artery branch can sometimes 
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be challenging, particularly in patients with complex congenital heart disease and prior 

surgery involving the right ventricular outflow tract, systemic to pulmonary artery shunts, or 

surgically reconstructed pulmonary arteries. Angled catheters and high torque wires can be 

very useful. When dilation of multiple peripheral stenoses is to be performed, it is helpful to 

maintain a long sheath in the proximal pulmonary artery for post dilation angiography, and to 

ease multiple exchanges of wires and catheters. 

The availability of high pressure balloons that can reach as high as 20-25 atmospheres, 

and more recently cutting balloons [106] has improved the results of pulmonary artery 

balloon angioplasty over the past decade, but a restenosis rate of about 30% is still observed 

[107,108]. For conventional (as opposed to ―cutting‖) balloon angioplasty, generally a 

balloon is chosen that is 3 – 4 times the diameter of the stenotic segment and no more than 1.5 

times the diameter of the distal vessel. A successful dilation has been arbitrarily defined as an 

increase of 50% or more in vessel diameter, or a decrease of more than 20% in systolic right 

ventricular to aortic pressure ratio [109]. Acute success with currently available balloons is 

around 70-80% [108]. Vessels resistant to high pressure balloon angioplasty may respond to 

either cutting balloon angioplasty alone, or cutting balloon angioplasty followed by high 

pressure ballooning. Cutting balloons, available in diameters from 4 to 8 mm, have three or 

four microsurgical blades with a cutting depth of 0.15 mm mounted longitudinally at 90 

degree angles to the balloon. The cuts made by the blades create sites for the tear to enlarge 

when further dilated with a high pressure balloon. Success rates as high as 90% have been 

reported for resistant vessels treated with cutting balloons [110]. Repeat dilation for recurrent 

stenosis can be performed, and it is often possible to use larger balloons if there has been 

interim growth of the distal vessel. Although repeat procedures for peripheral pulmonary 

artery stenosis are not infrequent, ultimately significant gains in vessel diameter can be 

achieved. 

 

 
a    b 

Figure 11. A. Left pulmonary angiogram in a patient with single ventricle status post cavopulmonary 

anastamosis shows significant proximal left pulmonary artery stenosis. Note the hemiazygous vein, 

which was decompressing the cavopulmonary anastamosis and causing increased cyanosis, was closed 

with coils. B. After stent placement in the left pulmonary artery there is marked improvement with no 

residual stenosis. 

Excellent results have been reported for pulmonary artery stenting in larger patients 

[111,112]. The Palmaz Genesis series of unmounted balloon expandable stents have excellent 

radial strength and are typically flexible enough to maneuver the curves associated with 
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delivery to a stenotic pulmonary artery branch. Another important feature of these stents is 

that they can be redilated to larger diameters (as large as18 mm) at subsequent procedures to 

accommodate for somatic growth. A long sheath must first be placed past the stenotic 

segment, and after manually mounting the stent on the balloon the balloon-stent assembly is 

advanced to the stenosis. The balloon diameter is chosen to match the distal vessel. Acute 

success is almost always achieved with stent implantation, with increases of more than 100% 

in stenosis diameter and greater than 75% reduction in pressure gradient [113-115]. In mid to 

long-term follow-up a small amount of neo-intimal proliferation about 1 mm in diameter is 

observed within the stent, but the incidence of significant restenosis has been found to be only 

2 - 4% [112,115]. Stent redilation, most often performed to enlarge the stent to accommodate 

for somatic growth, has been shown to be effective [116]. 

Premounted stents can be delivered directly over a wire without placement of a long 

sheath across the stenosis, and require smaller sheaths than manually mounted stents. They 

would be a better option in smaller children, in whom placement of a large, long sheath in a 

pulmonary artery can be associated with hemodynamic instability, or may be prohibitive due 

to the required sheath size. However, these stents are limited in the final diameter that can be 

achieved at subsequent dilations, and therefore can result in a fixed stenosis with somatic 

growth. A new premounted stent, the Valeo Biliary Lifestent (Edward Lifesciences, Irvine, 

CA), may allow dilation to adult size pulmonary arteries, although dilation to such diameters 

(18-20 mm) has only been tested outside the body [117]. It has less radial strength than the 

Palmaz series, and an open cell design that may be subject to more intimal proliferation. 

Clinical experience with this stent is very limited at this time. 

Significant complications of percutaneous treatment of pulmonary artery stenosis, 

reported to occur in 5-15% of patients in various series, include exanguination from vessel 

rupture, pulmonary hemorrhage, pulmonary edema from acute increase in perfusion, and 

pulmonary artery aneurysm. Limited follow-up on these aneurysms suggests that they tend to 

remain the same or decrease in size over time, and not cause significant clinical sequelae 

[109]. Of note, patients with isolated congenital pulmonary artery stenosis, such as seen in 

William‘s syndrome, are at higher risk of complications and derive less benefit both acutely 

and long-term from pulmonary artery intervention [115,118]. 

Improving balloon and stent technology, such as drug eluting balloons and stents, and 

importantly absorbable stents, may further improve the results of pulmonary artery 

interventions, particularly in smaller patients. 

 

 

Pulmonary Vein Stenosis 
 

Congenital pulmonary vein stenosis remains one of the most difficult problems faced by 

pediatric cardiologists, and mortality remains high regardless of treatment modality [119]. 

Although immediate improvement can be seen with balloon angioplasty, recurrent stenosis 

occurs in the vast majority of patients. Restenosis following stent implantation is nearly 

universal. Repeated interventions with increasingly larger balloons, or repeated dilation of 

stents to relatively large diameters may achieve reasonable mid-term results in some patients 

[120], but no series has reported acceptable long-term results. Maximizing the stent size has 

been associated with good outcomes in acquired post-ablation pulmonary vein stenosis [121], 
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but the pathology underlying congenital pulmonary vein stenosis is different and the response 

is likely to be less favorable. Cutting balloon angioplasty has also been disappointing [122]. 

Drug eluting balloons or larger drug eluting stents may be beneficial, but are untested beyond 

very short follow-up [123,124]. 

 

 

Miscellaneous Procedures 
 

Several other percutaneous pediatric interventions are commonly performed, sometimes 

adapting the same devices described above to other applications. Closure of abnormal 

vascular connections (aorto-pulmonary collaterals, veno-venous collaterals, coronary artery 

fistulae) can be accomplished with coils, PDA occluders, or vascular plugs also of the 

Amplatzer family (Figures 12 A,B). ASD devices are routinely used to close Fontan 

fenestrations. Perforation of the pulmonary valve plate in neonates with pulmonary 

atresia/intact ventricular septum and a tripartite right ventricle is currently achieved with 

radiofrequency energy (Figures 13A-C). New technologies on the horizon, such as ultrasound 

energy for tissue erosion [125,126] may increase the safety of the procedure. Such technology 

may also be applied to creation of a Fontan fenestration, or creation of an atrial 

communication in patients with left heart obstruction. 

 

 
a     b 

Figure 12. A. Selective angiogram in the right coronary artery shows a large proximal RCA fistula 

draining into the right atrium. Note the normal caliber RCA distal to the fistula. B. An ADO I has been 

used to close the fistula. (ADO = Amplatzer duct occluder, RCA = right coronary artery). 

 

Fetal Interventions 
 

Alteration in flow dynamics caused by anatomic obstruction during fetal cardiac 

development can lead to cardiac chamber hypoplasia, resulting in univentricular circulation. 

The concept of relieving such obstruction in fetal life emerged as an attempt to restore flow 

and theoretically allow continued growth of the cardiac structures in the hope of achieving a 2 

ventricle heart. In a subset of fetuses with severe aortic stenosis detected in mid gestation, the 

left ventricular size is normal or enlarged, but progression to hypoplastic left heart syndrome 

(HLHS) has been documented. Percutaneous ultrasound guided dilation of the aortic valve in 

the fetus, first reported in 1991 [127], has met with mixed results. The largest series to date 

reported on 70 fetuses with critical aortic stenosis and evolving HLHS who underwent aortic 
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valvuloplasty at a median gestational age of 23 weeks with 74% technical success [128]. 

Ultrasound guided percutaneous access to the fetal left ventricle was successful in ¾ of the 

patients, while a limited laparatomy was necessary in the rest. Although prenatal growth of 

the aortic and mitral valves was improved in comparison to a similar group of untreated 

fetuses, growth of the left ventricle was not improved. A biventricular outcome was 

ultimately achieved in 20 of the 70 patients. Complications, including fetal hemodynamic 

compromise and/or hemopericardium, occurred in 40% of the fetuses, and 13% did not reach 

viable term or preterm birth. Maternal complications were not described in this series, but 

appeared to be relatively minor in a prior report from the same center [129]. 

 

 
a   b 

 
c 

Figure 13. A. Right ventricular angiogram in a neonate with pulmonary atresia/intact ventricular septum 

shows the atretic pulmonary valve plate. B. A snare has been advanced retrograde from the aorta across 

the patent ductus and is positioned immediately above the pulmonary valve plate to guide perforation. 

The radiofrequency wire has crossed the atretic valve and is seen in the middle of the snare. C. Right 

ventricular angiogram after pulmonary valve perforation shows excellent flow into the main and branch 

pulmonary arteries. 

Along similar lines fetal pulmonary valvuloplasty for critical pulmonary stenosis or 

atresia and intact ventricular septum, is aimed at improving growth of the right heart during 

gestation and increasing the likelihood of a biventricular outcome. First reported in 2002 in 2 

fetuses with imminent hydrops [130], it has been performed in only a handful of patients to 

date. In a series of 10 fetuses with pulmonary atresia reported in 2009 [131], an important 

learning curve was demonstrated with technical failure in the first 4 attempts. In the 6 fetuses 

who underwent successful pulmonary valve perforation Z scores for the pulmonary valve 

(PV), tricuspid valve (TV) and RV increased following intervention, and 5 of the 6 have 

achieved (n = 4) or are on route to a biventricular circulation postnatally. Comparison with an 
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untreated control group of fetuses with similar mid gestational Z scores for the right heart and 

univentricular outcome showed improved growth and higher late gestation Z scores for the 

PV, TV and RV in the treated group. 

Fetal intervention has also been performed in fetuses with HLHS and highly restrictive or 

intact atrial septum, a condition requiring immediate transcatheter intervention shortly after 

birth and associated with a 50% mortality following the Norwood stage I operation even after 

successful opening of the atrial septum preoperatively. In the largest series to date, in utero 

atrial septoplasty was successfully performed in 19 of 21 fetuses, while 2 died within 24 

hours of the procedure [132]. Of the 19 surviving fetuses 12 still required urgent left atrial 

decompression at birth, while 7 were stable with adequate oxygen saturations, and proceeded 

to stage I surgical palliation with no intervening procedure. Although survival remained poor 

at 42% in those requiring left atrial decompression at birth, it was significantly improved at 

86% for the 7 patients who proceeded directly to a Norwood stage I procedure. 

As can be gleamed from the above studies reporting data from essentially a single highly 

specialized center, results of fetal intervention have been mixed, and these procedures remain 

controversial [133]. The potential benefit of prenatal intervention must be weighed against 

current outcomes for surgical or hybrid procedures for the same lesions. For the future, 

technical advances in imaging and further miniaturization of the equipment could increase the 

success and safety of fetal intervention, or perhaps allow these procedures to be performed 

earlier in gestation when the likelihood of altering the natural history of these cardiac 

abnormalities may be greater. Less invasive techniques, such as controlled ultrasound tissue 

erosion, could decrease the morbidity of these procedures, but are experimental at this time 

[125,126,134]. For the moment, further advances in this field will hinge on improved 

selection criteria in order to optimize the risk/benefit ratio of these intrinsically high risk 

interventions. 

 

 

Hybrid Procedures 
 

Over the past decade intraprocedural collaboration between the interventional pediatric 

cardiologist and pediatric cardiac surgeon has made it possible to treat certain lesions when 

neither surgery nor catheter intervention alone can achieve the desired result. In some cases 

this collaboration has enabled less invasive treatment, or has decreased the number of 

procedures the patient is exposed to. Some congenital heart centers have a dedicated hybrid 

suite with all the equipment typically present in both a catheterization laboratory and an 

operating room, while in others portable equipment is brought into either the catheterization 

laboratory or the surgical suite depending on the procedure. Extensive use of imaging, 

including transesophageal echocardiography, fluoroscopy and angiography is often required. 

One of the first applications of this technique was in patients with muscular VSD‘s, 

where surgical visualization in the arrested heart is sometimes difficult. Closure of muscular 

VSD‘s in small patients, or those with vascular access problems due to previous 

catheterizations, has been successfully performed via a perventricular approach on the beating 

heart [135-137]. Closing the VSD in this manner in patients with associated lesions requiring 

surgical intervention decreases time on cardiopulmonary bypass. Transesophageal 

echocardiography is used to guide the procedure. A subxiphoid minimally invasive incision is 
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sufficient unless other lesions need to be treated surgically. A purse-string suture is placed by 

the surgeon and the right ventricle is punctured with a small needle, choosing the puncture 

site to give the most direct route to the VSD. A guidewire is then passed via the needle across 

the VSD, and a short sheath introduced into the LV cavity over the wire. Delivery of the 

device is then performed in the same manner as described in the previous section on 

percutaneous VSD closure. Similarly, peratrial closure of ASD‘s can be accomplished in 

infants with large, hemodynamically significant ASD‘s and significant lung disease rendering 

them poor surgical candidates, such as premature babies with bronchopulmonary dysplasia 

[138]. Another application of hybrid techniques, described as far back as 1993, includes 

intraoperative pulmonary artery stenting in patients with limited vascular access, or when the 

anatomy of the pulmonary vasculature precludes percutaneous access to the stenotic branch 

[139,140]. 

The most commonly performed hybrid procedure at this time is stenting of the patent 

ductus concomitant with pulmonary artery banding for neonates with hypoplastic left heart 

syndrome [140-143] (Figures 14A,B). Performed at a limited number of centers, the 

procedure is usually reserved for babies who are especially high risk for the Norwood stage I 

operation. These risks include prematurity, very low birth weight, shock on presentation, 

intracranial hemorrhage, or co-existing significant non-cardiac anomalies. The procedure is 

performed via a median sternotomy. Pulmonary artery bands are first applied by the surgeon, 

followed by stenting of the PDA by the cardiologist. Stenting is accomplished via a short 

sheath placed in the main pulmonary artery by the surgeon. A self-expanding, 8 mm diameter 

x 20 mm long stent is most often used. Stent placement is guided by hand injection 

angiograms through the sheath, which also allows visualization of the pulmonary artery 

bands. 

 

 
a    b 

Figure 14. A. Angiogram in the descending aorta in the lateral projection in an infant with hypoplastic 

left heart syndrome status post hybrid procedure shows a stent maintaining the ductus arteriosus widely 

patent. Below the stent the banded branch pulmonary arteries are opacified. B. Same angiogram shows 

unobstructed retrograde flow across the stent into the native aortic arch. A pigtail catheter is draining a 

left pleural effusion. 

A steep learning curve characterizes not just the technical aspects of the initial procedure, 

but also the meticulous care of these patients post procedure until they reach the next stage of 

their palliation [143]. The second stage consists of a complex surgical procedure including 
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extensive aortic arch reconstruction, removal of the PDA stent and pulmonary artery bands, 

atrial septectomy and creation of a bidirectional cavopulmonary anastamosis. Data on mid to 

long-term outcome is still being gathered, but survival beyond stage 2 has been reported to be 

in the range of 70-80% in experienced centers, and appears comparable to the classic 

Norwood pathway in those series when similar patient groups are compared [144-146]. 

Percutaneous completion of the Fontan procedure has been performed in some of these 

patients by anastomosing the right pulmonary artery to the SVC and then excluding it by 

placing a pericardial patch within the right atrium at the time of the second stage operation. 

The patch can then be perforated at a later time and a covered stent deployed to direct flow 

from the IVC to the pulmonary arteries [147]. Other groups have also reported percutaneous 

Fontan completion, but the techniques are still being perfected [148,149]. 

Lastly, percutaneous valve implantation may be limited by the size of the required sheath, 

or by inability of these relatively stiff devices to negotiate the convoluted course from the 

access site to the outflow tract. Direct access to the heart provided by the surgeon is 

sometimes the best alternative [150]. In the future, development of robotic or thoracoscopic 

techniques may facilitate these and other intracardiac procedures. Ongoing collaboration to 

bring together the expertise of multiple specialists, and changes in training philosophy to 

provide the necessary exposure across the disciplines, will take pediatric intervention to a new 

level for the benefit of our patients. 
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