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Background: The fi eld of congenital heart disease 
is constantly evolving through better understanding of 
the disease itself, albeit its history, prevalence, genetics, 
and follow-up. Concurrently surgical techniques and 
approaches have been developed, modifi ed, and refi ned. 

Data sources: The impact of interventional pediatric 
cardiology has been dramatic. The fi eld of catheter-
based therapies has exploded with the fi rst pulmonary 
valve balloon angioplasty in 1982. With evolving 
stent technology, they are now used in multiple areas, 
including pulmonary arteries, vena cavae, aortic and 
arch and descending aorta for coarctation. The hybrid 
surgery concept involves a multidisciplinary team of 
interventional cardiologist and surgeon combining 
catheter-intervention and surgery in the surgical theater 
such as pulmonary artery stent implantation associated 
with pulmonary valve replacement. Furthermore, in 
selected cases, pulmonary valve device implantation is 
becoming an accepted approach to a surgical problem.

Results: Balloon angioplasties, stent implantations, 
hybrid surgeries and pulmonary valve device implantation 
are performed with a very low mortality and morbidity. The 
risks and benefi ts outweigh the ones associated to surgical 
procedures.

Conclusion: With fast developing interventional 
therapies, the work of pediatric cardiologists and cardiac 
surgeons is more intertwined than ever in search of better 
outcomes for the children with congenital heart disease.
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Introduction

The surgical practice of pediatric congenital heart 
disease is evolving. Technological advances are 
exerting a major impact on new less invasive 

surgical approaches. A multidisciplinary team work 
provides a more comprehensive surgical approach 
producing better outcomes with less risk to the patients. 
Basic science research is also progressing. The role of 
tissue engineering with the use of biological scaffolds 
to create valves and other tissue has great promise in 
developing new tissue and organs.

This paper reviews some of the technical advances 
in pediatric congenital heart disease, particularly hybrid 
surgery, catheter intervention, and implantable valve device.

Background
On May 6, 2003 we celebrated the 50th anniversary of 
the fi rst successful open heart operation performed with 
the use of a heart-lung machine, pioneered by John H. 
Gibbon, as well as the fi rst open heart surgery using the 
technique of cross circulation pioneered by C. Walton 
Lillehei.[1,2] It was the beginning of many rich dramas 
that over the years changed and remarkably improved 
the outcomes of children with congenital heart disease. 
Concurrently evolution in pediatric cardiology led to 
many accomplishments including echocardiography, 
cardiac catheterization and angiography, pharmacological 
manipulation, and catheter intervention with creating an 
atrial septostomy for cyanotic babies by W. J. Raskind in 
1966 and with balloon pulmonary valve dilatation in 1982, 
leading to an explosion of catheter-based therapy.[3,4] The 
concept of hybrid surgery was just around the corner.

Hybrid surgery 
Hybrid surgery involves the new concept of 
multidisciplinary surgery, whereby not only a surgeon 
is performing the surgery, but where a surgeon and an 
interventional pediatric cardiologist team up toward 
safer and better outcomes.[5] Interventional pediatric 
cardiologists have been performing catheter interventions 
since the early 1980s, but have now brought their 
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expertise to the operating room to assist the surgeon.
Many children have early cardiac repairs, but must 

undergo subsequent operations to replace obstructed 
valves, and/or to repair stenosed pulmonary arteries. 
Such repairs are often complicated by diffi cult dissection 
of scar tissue around the pulmonary arteries. Under direct 
vision when the main pulmonary artery is opened, stents 
can be implanted in either or both pulmonary arteries, 
and dilated appropriately (Fig. 1).[6] Our experience at BC 
Children's Hospital includes 28 patients with a mean age 
of 134 months at operation. The patients had a minimum 
of two previous operations, and one previous pulmonary 
valve implantation. The average stent size was 15 mm, 
and pulmonary valve size was 22 mm. The hospital 
stay was 7 days with no mortality. We encountered one 
complication; one stent was not fully deployed at surgery 
(Fig. 2), and will require further balloon angioplasty.

Hybrid surgery has become a new application in 
neonatal correction of hypoplastic left heart syndrome. 
In 1983, Norwood and colleagues[7] published the fi rst 
successful repair of hypoplastic left heart syndrome 
(Fig. 3). Over the last 20 years many refi nements of 
the Norwood technique came to place with a decreased 
mortality from 40% to around 10%. As the greater risk of 
the Norwood operation comes from such extensive surgery 
in the newborn period, search was still on to improve 
outcomes. A clever hybrid approach was developed by no 
other than Norwood. It involves banding each pulmonary 
artery to limit pulmonary blood fl ow with a pre-measured 
band of 3.5 mm circumference and insertion of a 6 mm 
stent in the ductus arteriosus to provide blood supply 
to the upper and lower body (Fig. 4). This procedure is 
done in the catheterization laboratory without the use of 
cardiopulmonary bypass, therefore decreasing the time 
of postoperative ventilatory and cardiac support, and the 
risk of cerebral damage. The Norwood procedure is then 
postponed until 4-6 months of age. Although still requiring 
refi nements, it may become accepted as the fi rst stage 
repair of hypoplastic left heart syndrome.

Catheter intervention
The fi eld of catheter intervention exploded following 
successful coronary angioplasty by Gruntzig in 1979, and 
the modern era of pulmonary valve balloon angioplasty 
in 1982.[4,8] The stent technology has greatly evolved with 
a new delivery system, different stent design, and self 
expandable stent. These stents are used in multiple areas 
including pulmonary artery stenoses, superior and/or 
inferior vena cavae stenoses, aortic arch and descending 
aorta stenosis post coarctation repair, and carotid and 
renal arteries.

As an example of the application of stent 

Fig. 1. A graft has been sewn to the distal main pulmonary artery and 
a metal stent is seen in the orifi ce of the left pulmonary artery.

Fig. 2. Lateral chest X-ray showing a stent improperly deployed in 
the left pulmonary artery. The metal frame of the pulmonary valve 
bioprosthesis is seen.

Fig. 3. Graphic representation of a Norwood surgical procedure.  
A: The main pulmonary artery is transected. B: The hypoplastic 
ascending and transverse aorta is opened; a neo-aorta is reconstructed, 
including the pulmonary valve as a new aortic valve, and a right 
Blalock Taussig shunt is constructed.

A
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technology, this 32-year-old patient with a diagnosis of 
ventricular septal defect, pulmonary atresia and multiple 
aortopulmonary collateral arteries (Fig. 5) presented for 
increasing cyanosis and decreased exercise tolerance. She 
had never had surgery. Facing the prospect of multiple 
surgeries, she was palliated by inserting self-expandable 
stents in two collateral arteries to the left lung (Fig. 6) 
increasing her oxygen saturation to 88% and improving 
her exercise tolerance. 

Repair of coarctation of the aorta is done in the 
neonatal period and in infancy. The surgical results are 
excellent, but some patients will develop re-coarctation 
or arch hypoplasia as they grow.[9,10] As illustrated in Fig. 
7, the top panel shows an area of re-coarctation dilated 
and stented successfully. The lower panel depicts an area 
of arch hypoplasia enlarged by a stent. Both patients 
avoided complex re-operations.

Because many infants undergo primary cardiac repair 
early in life, a certain number of them will require re-
operation such as valve conduit replacement and Fontan 
completion. These re-operations are complicated by scar 
tissue formation and diffi cult dissection. Complications 
may occur during surgery and rescue with catheter 
intervention may be life-saving. Two children during a 
complex re-operation had injury to the coronary artery 
ostium. Despite surgical repair their coronary artery 
injuries were rescued by stent implantation (Fig. 8), 
keeping the right coronary in one child and the left in the 
other child, opened and patent.

Valve device implantation
The current generation of children with repaired congenital 
heart disease are exposed to increasing re-interventions, 
particularly those with right ventricular outfl ow tract 
problems, albeit obstruction and/or insuffi ciency. The 
timing of conduit replacement or pulmonary valve 
implantation is determined by right ventricular pressure 
and function, by dysrhythmia, and by the patient's exercise 
limitation. Currently, no "ideal" conduit or valve exists for 
reconstruction of the right ventricular outfl ow tract. All are 
susceptible to degeneration and loss of function, submitting 
the patient to multiple interventions.

Percutaneous pulmonary valve implantation 
was originally developed by Bonhoeffer et al.[11] The 
implantable device consists of a bovine jugular vein 
with its valve stitched into a platinum-iridium stent. 
The valved stent is then crimped down and loaded 
on a delivery system, molding it around a balloon for 
deployment and dilatation (Fig. 9). The access to the 
right heart is through the femoral vein and under X-ray 
guidance. The loading delivery system including the 
valve is positioned appropriately in the right ventricular 
outfl ow tract, deployed and infl ated fully with the inner 

Fig. 4. Hybrid surgery for hypoplastic left heart syndrome. In red, 
stent in the ductus arteriosus, and in blue, pulmonary artery banding of 
the left and right pulmonary arteries.

Fig. 5. Aortogram showing multiple aortopulmonary collateral arteries 
(2 on the left and 1 on the right).

Fig. 6. Self-expandable stents in the aortopulmonary collateral arteries 
to the left lung.

Fig. 7.  The upper panel shows a residual coarctation pre- and post-
stent placement.  The lower panel shows an aortic arch hypoplasia pre- 
and post-stent placement.
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balloon. Angiography shows proper position and function 
of the implantable valve (Fig. 10).

The maximum available implantable valve is 22 
mm. The indications are limited, but expanding with 
experience. The mid-term and long-term results are still 
missing, but current information from several series is 
promising.[12] This technology of implantable pulmonary 
valve device will reduce the number of interventions 
required in children with conduit obstruction or 
pulmonary insuffi ciency. In fact, current work involves 
placing an implantable pulmonary valve device inside a 
previously surgically implanted conduit that has become 
stenotic. This approach increases the hope for teenagers 
and young adults that their conduits may not need 

lifelong replacement, but will be kept functioning by 
inserting a pulmonary valve device whenever required.

Summary
These are examples of congenital heart disease, which 
illustrate our evolution in knowledge and therapy. The 
paradigm from bed-to-bench is well demonstrated 
by those ongoing ideas and innovations about better 
outcomes, safe surgical approaches, hybrid or not, and 
ultimately improved quality of life.
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Fig. 9.  Representation of a pulmonary valve device sewn inside a stent 
and mounted inside a delivery catheter before delivery and after full 
dilatation.

Fig. 8. The left panel shows the patent proximal right coronary stent. 
The right panel shows the patent proximal left main coronary artery 
through a selective injection in the left main orifi ce.

Fig. 10. Pulmonary cine angiogram following percutaneous pulmonary 
valve implantation. The stented valve device is shown with a large 
arrow. The 2 small arrows show the 2 delivery catheters through the 
right ventricle.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


