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ABSTRACT

Recent advances in catheter-based interventions have provided effective alternative
treatments to surgery for several structural heart diseases such as atrial or ventricu-
lar septal defects. Particularly, the advent of transcatheter valve implantation/repair
techniques constitutes one of the main breakthroughs of the last decades offering
an effective alternative to patients with symptomatic valvular heart disease and
high mortality operative risk. In addition, the role of novel catheter-based inter-
ventions has been explored in several clinical conditions that convey an increased
risk of cerebrovascular stroke such as patent foramen ovale or atrial fibrillation.
Specific devices have been developed to treat all these clinical conditions. To im-
prove the procedural success rate and minimize the frequency of complications,
multimodality cardiac imaging plays a central role providing an accurate selection
of patients and invaluable assistance during the procedure. Technological advances
in the equipments and image post-processing softwares have provided improved ac-
curacy of the image quality and analysis leading to an increasing implementation of
these imaging techniques in the clinical practice. The present state-of-the art article
reviews the role of multimodality imaging for planning and guiding interventions
in structural heart disease.

Keywords: Multimodality cardiac imaging; Cardiac interventions; Structural heart
disease

Abbreviations:

2D = Two-dimensional

3D = Three-dimensional

ASD = Atrial septal defect

MDCT = Multi-detector row computed tomography
MRI = Magnetic resonance imaging

TAVI = Transcatheter aortic valve implantation
TEE = Transesophageal echocardiography

TTE = Transthoracic echocardiography

VSD = Ventricular septal defect
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Introduction

INTRODUCTION

Recent advances in catheter-based intervention procedures have provided effective
therapeutic alternatives to surgery for selected patients with structural heart dis-
ease. A large body of evidence has demonstrated that, for example, percutaneous
device closure is an effective and safe treatment of hemodynamically significant
atrial septal defects (ASD)." In addition, although technically more challenging than
ASD closure, percutaneous device closure of ventricular septal defects (VSD) has
been shown to have comparable results to surgery in several multicenter registries.”
Finally, transcatheter valve implantation procedures have been one of the main
therapeutic breakthroughs of the last decade and the feasibility of this treatment
alternative has been demonstrated in recent experiences including over 8000 symp-
tomatic, severe aortic stenosis patients with high operative risk.?

In order to achieve the highest procedural success rate with the lowest complica-
tion rate, accurate patient selection and guidance of interventions are crucial.
Cardiac multimodality imaging plays a pivotal role providing an accurate selection
of patients and invaluable assistance during the procedure. Two-dimensional (2D)
echocardiography is the most widely used imaging technique in the pre-procedural
patient evaluation. However, 3-dimensional (3D) imaging modalities (3D echocar-
diography, multi-detector row computed tomography [MDCT] or cardiac magnetic
resonance imaging [MRI]) provide detailed information on the dimensions and spa-
tial relationships of the cardiac structures that are crucial to anticipate the device
size and the procedural approach. During the intervention, fluoroscopy remains
the mainstay imaging tool to guide the procedures in spite of lacking spatial in-
formation. However, sophisticated technological developments in other imaging
modalities have enabled the performance of the interventional procedures while
minimizing the need for fluoroscopic control with better spatial information.

The current article reviews the role of multi-modality imaging for planning and
guiding interventions in the most common structural heart diseases: aortic and
mitral valvular disease, ASD and VSD. In addition, novel catheter-based interven-
tions developed to treat cardiac conditions related with high risk of stroke (patent
foramen ovale and atrial fibrillation) will be discussed.

Transcatheter aortic valve implantation

Degenerative aortic stenosis is the most common valvular heart disease in the
western countries.* Aortic valve replacement is the only effective treatment for
symptomatic, severe aortic stenosis. However, the operative risk of some patients
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outweighs the benefits of aortic valve replacement and, consequently, these patients
are denied for surgery. * The advent of transcatheter aortic valve implantation (TAVI)
procedures in the last years has provided an alternative therapy for high risk pa-
tients with symptomatic severe aortic stenosis. Since the first-in-man experience
in 2002, over 8000 high risk patients have been treated with TAVL>® Currently,
TAVI procedures are performed through transarterial retrograde approach (trans-
femoral or transsubclavian) or transapical approach. Two types of catheter-delivered
prosthesis are available. The first one is the balloon-expandable Sapien Edwards
prosthesis (Edwards Lifesciences Inc.,). This prosthesis is currently available in two
sizes: 23-mm for aortic valve annular diameters between 18-22 mm and 26-mm for
aortic valve annular diameters between 21-25 mm. These prostheses require delivery
system sizes of 22-F and 24-F, respectively, for retrograde approach, and 26-F size for
transapical approach. The other catheter-delivered prosthesis is the self-expandable
CoreValve Revalving system (CoreValve Inc., Irvine, CA). The currently available
sizes are 26-mm for aortic valve annular diameters between 20-24 mm and 29-mm
for aortic valve annular diameters between 24-27 mm. The delivery systems have
reduced the size and currently a 18-F sheath is used through retrograde approach.

Several single-center non-controlled studies and registries have reported short- and
mid-term survival rates of TAVI that are comparable to surgical aortic valve replace-
ment.”” However, the technical challenges of this novel therapy require accurate
pre-procedural patient selection and exact procedural guiding. In summary, the
assessment of the procedural feasibility and exclusion of contraindications for TAVI
are key issues to be assessed. Accurate sizing of the aortic valve annulus and evalu-
ation of the peripheral arteries and thoracic aorta are crucial pre-procedural screen-
ing steps to select the prosthesis size and the procedural approach (transfemoral or
transapical).

Two-dimensional transthoracic echocardiography (TTE) is the most used imaging
technique to size the aortic valve annulus. However, 2D TTE may significantly
underestimate the aortic valve annular size as compared to 2D transesophageal
echocardiography (TEE) leading to inaccurate selection of the prosthesis size and
subsequent procedural-related complications such as paravalvular regurgitation
or prosthesis migration.'” As shown by Smid et al.,"’ 3D imaging techniques may
provide the most accurate measurements of the aortic valve annulus. Particularly,
MDCT and MRI yield accurate 3D visualization of the aortic valve annulus, showing
the characteristic oval shape of this structure (Figure 1)."" Using as a reference peri-
operative measurements of the aortic valve annulus, MDCT and MRI measurements
yielded smaller biases (-1.5 £ 3.5 mm and 0.7 * 4.2 mm, respectively) than 2D TTE
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or TEE (-4.5 £ 1.1 mm and -5.5 * 2.0 mm, respectively)."" In addition, extent and
location of the aortic valve calcifications, the dimensions of the other components
of the aortic root (sinus of Valsalva, sino-tubular junction and ascending aorta) and
their spatial relationship with the surrounding structures such as coronary arteries
can be evaluated."” Two-dimensional TTE or TEE provide reliable information on the
valve anatomy, calcification extent and dimensions of the aortic root. However, the
assessment of the relative height of the coronary ostia to the aortic valve annular
plane is not feasible with these 2D imaging modalities. MDCT may provide the most
comprehensive 3D evaluation the aortic root and surrounding structures of patients
undergoing TAVI." Particularly, the height of the coronary ostia relative the aortic
valve annular plane and the risk of coronary ostium occlusion by a bulky calcified
aortic leaflet during prosthesis implantation may be evaluated (Figure 2).

Figure 1. Aortic valve annulus sizing with MDCT. Multiplanar reformatting planes across the
aortic valve annular plane provide the most accurate assessment of the dimensions of the aortic
valve annulus. Aortic valve annular diameters can be measured at two orthogonal views (sagittal,
panel A, and coronal, panel B) or at the double oblique transverse view (panel C) demonstrating
the oval shape of this anatomic structure.

Abbreviations: RCA = right coronary artery
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Finally, the evaluation of the dimensions, tortuosity and calcifications of the periph-
eral arteries and aorta provides important information to anticipate the procedural
approach (transfemoral or transapical). Invasive angiography is considered the refer-
ence method to measure the luminal diameter and the tortuosity of the peripheral
arteries."”” However, the poor soft-tissue contrast resolution of the fluoroscopy limits
its accuracy to evaluate the arterial wall and, consequently, calcified, mobile plaques
or mural thrombosis may be misdiagnosed with increased risk of stroke during
manipulation of catheter-delivering systems inside the aorta. MDCT, MRI and TEE
yield invaluable information in this regard and may assist to select the transapi-
cal approach rather than the transfemoral approach (Figure 3)."> (PERHAPS SOME
METION TO THE TORTUOSITY AND DIFFERENT ANGULATIONS OF THE VESSELS
EXTENDING FROM THE GROIN TO THE AORTIC BIFURCATION WHICH CANNOT BE
DEPICTED WELL IN FLUORSCOPY BY CAN BE DEFINED BY CTA OR MRI, SHOULD BE
MENTIONED)

Figure 3. Aortic atherosclerosis and calcification extent. The presence of extensive athero-
sclerosis and calcification of the peripheral arteries or thoracic aorta may indicate a transapical
approach rather than transfemoral. Panel A shows an extensive atherosclerotic plaque in the
thoracic aortic wall as evaluated with TEE. Panel B demonstrates an extensively calcified aortic
arch as assessed with MDCT.

During TAVI procedure, fluoroscopy and TEE play a central role to guide the se-

quential procedural steps. There is limited experience using intracardiac echocar-
diography to guide the procedure.' Crossing the aortic valve with the guide wire
and positioning the waist of the balloon at the aortic valve annular level are usually
guided with fluoroscopy, using as landmarks the calcifications of the non-coronary
leaflet, or with direct visualization of the valve with TEE (Figure 4A,B). Afterwards,
exact positioning and deployment of the prosthesis are crucial to minimize compli-
cations such as paravalvular regurgitation (Figure 4C). Combination of fluoroscopy
and TEE may provide the most accurate guidance to position the prosthesis (WHAT
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ABOUT THE OVERLAY OF FLUORO-CTA OR THE 3D-VOLUME RENDERED CINE-ANGI-
OGRAPHY). Finally, after prosthesis deployment, the results can be evaluated with
TEE providing valuable information on transvalvular gradient reduction and on
aortic valve regurgitation. The presence of mild paravalvular regurgitation is rather
common (up to 50%).” In contrast, significant valvular regurgitation is infrequent
and suggests the presence of misdeployment of one of the leaflets or overexpansion
of the prosthesis.'”” Orthogonal color-Doppler views of the prosthetic valve permit
differentiate paravalvular and valvular regurgitation whereas fluoroscopy may have
limitations to differentiate them (Figure 4D). In addition, TEE permits the detection
of other potential procedural-related complications such as cardiac tamponade,
aortic dissection or occlusion of the coronary ostia by bulky calcified leaflets im-
mediately after prosthesis deployment.

Figure 4. Transcatheter aortic valve implantation. The procedure is usually performed with
fluoroscopic and 2D or 3D TEE guidance. With fluoroscopy, calcifications of the coronary leaflets
(arrows) are used as landmarks to guide the wire crossing the valve and to position the balloon
(A). With X-plane TEE images, the guide wire is directly visualized crossing the valve in two
orthogonal planes simultaneously (arrows) (B). After aortic valve ballooning, the prosthesis is de-
ployed (C) and the positioning and the function can be assessed immediately after deployment,
evaluating the presence of valvular leaks (D). In this example, the arrows indicate the presence

of mild central and paravalvular leaks (D, arrows).
——

PAT T 370G

Abbreviations: Ao = aorta; LA = left atrium; LAA = left atrial appendage; RA = right atrium.
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In summary, multimodality imaging combining echocardiography and MDCT or MRI
may constitute the most accurate approach to evaluate the candidates to TAVI and to
define the procedural feasibility. During the procedure, combination of fluoroscopy
and TEE is crucial to achieve the highest procedural success rate with the lowest
complication rate. (SHOULD YOU ALSO MENTION THE IMAGING ASPECTS FOR THE
SELF-EXPANDING AORTIC VALVE PROSTHESIS?)

Transcatheter mitral valve repair

Contemporary registries have demonstrated that mitral regurgitation is the second
most prevalent valvular hart disease.* Surgical mitral valve repair, combining leaflet
repair techniques and restrictive ring annuloplasty, remain the treatment of choice
for symptomatic severe mitral regurgitation. In the last decade, elderly patients
have benefited most of recent advances in surgical repair techniques.'® However, the
presence of depressed left ventricular systolic function or associated co-morbidities
increase the mortality operative risk and, consequently, the denial of surgery in
this subgroup of patients rises up to 50%."” Several transcatheter mitral valve repair
techniques have been developed in order to provide an effective and less invasive
alternative to surgery. These techniques include leaflet repair (edge-to-edge), coro-
nary sinus annuloplasty or direct mitral annulopasty, and direct remodeling.'® The
complex anatomical and functional interactions between the mitral valve apparatus,
left ventricle and left atrium challenge transcatheter mitral valve repair techniques.
Exact characterization of the mitral valve anatomy and mitral regurgitation mecha-
nism is crucial to select the appropriate transcatheter mitral valve repair technique.
Accordingly, imaging plays a central role in the pre-procedural screening and during
the procedure.

Mitral regurgitation can be divided into primary or secondary (functional) according
to the underlying pathophysiologic mechanism." In primary mitral regurgitation,
the mitral valve itself is affected and leaflet coaptation failure results of derange-
ments of one or more components of the mitral valve (leaflets, tendineous cords or
annulus). In contrast, in functional mitral regurgitation the mitral valve is preserved
whereas the left ventricle is damaged. Prior left ventricular myocardial infarction
or dilated cardiomyopathy induces dysfunction and displacement of the papillary
muscles towards apical and posterior levels, mitral annulus dilatation and finally
tethering of the mitral leaflets resulting in coaptation failure. Two-dimensional TTE
is the first imaging technique to evaluate the cause and severity of mitral regurgita-
tion. Barlow’s disease and fibroelastic deficiency are the most common causes of pri-
mary mitral regurgitation." Both diseases result in excessive motion and prolapse of
one or more scallops of the mitral leaflets and varying grades of mitral regurgitation
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but commonly with characteristic eccentric regurgitant jets (Figure 5A). In contrast,
functional mitral regurgitation is characterized by restrictive motion of the mitral
leaflets. Current recommendations of the American Society of Echocardiography ad-
vocate quantitative assessments of mitral regurgitation by means of vena contracta
width, regurgitant volume or effective orifice area by proximal isovelocity surface
area method.”” However, eccentric regurgitant jets challenge mitral regurgitation
quantification with 2D imaging techniques. In addition, systematic examination of
the mitral valve and accurate identification of the scallops with 2D TEE requires
high experience. Real time 3D TTE yields an improved accuracy in the estimation of
the mitral regurgitation by direct visualization of the vena contracta without geo-
metrical assumptions.”” ** Current 3D transesophageal echocardiographic probes
incorporate novel matrix-array transducers with approximately 3000 elements that
provide superb image quality and display of the mitral valve, either from the left
atrial view (surgeon’s view) or from the left ventricular view (Figure 5B). Interven-
tional procedures on mitral valve demand accurate visualization of the mitral valve
to select the most suited repair technique and to guide the procedure. Technical fea-
tures of the different transcatheter mitral valve repair procedures require tailored
imaging approach to evaluate the procedural feasibility. In addition, fluoroscopy
may be insufficient to guide the procedure due to its poor soft-tissue contrast resolu-
tion. Therefore, combination of fluoroscopy and TEE (2D or real-time 3D TEE) may
be ideal to accurately guide the sequential procedural steps while minimizing the
radiation exposure.

Figure 5. Transcatheter mitral valve repair: pre-procedural evaluation. Echocardiography
is the mainstay imaging modality to evaluate the mitral regurgitation mechanism (primary or
secondary). Panel A shows the example of a patient with primary mitral regurgitation due to
prolapse of the posterior mitral leaflet (arrow). Real-time 3D TEE provides the surgical view of
the mitral valve and accurate anatomical segmentation in scallops and commissures (panel B).
The example in panel B demonstrates the prolapse of the P2 scallop (arrow).

Abbreviations: Ao = aortic valve; LAA = left atrial appendage.
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Transcatheter leaflet mitral (edge-to edge) repair mimics the surgical edge-to-
edge repair pioneered by Alfieri and coworkers two decades ago.” This technique
improves the leaflet coaptation by suturing a segment of the anterior mitral leaflet
to the posterior leaflet, resulting in a double-orifice mitral valve. The MitraClip de-
vice (Evalve Inc., Menlo Park, CA) provides the largest body of evidence in this field.
The safety and mid-term durability results of the initial Endovascular Valve Edge-to-
Edge REpair STudy (EVEREST) cohort have been recently reported with a 74% acute
procedural success rate (placement of 1 or more clips resulting in a discharge mitral
regurgitation severity of <2+).** In addition, the 1-, 2- and 3-year survival rates were
96%, 94% and 90%, respectively, whereas the freedom from mitral surgery rates were
86%, 83% and 76%, respectively.”* To maximize the procedural success rate, accurate
patient selection is crucial. This procedural technique may be suitable for patients
with degenerative (primary) or functional moderate-to-severe or severe mitral regur-
gitation who fulfil the following key anatomic criteria: regurgitant jet origin at the
middle scallops of the mitral valve (A2-P2) in the absence of severe dilatation of the
mitral annulus, and for patients with leaflet flail, a flail gap <10 mm and flail width
<15 mm, and for patients with functional mitral regurgitation, a coaptation length
>2 mm and a coaptation depth <11 mm. ** As mentioned before, real-time 3D TEE
yields a comprehensive and accurate evaluation of these patients. However, other
3D imaging modalities such as MRI or MDCT may provide invaluable information
on mitral regurgitation quantification and mitral valve geometry, respectively.** *>*
During the procedure, TEE plays a central role guiding the puncture of the posterior
and superior portion of the interatrial septum and guiding the advancement and
positioning of the catheter-delivery devices. Initial experimental studies have also
shown the usefulness of intracardiac echocardiography to guide the procedure.™
After transseptal puncture, the MitraClip is steered, aligned perpendicularly to the
mitral coaptation line and centered over the origin of the regurgitant jet. The two
arms of the device are opened and the clip is advanced into the left ventricle below
the mitral leaflets. Then, the clip is retracted until the two leaflets are grasped and
then closed to coapt the mitral leaflets (Figure 6). The immediate reduction in mitral
regurgitation can be evaluated with TEE.

The spatial relationship between the coronary sinus and the mitral annulus has pro-
moted the development of percutaneous coronary sinus annuloplasty techniques
that simulate the surgical restrictive ring annuloplasty. By placing anchors or stents
at the distal coronary sinus or the great cardiac vein and at the ostium of the coro-
nary sinus connected by a bridging device, the coronary sinus is constrained and the
cross sectional area of the mitral annulus is reduced with consequent improvement
of the mitral leaflet coaptation. Several devices have been tested in the last years."
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Figure 6. Transcatheter edge-to-edge mitral valve repair. The MitraClip device (Evalve Inc.,
Menlo Park, CA) (A) is a 4-mm wide cobalt/chromium implant with 2 clip arms covered with
polyester fabric to promote tissue ingrowth. The distal gripping elements secure the leaflet fixa-
tion (arrow, B). Real-time 3D TEE demonstrates the final double-orifice mitral valve viewed from
the left atrial side (arrow, C). Adapted with permission from Silvestry et al.>* and Swaans et al.>®

Abbreviations: AoV = aortic valve; LA = left atrium

Recently, the results of the CARILLON Mitral Annuloplasty Device European Union
Study (AMADEUS) trial have demonstrated the feasibility of this interventional pro-
cedure in 48 patients with moderate or severe functional mitral regurgitation.?® The
CARILLON Mitral Contour System (Cardiac Dimensions Inc., Kirkland, WA), consists
of a fixed-length, double-anchor, nitinol device and, as advantages, this device can
be removed or adjusted at the time of implantation. The CARILLON device could be
implanted in 30 patients with significant and sustained reductions in regurgitant
volumes at 6 months follow-up.”® This technique is challenged by the location of the
coronary sinus relative to the mitral annulus and to the circumflex artery. MDCT
provides 3D visualization of these anatomical structures and may constitute a valu-
able pre-procedural screening tool to select the patients amenable for this repair
technique.” * Recently, Tops et al.*® studied these anatomical relationships with
64-row MDCT in 105 patients, including 34 patients with functional mitral regurgi-
tation.”® In the majority of the patients, the coronary sinus coursed superiorly to the
mitral annulus and, therefore, the effectiveness of the percutaneous coronary sinus
annuloplasty in reducing mitral regurgitation severity may be limited (Figure 7). In
addition, in 68% of the patients, the circumflex artery coursed between the coronary
sinus and the mitral valve annulus, increasing the risk of arterial impingement and
myocardial infarction.’® These anatomical relationships should be also taken into ac-
count during the procedure. The implant procedure is performed with fluoroscopy
and echocardiography guidance. First, a venogram is performed to assure the lumi-
nal dimensions of the coronary sinus and the great cardiac vein. The positioning of
the distal anchor is guided with fluoroscopy and, during deployment of the anchor,
an arteriogram is performed to assure patency of the circumflex artery. Once, the
distal anchor is deployed, the delivery system is manually tracked to reduce the
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cross sectional area of the mitral annulus. Reduction of mitral regurgitation severity
is evaluated with echocardiography and finally, the proximal anchor is deployed.

(PERHAPS LESS EMPHASIS ON THE PROCEDURE ITSELF AND CLINICAL RESULTS -
BOTH FOR THE TAVI AND FOR THE MVRp — AND MORE EMPHASIS ON THE DETAILS
OF THE DEIFFERENT IMAGING TECHNIQUES WOULD BE BEST FOR THIS PAPER,
SINCE THERE WILL BE OTHER PAPERS ON THE SAME SUPPLEMENT THAT WILL AD-
DRESS THEM)

Figure 7. Transcatheter coronary sinus annuloplasty. The CARILLON Mitral Contour System
(Cardiac Dimensions Inc., Kirkland, WA) is designed to be implanted within the coronary sinus
(CS) or the great cardiac vein to reduce the cross sectional area of the mitral annulus and, sub-
sequently, to reduce the functional mitral regurgitation (A). The procedural feasibility and the
effectiveness of this device to reduce mitral regurgitation severity depend on the anatomical
course of the coronary sinus in relation to the mitral annular plane and the circumflex artery
(Cx). MDCT provides 3D visualization of these spatial relationships and enables the relative dis-
tance between the CS and the mitral annular plane (double arrow) and the Cx (arrow) (B).

Transcatheter closure of ASD and patent foramen ovale
Transcatheter closure is a well-established treatment for secundum type ASD in

children and adults. Compared to surgery, transcatheter closure procedures provide
similar hemodynamic benefits and favourable cardiac remodeling while minimiz-
ing the hospital stay and recovery.' In experienced hands, the procedural success
rate is 95% with a low rate of major complications such as cardiac perforation or
device embolization (<1%).>' The indications for transcatheter closure of ASD are the
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same than for surgery: presence of hemodynamically significant left-to-right shunt
(a ratio of pulmonary blood flow [Qp] to systemic blood flow [Qs] of >1.5:1.0) and/
or enlargement of right chambers with an ASD of >10 mm and without significant
pulmonary hypertension.”> However, there are several additional features that
define the candidates for transcatheter closure. Secundum type ASD amenable for
transcatheter closure should be smaller than 36-40 mm diameter and have adequate
septal rims (> 4mm) for stable anchoring of the occluder device.” In addition, the
procedural feasibility depends on the presence of abnormal pulmonary vein drain-
age and the exact position of the ASD relative to other structures such as atrio-
ventricular valves, coronary sinus or inferior vena cava. The presence of abnormal
pulmonary vein drainage or close relation to any of the aforementioned structures
indicate preferably surgical treatment. Therefore, in the pre-procedural screening,
cardiac imaging plays a central role with echocardiography as the imaging modality
of reference. Two-dimensional echocardiography permits the evaluation of all the
aforementioned issues (Figure 8A). However, recent advances in real-time 3D TEE
have provided en face ASD images with improved accuracy in real-time estimation
of the defect size and morphology (Figure 8B,C).>* Recently, using as a reference siz-
ing balloons, Taniguchi et al.>* demonstrated that real-time 3D TEE provided more
accurate ASD dimensions than 2D TEE.** In addition, the intra- and inter-observer
variability for maximal ASD diameter estimation was significantly lower with the
use of real-time 3D TEE than 2D TEE (3.6% and 4.8% vs. 8.9% and 9.9%, respectively;
p<0.0001).**

Among several ASD occluder devices, the Amplatzer Septal Occluder (AGA Medical
Corporation, Golden Valley, MN) is the most commonly used. This device consists of
two, self-expandable, nitinol alloy wire-mesh discs joined at a waist. Transcatheter
ASD closure is performed through an antegrade approach, via the femoral vein,
with fluoroscopic and echocardiographic (transesophageal or intracardiac echocar-
diography) guidance. The ASD is imaged by echocardiography and with the use of a
sizing balloon, the dimensions of the septal defect are measured to select the most
appropriate device size. The defect is crossed with a semistiff wire and the delivery
system passes orthogonally through the septal defect. Thereafter, the left and the
right discs are sequentially unfolded and before the device is released, the exact po-
sitioning of the occluder should be ensured. In this key step, real-time 3D TEE may
provide a superb on-line view of the device position in the interatrial septum and
its spatial relationship with surrounding cardiac structures (atrioventricular valves
or coronary sinus) (Figure 8D,E). Finally, the presence of residual shunting should be
evaluated. Hemodynamically non-significant shunts are often observed at the end of
the procedure but most of them close spontaneously within the first year.'
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Figure 8. Transcatheter atrial septal defect closure. Echocardiography is the first choice im-
aging modality to localize and evaluate the dimensions of the atrial septal defect (A). Doppler
echocardiographic techniques permit the assessment of the left-to-right shunt (A). During the
procedure, real-time 3D TEE may provide a more accurate visualization and measurement of the
ASD (B). The presence of multiple ASD may be rather common (stars, B) and real-time 3D TEE
enables the en face view of the entire atrial septum and the spatial relationship between the de-
fects. This imaging modality permits also multiplanar reformatting planes to accurately measure
the size of the defect (C). Finally, 3D reconstructions from the left atrial view (D) and the right
atrial view (E) illustrate the final result of the device implantation (E).

Abbreviations: Ao = aortic valve; LA =left atrium; RA =right atrium; RV =right ventricle; SVC = superior vena cava.

The number of transcatheter patent foramen ovale closure procedures has increased
dramatically in the last years. Over 1100 patients have received an Amplatzer PFO
occluder (AGA Medical Corporation, Golden Valley, MN) for secondary prevention
of stroke.® The prevalence of patent foramen ovale in the general population is
rather high (15% to 27% according to echocardiography- or anatomy-based series)
and frequently, is associated with an atrial septal aneurysm.*® Diagnosis of patent
foramen ovale relies on echocardiography demonstrating an interatrial communi-
cation with right-to-left transit of contrast microbubbles within 3 or 4 beats after
opacification of right atrium.* Atrial septal aneurysm is diagnosed by the visualiza-
tion of a redundant and hypermobile portion of the interatrial septum with more
10 mm excursion from the centreline during the cardiac cycle.** During the last
decades, several observational, non-controlled studies have related the presence of a
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patent foramen ovale to increased risk of cryptogenic cerebral stroke or paradoxical
thromboemlism.* In the Patent Foramen Ovale in Cryptogenic Stroke Study (PICCS)
a patent foramen ovale was present almost 39% of the patients with a cryptogenic
stroke vs. 30% of the patients with known cause of stroke.”” Pooled data from non-
randomized studies favour transcatheter closure of patent foramen ovale over medi-
cal therapy, with reduced 1-year rates of recurrent neurological thromboembolism
(0-5% vs. 4-12%, respectively) and with a mean frequency of major complications of
2.3%.%® Nevertheless, current guidelines recommend transcatheter closure of patent
foramen ovale only in patients with recurrent cryptogenic stroke despite optimal
medical therapy (class IIB, level of evidence C).*> Ongoing randomized, controlled
trials will provide the best evidence on the safety and efficacy of transcatheter pat-
ent foramen ovale closure relative to antithrombotic therapy.®

Although highly experienced centers have demonstrated successful transcatheter
closure of patent foramen ovale with only fluoroscopic guidance,” the combina-
tion of fluoroscopy and echocardiography (transesophageal or intracardiac) may
constitute the best approach to achieve the highest success rate while minimizing
the complications rate.”’ The interventional procedure is similar to the ASD closure
procedure. With fluoroscopy, the so-called Pacman sign may be visualized before the
device is released.” The cranial halves of the left and the right discs should appear
as open jaws biting the thick septum secundum. However, the goal of the patent
foramen ovale closure is to eliminate the shunt between right and left atria, abol-
ishing, therefore, the risk of recurrent paradoxical thromboembolism. In patients
with tunnel defects, atrial septal aneurysm or who require large occluder devices,
the risk of residual shunting is higher and therefore, the use of echocardiography
during the procedure may be helpful to accurately measure the defect, select the
most appropriate device size and to help in the positioning and delivering of the
occluder device.*!

(AGAIN, I THING THE EMPHASIS SHOULD BE MORE ON THE IMAGING RATHER
THAN DESCRIBING DEVICES OR RESULTS. HOW TO BEST DEFINE THE 5 SEGMENTS
OF THE ASD RIMS, 2D-TTE, 2D-TEE, ICE AND RT-3D TEE)

Transcatheter closure of VSD

Ventricular septal defects account for 20% of the congenital heart disease.” In up
to 70% of the patients, the location of the VSD is perimembranous whereas mus-
cular VSD are observed in 15%.> Supracrystal or multiple VSD are rarely observed.
Indications for VSD closure include heart failure symptoms, enlargement of left car-
diac chambers or history of endocarditis.” Surgical closure remains the first choice
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treatment of VSD. However, in highly experienced centers, transcatheter closure
of both perimembranous and muscular VSD compares favourably to surgical (NOT
SO FOR THE PERIMEMBRANOUS) closure with procedural success rates around 95%
and limited number of complications.” Compared to transcatheter closure of ASD,
closure of VSD is more challenging due to the contraction of the interventricular
septum. (UNDERSTANDING THE SPATIAL CONFIGURATION OF THE RV RAPPING
ARROUND THE LV AS WELL AS THE CONCRETE ANATOMICAL LOCATION OF THE
VSD - APICAL, ANTERIOR, INLET, OUTLET, SUB-ARTERIAL ETC, IS PRIMORDIAL TO
SELECT WHICH PATIENTS ARE AMENABLE TO CLOSURE BY CURRENT DEVICES)
Particularly, the closure of perimembranous VSD faces an increased risk of complete
atrioventricular block with the subsequent need for pacemaker. Accurate morpho-
logic assessment and location of a hemodynamically significant VSD are crucial pre-
procedural screening steps. Echocardiography constitutes the imaging technique
of choice to evaluate all these parameters. Specifically, transcatheter closure of
perimembranous VSD is feasible when a rim of at least 1 mm separating the aortic
valve from the VSD exists.*” Patients with infundibular defects, perimembranous
VSD and prolapse of one of the aortic leaflets or malalignment are not amenable
for transcatheter closure and should be referred to surgery. The interventional
procedure is performed with fluoroscopic and echocardiographic guidance. First, a
left ventricular angiogram helps to localize the septal defect and echocardiography
helps to accurate measure the maximum diameter of the defect. According to the
size and the location of the defect, the occluder device size and type will be selected.
Different occluder devices exist for each type of VSD: muscular (Amplatzer mVSD)
and perimembranous (Amplatzer pmVSD) (AGA Medical Corporation, Golden Valley,
MN). An antegrade approach is commonly used to advance the delivery system and
to cross the muscular VSD.* Once the left ventricular disc is deployed and pulled
against the septum, the correct position of the occluder device is confirmed with
echocardiography or fluoroscopy. Thereafter, the right ventricular disc is deployed
and the device is released. In contrast, a retrograde approach is preferred to close
the perimembranous VSD since there are no fluoroscopic landmarks to cross the
defect.” Subsequently, the right ventricular disc of the device is deployed and pulled
against the septum and finally, the left ventricular disc is deployed and the device
is released. Recently, advances in image fusion have facilitated the antegrade ap-
proach to percutaneously close the perimembranous septal defects.** Ratnayaka et
al. demonstrated that fluoroscopy image fused with magnetic resonance imaging
roadmaps permits antegrade approach reducing the radiation exposure compared
to conventional retrograde approach (Figure 9).* Finally, the results can be evalu-
ated with echocardiography with special attention to the residual shunt.
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Figure 9. Novel image fusion technologies to assist transcatheter VSD closure. Antegrade
transcatheter closure of perimembranous VSD assisted by X-ray fused with MRI roadmaps (XFM).
First, from a long-axis 3-chamber steady-state free precession MRI the contours of the aortic root
(in red) and the perimembranous VSD (in red) are traced (A) whereas the endocardial borders
of the right (in yellow) and left (in green) ventricles are traced from the short-axis views (B). In
addition, the aortic root and the aortic leaflets contours are traced from the short-axis views (C).
These MRI-derived contours provide the data to render the aforementioned structures in three
dimensions (D). During the procedure, the VSD is identified with XFM guidance. Through an
antegrade approach, the delivery system is directed towards the left ventricular apex (E) and
confirmatory XFM ventriculography demonstrates the deployment of the occluder device in the
exact position (F). Adapted with permission from Ratnayaka et al.**

Limited experience exists on transcatheter closure of post-myocardial infarction

ventricular septal rupture.*> *® With primary coronary intervention, this complica-
tion is currently rather uncommon and when it occurs, surgery is the preferred
treatment. However, in high-risk patients such as elderly patients or with associ-
ated co-morbidities, transcatheter closure of ventricular septal rupture may be an
alternative option. Limited registries and several case reports have demonstrated
the feasibility of this intervention.* *® Ischemic ventricular septal ruptures show
usually a complex morphology with multiple orifices and tunnels. Real-time 3D
echocardiography may be a valuable imaging technique to assist the procedure. As
mentioned previously, real-time 3D echocardiography provides accurate information
on the location and size and morphology of the septal defect (Figure 10).* However,
the still high 30-day mortality rate (28%) after the procedure warrants further studies
before this technique is widely implemented in the clinical practice. (AGAIN, LESS
EMPHASIS ON DEVICES AND RESULTS, AND PERHAPS MORE ON IMAGING DETAILS
WOULD BE PREFERABLE)

Transcatheter left atrial appendage closure

Atrial fibrillation is the most common sustained cardiac arrhythmia with a preva-
lence of 6 millions of individuals in United States.*” Atrial fibrillation is related to
an increased risk of stroke (5%/year).*® Despite the efficacy of anticoagulation to
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prevent future strokes, recent registries demonstrated that only 50% of the patients
who would benefit of long-term warfarin are treated with it.** Based on anatomi-
cal and echocardiography series, the left atrial appendage is the site of thrombi
formation and embolism in 90% of the patients.’®>' Therefore, the closure of this
anatomic structure in patients with non-valvular atrial fibrillation may prevent
future strokes. The Percutaenous Left Atrial Appendage Transcatheter Occlusion
(PLAATO) trial demonstrated the feasibility and the safety of the occlusion of the
left atrial appendage with the PLAATO system (Appriva Medical Inc., ev3, Sunnyvale,
CA).” This non-randomized trial was the first in reporting significant reductions in
the annualized stroke/transient ischemic attack rate (3.8% vs. the 6.6% expected rate
based on the CHADS, score) with limited procedure-related complication rates.>
Recently, the randomized PROTECT AF (WATCHMAN Left Atrial Appendage System
for Embolic Protection in Patients with Atrial Fibrillation) trial have extended these
results and confirmed the non-inferiority of the occluder device (Atritech Inc., Plym-
outh, MN) against chronic warfarin therapy.> Successful implantation of the device
was achieved in 88% of the patients whereas the procedural complication rate was
relatively low (4.8%).>

Figure 10. Transcatheter closure of post-myocardial infarction muscular VSD. Real-time 3D
TTE demonstrates the apical septal thinning and ventricular septal defect (A). After the trans-
catheter closure, real-time 3D TEE demonstrates the final position of the deployed occluder de-
vice (B). Adapted with permission from Halpern et al.*

Abbreviations: LA = left atrium; LV = left ventricle; RA = right atrium; RV = right ventricle; VSD = ventricular
septal defect.

Cardiac imaging plays a central role in the pre-procedural screening with TEE as the
mainstay imaging technique. The orifice of the left atrial appendage should be mea-
sured in two orthogonal views to select the most appropriate device size. Therefore,
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real-time 3D TEE may improve the accuracy of the measurements by providing en
face views where the left atrial appendage orifice could be visualized and measured
without geometric assumptions. However, to date there is no experience with this
imaging technique. In addition, echocardiography is a valuable imaging modality to
rule out the presence of procedural contraindications (significant mitral or aortic
stenosis, moderate or severe mitral regurgitation, mobile or planar clot in the left
atrium or atrial appendage and enlarged left atrium [>65 mm)|). During the proce-
dure, combination of fluoroscopy and transesophageal or intracardiac echocardiog-
raphy provides the most accurate guidance. A left atrial appendogram (APPENDAGE
ANGIOGRAW) is performed to measure the dimensions of the left atrial appendage
and to select the size of the device (usually 10-20% larger than the diameter of the
left atrial appendage). After transseptal puncture the delivery system is positioned
into the left atrial appendage. Once satisfied, the device can be released and the final
position is confirmed by cineangiography or with color Doppler echocardiography
to evaluate potential leaks around the implant’s edges.

CONCLUSIONS AND FUTURE PERSPECTIVES

Accurate visualization of different cardiac structures is mandatory to maximize the
success rate of current catheter-based intervention procedures. Recent advances in
cardiac imaging modalities such as real-time 3D TEE, MDCT or MRI have improved
significantly the visualization and characterization of cardiac structures and have
facilitated the dissemination of several transcatheter procedures. Some procedures
are challenging and require high experience. However, combination of fluoroscopy
and, most frequently, echocardiography yields an accurate procedural guidance
to achieve the highest success rate with the lowest complication rates. Current
catheterization laboratories may evolve to hybrid operating rooms with sufficient
space to hold multi-modality imaging capabilities (3D echocardiography, MDCT and
MRI). This is particularly of interest in the emerging field of transcatheter valve
implantation. However, other procedures such as transcatheter closure of perimem-
branous VSD may be facilitated by novel image-fusion technologies that require
MRI or MDCT. Ongoing research will provide novel tools to increase the number
of catheter-based procedures to treat several structural heart diseases that remain
currently in the surgery domain.

33



DISCLOSURES

Jeroen J. Bax receives grants from Biotronik, BMS medical imaging, Boston Scien-
tific, Edwards Lifesciences, GE Healthcare, Medtronic and St. Jude Medical. Martin ]J.

Schalij receives grants from Biotronik, Boston Scientific & Medtronic. The remain-
ing authors: none.

34



Introduction

REFERENCES

(1)

(5)

Webb G, Gatzoulis MA. Atrial septal de-
fects in the adult: recent progress and
overview. Circulation 2006;114:1645-
1653.

Carminati M, Butera G, Chessa M, De
GJ, Fisher G, Gewillig M, Peuster M,
Piechaud JF, Santoro G, Sievert H, Spa-
doni I, Walsh K. Transcatheter closure
of congenital ventricular septal de-
fects: results of the European Registry.
Eur Heart ] 2007;28:2361-2368.

Zajarias A, Cribier AG. Outcomes
and safety of percutaneous aortic
valve replacement. | Am Coll Cardiol
2009;53:1829-1836.

Iung B, Baron G, Butchart EG, Dela-
haye F, Gohlke-Barwolf C, Levang OW,
Tornos P, Vanoverschelde JL, Vermeer
F, Boersma E, Ravaud P, Vahanian A.
A prospective survey of patients with
valvular heart disease in Europe: The
Euro Heart Survey on Valvular Heart
Disease. Eur Heart ] 2003;24:1231-1243.
Cribier A, Eltchaninoff H, Tron C,
Bauer F, Agatiello C, Sebagh L, Bash
A, Nusimovici D, Litzler PY, Bessou
JP, Leon MB. Early experience with
percutaneous transcatheter implanta-
tion of heart valve prosthesis for the
treatment of end-stage inoperable
patients with calcific aortic stenosis. |
Am Coll Cardiol 2004;43:698-703.
Kapadia SR, Goel SS, Svensson L,
Roselli E, Savage RM, Wallace L, Sola
S, Schoenhagen P, Shishehbor MH,
Christofferson R, Halley C, Rodriguez
LL, Stewart W, Kalahasti V, Tuzcu
EM. Characterization and outcome
of patients with severe symptomatic
aortic stenosis referred for percutane-
ous aortic valve replacement. | Thorac
Cardiovasc Surg 2009;137:1430-1435.
Lefevre T. The SOURCE Registry. Paper
presented at: TranscatheterCardiovascular

Therapeutics, October 13, 2008; Washing-
ton, DC 2008.

Piazza N, Grube E, Gerckens U, den HP,
Linke A, Luha O, Ramondo A, Ussia G,
Wenaweser P, Windecker S, Laborde
JC, De JP, Serruys PW. Procedural and
30-day outcomes following transcath-
eter aortic valve implantation using
the third generation (18 Fr) corevalve
revalving system: results from the
multicentre, evaluation
registry 1-year following CE mark
approval. Eurolntervention 2008;4:242-
249.

Webb JG, Altwegg L, Boone RH,
Cheung A, Ye ], Lichtenstein S, Lee
M, Masson ]B, Thompson C, Moss
R, Carere R, Munt B, Nietlispach F,
Humphries K. Transcatheter aortic

expanded

valve implantation: impact on clinical
and valve-related outcomes. Circulation
2009;119:3009-3016.

Moss RR, Pasupati S,
Humphries K, Thompson CR, Munt
B, Sinhal A, Webb ]JG. Role of Echo-
cardiography in Percutaneous Aortic
Valve Implantation. ] Am Coll Cardiol
Img 2008;1:15-24.

Smid M, Ferda ], Baxa ], Cech ], Hajek
T, Kreuzberg B, Rokyta R. Aortic annu-
lus and ascending aorta: Comparison

Ivens E,

of preoperative and periooperative
measurement in patients with aortic
stenosis. Eur ] Radiol 2009 in press
DOI:10.1016/j.ejrad.2009.01.028.

Tops L, Wood D, Delgado V, Schuijf ],
Mayo J, Pasupati S, Lamers F, van der
Wall E, Schalij M, Webb ], Bax J. Non-
invasive Evaluation of the Aortic Root
With Multislice Computed Tomogra-
phy Implications for Transcatheter
Aortic Valve Replacement. | Am Coll
Cardiol Img 2008;1:321-330.

35




(13)

(14)

(15)

(16)

36

Kurra V, Schoenhagen P, Roselli EE,
Kapadia SR, Tuzcu EM, Greenberg
R, Akhtar M, Desai MY, Flamm SD,
Halliburton SS, Svensson LG, Sola S.
Prevalence of significant peripheral
artery disease in patients evaluated
for percutaneous aortic valve inser-
tion: Preprocedural assessment with
multidetector computed tomography.
J Thorac Cardiovasc Surg 2009;137:1258-
1264.

Naqvi TZ. Echocardiography in percu-
taneous valve therapy. JACC Cardiovasc
Imaging 2009;2:1226-1237.

Ng AC, van der KF, Delgado V,
Shanks M, van Bommel R], de WA,
Tavilla G, Holman ER, Schuijf JD, van
d, V, Schalij M], Bax ]J]. Percutaneous
valve-in-valve procedure for severe
paravalvular regurgitation in aortic
bioprosthesis. JACC Cardiovasc Imaging
2009;2:522-523.

Detaint D, Sundt TM, Nkomo VT, Scott
CG, Tajik A], Schaff HV, Enriquez-Sa-
rano M. Surgical correction of mitral
regurgitation in the elderly: outcomes
and recent improvements. Circulation
2006;114:265-272.

Mirabel M, Iung B, Baron G, Messika-
Zeitoun D, Detaint D, Vanoverschelde
JL, Butchart EG, Ravaud P, Vahanian
A. What are the characteristics of
patients with severe, symptomatic,
mitral regurgitation who are denied
surgery? Eur Heart | 2007;28:1358-
1365.

Tops LF, Kapadia SR, Tuzcu EM,
Vahanian A, Alfieri O, Webb ]G, Bax
JJ- Percutaneous valve procedures: an
update. Curr Probl Cardiol 2008;33:417-
457.

Carabello BA. The current therapy for
mitral regurgitation. ] Am Coll Cardiol
2008;52:319-326.

Zoghbi WA, Enriquez-Sarano M, Foster
E, Grayburn PA, Kraft CD, Levine

(21)

(22)

(23)

(24)

(25)

RA, Nihoyannopoulos P, Otto CM,
Quinones MA, Rakowski H, Stewart
W], Waggoner A, Weissman NJ.
Recommendations for evaluation of
the severity of native valvular regur-
gitation with two-dimensional and
Doppler echocardiography. ] Am Soc
Echocardiogr 2003;16:777-802.

Ajmone Marsan N, Westenberg ],
Ypenburg C, Delgado V, van Bommel
RJ, Roes S, Nucifora G, van der Geest
J, de Roos A, Reiber ], Schalij MJ, Bax
JJ- Quantification of mitral regurgita-
tion by real-time three-dimensional
head-to-head
comparison with 3D velocity-encoded

echocardiography:

magnetic resonance imaging. | Am Coll
Cardiol Img 2010 in press.

Little SH, Pirat B, Kumar R, Igo SR,
McCulloch M, Hartley CJ, Xu ], Zoghbi
WA. Three-dimensional color Doppler
echocardiography for direct measure-
ment of vena contracta area in mitral
regurgitation: in vitro validation and
clinical experience. JACC Cardiovasc
Imaging 2008;1:695-704.

Alfieri O, Elefteriades JA, Chapolini R],
Steckel R, Allen W], Reed SW, Schreck
S. Novel suture device for beating-
heart mitral leaflet approximation.
Ann Thorac Surg 2002;74:1488-1493.
Feldman T, Kar S, Rinaldi M, Fail P,
Hermiller J, Smalling R, Whitlow PL,
Gray W, Low R, Herrmann HC, Lim S,
Foster E, Glower D. Percutaneous mi-
tral repair with the MitraClip system:
safety and midterm durability in the
initial EVEREST (Endovascular Valve
Edge-to-Edge REpair Study) cohort. |
Am Coll Cardiol 2009;54:686-694.
Delgado V, Tops LF, Schuijf JD, de RA,
Brugada ], Schalij M], Thomas ]JD, Bax
JJ. Assessment of mitral valve anatomy
and geometry with multislice com-
puted tomography. JACC Cardiovasc
Imaging 2009;2:556-565.



Introduction

(26)

(27)

(28)

(29)

(30)

(31)

O’Gara PT, Sugeng L, Lang RM, Sarano
M, Hung J, Raman S, Fischer G, Cara-
bello BA, Adams D, Vannan M. The role
of imaging in chronic degenerative
mitral regurgitation. ] Am Coll Cardiol
Img 2008;1:221-237.

Westenberg JJ, Doornbos |, Versteegh
MI, Bax JJ, van der Geest R], de RA,
Dion RA, Reiber JH. Accurate quan-
titation of regurgitant volume with
MRI in patients selected for mitral
valve repair. Eur ] Cardiothorac Surg
2005;27:462-466.

Schofer |, Siminiak T, Haude M, Her-
rman JP, Vainer ], Wu JC, Levy WC,
Mauri L, Feldman T, Kwong RY, Kaye
DM, Duffy SJ, Tubler T, Degen H,
Brandt MC, Van BR, Goldberg S, Reuter
DG, Hoppe UC. Percutaneous mitral
annuloplasty for functional mitral
regurgitation: results of the CARILLON
Mitral Annuloplasty Device European
Union Study. Circulation 2009;120:326-
333.

Choure AJ, Garcia M], Hesse B, Sev-
ensma M, Maly G, Greenberg NL, Borzi
L, Ellis S, Tuzcu EM, Kapadia SR. In
vivo analysis of the anatomical rela-
tionship of coronary sinus to mitral
annulus and left circumflex coronary
artery using cardiac multidetector
computed tomography: implications
for percutaneous coronary sinus
mitral annuloplasty. ] Am Coll Cardiol
2006 November;48:1938-1945.

Tops LF, van de Veire N, Schuijf JD, de
RA, van der Wall EE, Schalij MJ, Bax
JJ- Noninvasive evaluation of coronary
sinus anatomy and its relation to the
mitral valve annulus: implications
for percutaneous mitral annuloplasty.
Circulation 2007;115:1426-1432.

Du ZD, Hijazi ZM, Kleinman CS,
Silverman NH, Larntz K. Comparison
between transcatheter and surgical
closure of secundum atrial septal

(32)

(34)

defect in children and adults: results
of a multicenter nonrandomized trial.
J Am Coll Cardiol 2002;39:1836-1844.
Krasuski RA. When and how to fix a
‘hole in the heart’: approach to ASD
and PFO. Cleve Clin | Med 2007;74:137-
147.

Balzer ], van HS, Rassaf T, Boring YC,
Franke A, Lang RM, Kelm M, Kuhl HP.
Feasibility, safety, and efficacy of real-
time three-dimensional transoesopha-
geal echocardiography for guiding
device closure of interatrial communi-
cations: initial clinical experience and
impact on radiation exposure. Eur |
Echocardiogr 2009 in press doi:10.1093/
ejechocardfjep116.

Taniguchi M, Akagi T, Watanabe N,
Okamoto Y, Nakagawa K, Kijima Y, Toh
N, Ohtsuki S, Kusano K, Sano S. Appli-
cation of real-time three-dimensional
transesophageal echocardiography us-
ing a matrix array probe for transcath-
eter closure of atrial septal defect. J Am
Soc Echocardiogr 2009;22:1114-1120.
O’Gara PT, Messe SR, Tuzcu EM,
Catha G, Ring JC. Percutaneous device
closure of patent foramen ovale for
secondary stroke prevention: a call
for completion of randomized clinical
trials. A science advisory from the
American Heart Association/American
Stroke Association and the American
College of Cardiology Foundation. ] Am
Coll Cardiol 2009;53:2014-2018.

Garg P, Walton AS. The new world of
cardiac interventions: a brief review of
the recent advances in non-coronary
percutaneous interventions. Heart
Lung Circ 2008;17:186-199.

Homma S, Sacco RL, Di Tullio MR,
Sciacca RR, Mohr JP. Effect of medi-
cal treatment in stroke patients with
patent foramen ovale: patent foramen
ovale in Cryptogenic Stroke Study.
Circulation 2002;105:2625-2631.

37




(38)

(39)

(42)

(43)

(44)

38

Khairy P, O’Donnell CP, Landzberg M].
Transcatheter closure versus medical
therapy of patent foramen ovale and
presumed paradoxical thromboem-
boli: a systematic review. Ann Intern
Med 2003;139:753-760.

Wahl A, Tai T, Praz F, Schwerzmann
M, Seiler C, Nedeltchev K, Windecker
S, Mattle H, Meier B. Late results after
percutaneous closure of patent fora-
men ovale for secondary prevention
of paradoxical embolism using the
PFO occluder without
intraprocedural echocardiography:
effect of device size. ] Am Coll Cardiol
Intv 2009;2:116-123.

Sorajja P, Nishimura RA. Patent fora-

Amplatzer

men ovale closure without echocar-
diography: are we closing the door
too fast too soon? ] Am Coll Cardiol Intv
2009;2:124-126.

Balzer J, Kelm M, Kuhl HP. Real-time
three-dimensional transoesophageal
echocardiography for guidance of
non-coronary interventions in the
catheter laboratory. Eur | Echocardiogr
2009;10:341-349.

Butera G, Carminati M, Chessa M,
Piazza L, Micheletti A, Negura DG,
Abella R, Giamberti A, Frigiola A.
Transcatheter closure of perimembra-
nous ventricular septal defects: early
and long-term results. | Am Coll Cardiol
2007;50:1189-1195.

Holzer R, Balzer D, Cao QL, Lock K,
Hijazi ZM. Device closure of muscular
ventricular septal defects using the
Amplatzer muscular ventricular septal
defect occluder: immediate and mid-
term results of a U.S. registry. ] Am Coll
Cardiol 2004;43:1257-1263.

Ratnayaka K, Raman VK, Faranesh
AZ, Sonmez M, Kim JH, Gutierrez
LF, Ozturk C, McVeigh ER, Slack MC,
Lederman RJ. Antegrade percutaneous
closure of membranous ventricular

(45)

(47)

(48)

septal defect using X-ray fused with
magnetic resonance imaging. JACC
Cardiovasc Interv 2009;2:224-230.
Halpern DG, Perk G, Ruiz C, Marino N,
Kronzon I. Percutaneous closure of a
post-myocardial infarction ventricular
septal defect guided by real-time
three-dimensional echocardiography.
Eur J Echocardiogr 2009;10:569-571.
Holzer R, Balzer D, Amin Z, Ruiz CE,
Feinstein ], Bass J, Vance M, Cao QL,
Hijazi ZM. Transcatheter closure of
postinfarction  ventricular  septal
defects using the new Amplatzer
muscular VSD occluder: Results of a
U.S. Registry. Catheter Cardiovasc Interv
2004;61:196-201.

Miyasaka Y, Barnes ME, Gersh BJ,
Cha SS, Bailey KR, Abhayaratna WP,
Seward ]JB, Tsang TS. Secular trends
in incidence of atrial fibrillation in
Olmsted County, Minnesota, 1980 to
2000, and implications on the projec-
tions for future prevalence. Circulation
2006;114:119-125.

Sick PB, Schuler G, Hauptmann KE,
Grube E, Yakubov S, Turi ZG, Mishkel
G, Almany S, Holmes DR. Initial world-
wide experience with the WATCHMAN
left atrial appendage system for stroke
prevention in atrial fibrillation. | Am
Coll Cardiol 2007;49:1490-1495.

Go AS, Hylek EM, Borowsky LH, Phil-
lips KA, Selby JV, Singer DE. Warfarin
use among ambulatory patients with
nonvalvular atrial fibrillation: the an-
ticoagulation and risk factors in atrial
fibrillation (ATRIA) study. Ann Intern
Med 1999 December;131:927-934.
Aberg H. Atrial fibrillation. I. A study
of atrial thrombosis and systemic
embolism in a necropsy material. Acta
Med Scand 1969;185:373-379.

Stoddard MF, Dawkins PR, Prince CR,
Ammash NM. Left atrial appendage
thrombus is not uncommon in pa-



Introduction

(52)

(53)

tients with acute atrial fibrillation and
a recent embolic event: a transesopha-
geal echocardiographic study. ] Am Coll
Cardiol 1995;25:452-459.

Block P, Burstein S, Casale P, Kramer
P, Teirstein P, Williams D, Reisman
M. Percutaneous left atrial append-
age occlusion for patients in atrial
fibrillation suboptimal for warfarin
therapy: 5-year results of the PLAATO
(Percutaneous Left Atrial Appendage
Transcatheter Occlusion) study. ] Am
Coll Cardiol Intv 2009;2:594-600.
Holmes DR, Reddy VY, Turi ZG, Doshi
SK, Sievert H, Buchbinder M, Mullin
CM, Sick P. Percutaneous closure of
the left atrial appendage versus war-
farin therapy for prevention of stroke
in patients with atrial fibrillation:
a randomised non-inferiority trial.
Lancet 2009;374:534-542.

(55)

Silvestry FE, Rodriguez LL, Herrmann
HC, Rohatgi S, Weiss S], Stewart W],
Homma S, Goyal N, Pulerwitz T, Zuna-
mon A, Hamilton A, Merlino ], Martin
R, Krabill K, Block PC, Whitlow P, Tuz-
cu EM, Kapadia S, Gray WA, Reisman
M, Wasserman H, Schwartz A, Foster
E, Feldman T, Wiegers SE. Echocar-
diographic guidance and assessment
of percutaneous repair for mitral re-
gurgitation with the Evalve MitraClip:
lessons learned from EVEREST I. | Am
Soc Echocardiogr 2007;20:1131-1140.
Swaans MJ, Van den Branden BJ, Van
der Heyden JA, Post MC, Rensing BJ,
Eefting FD, Plokker HW, Jaarsma W.
Three-dimensional transoesophageal
echocardiography in a patient un-
dergoing percutaneous mitral valve
repair using the edge-to-edge clip
technique. Eur ] Echocardiogr 2009 in
press doi:10.1093/ejechocard/jep101.

39




