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Abstract:

As the scope and complexity of transcatheter interventions for congenital heart disease has
expanded over the past several decades, so too has the role of transesophageal echocardiography
(TEE) in planning, guiding and assessing the results of these procedures. While fluoroscopy and
angiography continue to be the primary imaging tools for diagnostic and interventional
procedures, TEE provides complimentary and often times superior imaging for a growing
number of procedures. These include but are not limited to interventions on the atrial and
ventricular septum, balloon dilation or transcatheter repair of mitral and tricuspid valves,
occlusion of paravalvar leaks and other interventions following repair of complex congenital
heart disease. The purpose of this review is to describe the growing use of echocardiography to
guide interventional procedures in the pediatric cardiac catheterization laboratory, with a focus

on transesophageal echocardiography.
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Introduction:

There has been a great expansion over the past 20-30 years in terms of the variety and
complexity of transcatheter therapies available for treating congenital heart disease. This
includes not only modification and improvement of existing equipment and an ever expanding
number of balloon catheters, stents and closure devices, but also more recently transcatheter
valves. Along with these advances has come a concomitant increase in the utilization of
echocardiography to prepare for and guide percutaneous catheterization procedures. This
includes both two-dimensional (2D) and three-dimensional (3D) echocardiography, both
transthoracic (TTE) and transesophageal (TEE), and more recently intracardiac

echocardiography (ICE). Some have dubbed this new field interventional echocardiography.!

While cardiac catheterization procedures have traditionally been guided by fluoroscopy and
angiography, both have limitations including: poor tissue differentiation, 2D visualization of 3D
structures, the need for radiographic contrast and exposure to ionizing radiation.
Echocardiography on the other hand provides excellent tissue differentiation and both 2D and 3D
rendering of important cardiac structures. It is portable and imaging can be done in real time to
demonstrate how cardiac structures respond to wires, catheters and devices as they are being
used and manipulated. In addition it can provide intra-procedural information on efficacy of

interventions and/or complications.’

Current transcatheter interventions facilitated by echocardiography commonly performed in the

pediatric catheterization lab include.®*



1. Closure of atrial septal defects (ASD) and patent foramen ovale (PFO).
2. Closure of ventricular septal defects (VSD).

3. Transseptal puncture.

4. Balloon septostomy/septoplasty and stenting of atrial septum.

5. Balloon dilation or stenting of interatrial baffles.

6. Transcatheter tricuspid or mitral valvuloplasty.

7. Closure of paravalvar leaks.

8. Transcatheter pulmonary valve placement (primarily ICE).

Echocardiography is also being used in an increasing number of transcatheter procedures and
interventions for adult structural heart disease and electrophysiology procedures that will not be

covered by this review including:

1. Transcatheter aortic valve replacement

2. Mitral and tricuspid valve repair.

3. Device occlusion of left atrial appendage.

4. Alcohol septal ablation.

5. Pulmonary vein ablation/isolation.

6. Laser lead extraction.

7. Placement of percutaneous left ventricular assist devices.
8. Pericardiocentesis.

9. Endomyocardial biopsy.



The purpose of this review is to describe the growing use of echocardiography to guide
interventional procedures in the pediatric cardiac catheterization laboratory, with a focus on

transesophageal echocardiography.

Device Closure of Atrial Septal Defects and Patent Foramen Ovale

Transcatheter device closure of secundum ASDs and PFOs has become the procedure of choice
for those with appropriate anatomy. Device closure is primarily limited to secundum defects with
sufficient rim tissue surrounding the defect to anchor the device in place. Other ASDs including
primum, sinus venosus, and coronary sinus defects, are typically repaired surgically, although
there have been several reports of using covered stents or stent grafts to close some superior
sinus venosus defects.** TTE is the initial modality used to determine the type of defect as well
as its hemodynamic significance in the initial selection of patients suitable for device closure.
TEE is the gold standard for assessment of ASDs before, during, and after transcatheter device
closure.® PFO closure is generally indicated in those following transient ischemic attack, stroke,

those with peripheral emboli and migraines.’

Information obtained via TEE is essential for determining appropriateness for device closure.
Current recommendations limit device closure to those defects with a stop flow or stretched
diameter measuring less than 38mm and rim tissue measuring at least 5mm in all planes, except
the aortic rim.> Pre-procedure TEE provides information about the size of the defect, location of
the defect in the septum, morphology and size of the surrounding septal tissue, presence of
additional defects and pulmonary venous anatomy. X-plane imaging, which is available on can

provide simultaneous aortic (30-60°) and bicaval (90-110°) views (Figure 1), while 3D imaging



offers a unique “en face” view that often demonstrates the dynamic nature of a defect and can
assist in device selection.? (Figure 2) Both X-plane and 3D TEE imaging are helpful in guiding
closure of fenestrated or multiple ASD. Recent studies demonstrate the possibility of
transcatheter closure under transthoracic echocardiographic guidance but this is limited to those

with adequate windows for septal assessment.’

During transcatheter closure, TEE and/or ICE along with fluoroscopy play an essential role in
allowing the interventionalist to position catheters and wires by providing real time assessment
of the defect and surrounding tissues. Device selection is made using measurements obtained by
echocardiography with or without balloon sizing. Echocardiography aids in delivery of the
device by providing information about positioning of the discs in relation to the septum ensuring
rim tissue is captured and the device does not impinge on any of the surrounding structures. *°
Use of TEE to guide device positioning permits immediate assessment of the device prior to
release allowing for recapturing and repositioning of the device as needed. In the case of multiple
fenestrations, echocardiography allows for placement of the device in the largest or most central
defect to ensure adequate coverage of all defects. (Figure 3) Prior to device deployment,
echocardiography is used to assess for obstruction to systemic and pulmonary venous flow, as
well as mitral, tricuspid and aortic valve function or impingement. Following release of the
device, TEE assessment of placement, residual shunts, and possible complications such as
pericardial effusion, thrombus formation and erosion of the device should occur both

immediately following deployment and at regular follow up with TTE.

Device Closure of Ventricular Septal Defects



Similar to closure of defects in the atrial septum, echocardiography plays a significant role in
diagnosis and transcatheter closure of ventricular septal defects. TTE is used to determine the

type, size, shape and hemodynamic significance of the defect.

Traditionally reserved for muscular defects, transcatheter closure has expanded to include
closure of perimembranous defects particularly in the developing world where surgical repair is
often cost-prohibitive and patients may present at an older age with co-morbidities that
significantly increase risks involved in surgical closure. Some studies have suggested that
closure of perimembranous defect is associated with an increased risk for heart block due to
impingement on the conduction system which has largely limited more widespread closure of
these VSDs. A myriad of devices is currently available for transcatheter VSD closure including
those made specifically for muscular VSD closure and those specific to perimembranous closure.
Despite this, some perimembranous defects are often closed utilizing devices designed for other
uses such as patent ductus arteriosus closure as they are typically less rigid, more readily

available and less expensive.'

Closure of perimembranous VVSDs can be completed with TEE guidance alone but is more
commonly used in combination with fluoroscopy. As with ASD closure, X-plane and “en face”
3D TEE imaging can be beneficial in VSD device closure, particularly when there are multiple
defects or with a so called swiss cheese septum. ** Device delivery can be via femoral or jugular
vein, typically following placement of a through-and through wire or by a hybrid perventricular
approach.'® Echocardiographic assessment is again performed before, during, and after
deployment of the device. TEE imaging allows for assessment of vessels, the size, location, and
surrounding rim tissue, as well as wire, sheath, and device placement. (Figure 4) Real-time

imaging is critical in assessment of device placement, valvar function, and effect of the device on



surrounding structures and residual shunt and allows for recapturing, repositioning, and/or
removal of the device if necessary. Following VSD device closure patients require evaluation

with TTE and EKG at regular intervals throughout their lives.**

Transseptal Puncture

Crossing the interatrial septum is essential for antegrade assessment and intervention on multiple
left heart structures. When an existing atrial communication is not present, one must be created.
The technique for transseptal puncture that was first described by Ross and refined by
Brockenbrough remains largely unchanged.'>*° This is traditionally done using fluoroscopy
alone, based on anatomical landmarks and hemodynamic assessment, but carries an estimated
rate of complications such as perforation of the left atrium or aortic root of between 1-4%."" The
procedure can be even more challenging in patients with scoliosis, complex cardiac anatomy,
septal aneurysm, elevated left atrial pressures or dilated aortic root. TEE provides excellent real
time visualization of the atrial tissue and surrounding structures, even in complex anatomies. It
can aid in creation a more targeted puncture site either at the fossa ovalis or in other locations
that may be of benefit to access specific left atrial locations.*® Biplane or 3D imaging can also be
helpful and have been shown to improve proper location of transseptal puncture and decrease

complications. *°

Balloon Atrial Septostomy/Septoplasty and Atrial Septal Stenting

Balloon atrial septostomy is often needed in patients born with transposition of the great arteries

with inadequate atrial level mixing leading to cyanosis. It was traditionally performed in the



cardiac catheterization lab under fluoroscopic guidance, but has been shown to be safe and
effective when done using TTE guidance and is now often done at the bedside in neonatal and
cardiac intensive care units.? However, creation of an atrial communication in patients with
more complex cardiac anatomies or those with a thick or intact atrial septum is not only more
challenging but may also require intervention beyond traditional balloon septostomy. Static
balloon septoplasty and/or stent placement is often needed to ensure an adequate opening with
long term patency.? In these cases, TEE is an excellent adjunct to fluoroscopy and angiography
allowing for ideal positioning and sizing of balloons and stents and has been shown to increase
safety and decrease complication in this high risk population.? Similar techniques have also
been used to facilitate ideal stent placement in patients with obstructed pulmonary veins or
pulmonary venous confluence obstruction in total anomalous pulmonary venous obstruction,

both native and postsurgical.?* (Figure 5)

Balloon Dilation or Stenting of Interatrial Baffles

Prior to the development of the arterial switch operation, surgical correction of transposition of
the great arteries involved the Mustard or Senning operations with creation of an interatrial baffle
to reroute the systemic and pulmonary veins to the opposite ventricle. Over time these baffles
can develop either stenosis and/or baffle leaks. Both can be treated effectively in the
catheterization lab with balloon dilation or stenting of important stenoses or device closure of
baffle leaks.?* More recently, covered stents have been used to simultaneously address both
stenoses and baffle leaks when they occur together.?® Success of each of these procedures is

importantly assessed by the combination of angiography and TEE.*



Tricuspid and Mitral Balloon Valvuloplasty and Transcatheter Valve Placement.

While balloon valvuloplasty of the tricuspid and mitral valves are done relatively rarely in the
pediatric population, both TTE and TEE are frequently used during these procedures, primarily
to assess for increase in valve insufficiency between serial dilation.”” More recently,
transcatheter valves initially designed for use in the aortic or pulmonary position have been
successfully used to palliate degenerated bioprosthetic tricuspid and mitral valves in both adults

and children. 2830

Closure of Paravalvar Leaks

Prosthetic valves are also less commonly used in children compared to adults but can similarly
be complicated by paravalvar leaks. TEE guidance is essential in determining the number, size
and location of defects as well as in device selection. Here again 3D TEE has been shown to play
an important role in guiding these procedures. * It is also instrumental in guiding wire crossing
of the defect and device positioning. Finally, it allows for assessment for residual leak or impact

on prosthetic valve function.®*%

Intracardiac echocardiography (ICE)

Somewhat newer to the field of interventional catheterization is intracardiac echocardiography.

Although initially described in the late 1960s, it would be several decades before the technology

10



advanced to the point that commercial availability and decreased cost allowed for its more
widespread use.® It is currently used to guide many of the same procedures as TEE including
interventions on the interatrial and interventricular septum, device closure of left atrial
appendage and paravalvar leaks, EP procedures including pulmonary vein isolation, as well as
for mitral valve repair and transcatheter aortic valve replacement * Recent studies have also
shown it to provide excellent imaging of the right ventricle and outflow tract during transcatheter

pulmonary valve placement.*®

Although a complete review of ICE in the pediatric catheterization lab is beyond the scope of
this review, it is worth describing some of the relative advantages and limitations of ICE
compared to TEE in guiding transcatheter interventions.* Both provide high quality images of
intracardiac structures with excellent tissue differentiation and can reduce both contrast use and
radiation dose. Advantages of TEE over ICE include: not requiring additional venous access
(currently 8-10 French sheath), a wider imaging volume window, capability for 3D imaging and
lower cost due to the fact that TEE probes are reusable whereas ICE catheters are single use. ICE
on the other hand, can be performed under conscious sedation, thus eliminating additional costs
associated with general anesthesia and potentially longer hospital stays. ICE also does not
require that an echocardiographer be present, as the ICE catheter is usually operated by a
member of the interventional team. There is however, a learning curve involved in becoming
comfortable and skilled in its use. ICE also offers an alternative to patients with
contraindications to TEE such as esophageal varices and may provide superior imaging of far
field structures such as the right and left ventricular outflow tracts. As a result ICE does offer

potentially superior imaging for transcatheter pulmonary and aortic valve placement.**= Given

11



this, most large volume pediatric catheterization labs, and particularly those with a large adult

congenital heart disease population, would benefit from having both TEE and ICE available.

Future Directions in Interventional Imaging

The last decade has seen the rapid expansion of newer techniques and technology that allow for
the combination of 3D imaging and standard fluoroscopy. This complimentary image fusion is
possible with computed tomography and magnetic resonance imaging obtained prior to the
catheterization procedure or can be done during the procedure with 3D rotational
angiography.®2 More recently a system has been developed that allows for integration of real
time 3D TEE.* This fusion of fluoroscopy and 3D TEE has been shown to reduce radiation
exposure. of these methods allows for improved and potentially superior imaging that facilitate
the understanding of complex anatomies for catheter guidance and interventions, all while
improving safety and reducing radiation doses.** There is also ongoing research in the use of
cardiac magnetic resonance imaging guidance for diagnostic and interventional procedures in

both adults and children which offers the possibility of radiation free cardiac catheterization.*?

Conclusion:

As interventional cardiac procedures continue to expand in scope and complexity, so too does
the need for improved imaging associated with these procedures. TEE will almost certainly
remain an important tool for planning, guiding, and evaluating the success of transcatheter

procedures in congenial heart disease. In addition, it improves procedural success and also

12



reduces procedure time, radiation exposure, and need for contrast injection. Complimentary
imaging will certainly continue to evolve as evidenced by the increasing use of ICE and more
recently ability to overlay and imaging from TTE, computed tomography and magnetic

resonance imaging on the fluoroscopic images during procedures.
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Figure Captions:

Figure 1: X-plane imaging with Transesophageal echocardiography (TEE) showing an atrial
septal defect (ASD) simultaneously from the aortic and bicaval view at 0 degrees and 90 degrees.

Figure 2: Three-dimensional (3D) TEE full volume rendering showing an “en face” view of an
ASD. * Inferior vena cava (IVC)

Figure 3: 3D TEE showing an ASD following closure with a 20 mm Amplatzer Septal Occluder
device. (A) Mid-esophageal (ME) right ventricle (RV) inflow-outflow view from 60 degrees.
(B) “En face” view of the device from the right atrial side.

Figure 4: TEE images showing a large apical ventricular septal defect (VSD). (A) Before and
(B) after perventricular closure with a 25 mm Amplatzer Cribiform device.

Figure 5: TEE images showing stent placement in restrictive pulmonary venous confluence. (A)
The initial opening is restrictive measuring roughly 2 mm. (B) Imaging during positioning of the
stent demonstrating how TEE allows for centering of the stent across the defect. (C) Following
deployment the stent is well centered and widely patent with a diameter of 10 mm.

19



Figure 1



3D Beats 1

Figure 2




PATT. 37.0C

Full Volume

2D/3D

% 72134
C 46/3
Res

PATT: 37.0C
TEET: 384C

3D Beats 1

3D Beats 1

Figure 3

SD DEVICE!




106 bpm

Figure 4




PATT: 37.0C
TEET: 374C

Figure 5



