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FOREWORD

The development of catheterization of the right side of the heart was a milestone in the
twentieth century. Following the bravado of Werner Forssman’s self-catheterization and
the subsequent systematic application of the technique by Cournand and Richards and
then many others, by the early 1960s, catheterization had emerged as the premier cardiac
diagnostic technique for congenital and valvular heart disease.

A number of seminal technical developments followed. These included percutaneous
access to the venous and arterial vascular beds, a variety of approaches to catheterization
of the left side of the heart, and of course the perfection of coronary arteriography. During
the 1970s, therapeutic applications of cardiac catheterization were first introduced, includ-
ing percutaneous transluminal coronary angioplasty by Gruntzig. Less well known was
atrial septostomy for transposition of the great arteries by Rashkind. These were the
“opening shots” of a revolution in cardiac therapy using catheter-based techniques which
is still ongoing and gathering momentum. Simultaneously, echocardiography was devel-
oped and its role as an important diagnostic technique became established.

By the end of the twentieth century, the role of cardiac catheterization had changed
drastically. Just as echocardiography and other non-invasive imaging techniques dis-
placed catheterization as the premier cardiac diagnostic method, so were catheter-based
approaches displacing surgery as the principal method for repairing anatomic cardiac and
vascular abnormalities. Of course, percutaneous coronary interventions have been the
mainstay of interventional cardiology. However, beginning with atrial septostomy and
then percutaneous mitral balloon valvuloplasty, progress in noncoronary intervention has
been accelerating rapidly and on many fronts. Most visible have been the procedures to
improve valve function, including percutaneous valve replacement. However, advances in
closure of patent foramina ovale as well as atrial and ventricular septal defects are quite
impressive. A variety of adjunctive coronary interventions including alcohol septal abla-
tion are gaining a foothold. Disorders of the aorta, carotid, and peripheral arteries, long the
domain of the vascular surgeon, are now increasingly managed through catheterization
techniques.

Dr. Herrmann, a pioneer in interventional cardiology, has made a major contribution
by editing this fine book, Interventional Cardiology: Percutaneous Noncoronary Inter-
vention. He has brought together world leaders who have contributed their enormous
expertise to this field which is growing rapidly in importance. Although this volume is
as current as last month’s meetings, it is nonetheless carefully edited, finely illustrated,
and well referenced.

Dr. Herrmann and his talented coauthors deserve the thanks of the growing number of
interventional cardiologists who are looking beyond the coronary vascular bed and to the
growing number of patients who can benefit from percutaneous noncoronary interven-
tions.

Eugene Braunwald, mp
Boston, Massachusetts



PREFACE

From its beginnings, the field of interventional cardiology has been defined by coro-
nary interventions. Today, percutaneous coronary intervention with balloon angioplasty,
bare metal, and drug-eluting stents has become the predominant form of coronary revas-
cularization and the most frequent therapeutic intervention in the modern cardiac cath-
eterization laboratory. However, as this field has matured, cardiologists have found
novel ways to apply their expertise with wires, guide catheters, balloons, and stents to a
number of other vascular beds and structural cardiac diseases.

Specifically, in the area of valvular heart disease, percutaneous noncoronary interven-
tion began with the pioneering work of Jean Kan and Kanji Inoue, who demonstrated the
usefulness of balloon valvuloplasty for stenotic valvular heart disease. Part I of Interven-
tional Cardiology: Percutaneous Noncoronary Intervention focuses on valvular heart
disease and is introduced by reviews of balloon valvuloplasty for mitral stenosis (Chapter
1) and for aortic and pulmonary valve stenosis (Chapter 2). In this regard, one of the most
exciting current areas of clinical investigation in valvular heart disease involves a new
treatment for aortic stenosis with a stented percutaneously inserted aortic valve as described
in Chapter 6. Advancements are also being made in the treatment of regurgitant valvular
disease, particularly mitral regurgitation. Chapters 3—5 describe the pathophysiology of
mitral regurgitation, and percutaneous approaches either through the coronary sinus or by
direct leaflet modification.

Part II describes new interventions for structural heart disease focusing on septal
defects at both the atrial and ventricular level. These chapters include descriptions by
experts in the field on the use of closure devices for atrial and ventricular septal defects.
Although no one would dispute the value of closing a large, hemodynamically significant
atrial or ventricular septal defect, the use of devices for closure of patent foramen ovale
and to exclude the left atrial appendage in order to reduce the risk of stroke is more
controversial. In this regard, Chapter 7 describes the neurologic considerations in PFO
closure prior to a discussion of closure devices in Chapters 8, 9, and 12.

Although one goal of this book was to avoid discussion of conventional coronary
revascularization, many new and novel devices are being developed as adjunctive thera-
pies during coronary interventions. Nowhere is this more apparent than in the area of
myocardial infarction (Chapter 13) and for cardiogenic shock where new percutaneous
mechanical assist devices are being utilized (Chapter 14). The use of alcohol septal
ablation to modify hypertrophic obstructive cardiomyopathy is another example of a
coronary intervention that falls outside of the usual revascularization procedure (Chapter
15). Finally, the last chapter in this section describes myocardial regeneration and thera-
peutic angiogenesis via both coronary and myocardial approaches.

Probably the most frequent and successful of the noncoronary interventions to date
involves the use of angioplasty techniques to treat extracardiac vascular disease. Chap-
ters 17 and 18 describe peripheral intervention in the renal, iliac, and carotid territories.
Aortic stent grafting is currently a mostly surgical field as described in Chapter 19, but
itis likely that technologic advancements in the future will allow diseases of the aorta to
be treated percutaneously in the cardiac catheterization laboratory.

vii



viii Preface

The last section of the book deals with the important adjunctive imaging modalities
utilized in these new percutaneous noncoronary interventions. Echocardiography,
whether transthoracic, transesophageal, or intracardiac, is more and more frequently
being utilized during interventional procedures and is well described in Chapter 20.
Improvements in angiography such as 3-dimensional reconstruction, as well as the use
of magnetic resonance, round out this section on associated imaging modalities.

Percutaneous coronary intervention will remain the mainstay of most cardiac catheter-
ization laboratories for the foreseeable future. However, percutaneous noncoronary
intervention is occupying an ever-increasing niche in many laboratories and for many
interventionalists. I am hopeful that Interventional Cardiology: Percutaneous Noncoro-
nary Intervention will help to expand this field and provide a forum for future advances
and discussion of these modalities. 1 am grateful to all of the contributors for their
expertise and effort in making their knowledge available on a widespread basis. 1 would
also like to thank my wife Deborah and our children Stephanie, Jessica, and Jason for their
support and understanding as I completed the editorial process.

Howard C. Herrmann, MD
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1 Percutaneous Mitral Balloon
Valvuloplasty for Patients

with Rheumatic Mitral Stenosis
Immediate and Long-Term Follow-up Results

Igor E Palacios, MD
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INTRODUCTION

Since its introduction in 1984 by Inoue et al. (/), percutaneous mitral balloon
commissurotomy or valvotomy (PMV) has been used successfully as an alternative to
open or closed surgical mitral commissurotomy in the treatment of patients with
symptomatic rheumatic mitral stenosis (2—20). PMV produces good immediate hemo-
dynamic outcome, low complication rates, and clinical improvement in the majority
of patients with mitral stenosis (2-20). PMYV is safe and effective, and it provides
sustained clinical and hemodynamic improvement in patients with rheumatic mitral
stenosis. The immediate and long-term results appear to be similar to those of surgical
mitral commisssurotomy (2-20). Today, PMV is the preferred form of therapy for
relief of mitral stenosis for a selected group of patients with symptomatic mitral
stenosis.

From: Contemporary Cardiology: Interventional Cardiology:
Percutaneous Noncoronary Intervention
Edited by: H. C. Herrmann © Humana Press Inc., Totowa, NJ
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4 Palacios

PATIENT SELECTION

Selection of patients for PMV should be based on symptoms, physical examination, and
two-dimensional (2D) and Doppler echocardiographic findings. PMV is usually performed
electively. However, emergency PMV can be performed as a life-saving procedure in
patients with mitral stenosis and severe pulmonary edema refractory to medical therapy
and/or cardiogenic shock. Patients considered for PMV should be symptomatic (NYHA = 1I),
should have no recent thromboembolic events, have less than 2 grades of mitral regurgita-
tion by contrast ventriculography (using the Seller’s classification), and have no evidence of
left atrial thrombus on 2D and transesophageal echocardiography. Transthoracic and trans-
esophageal echocardiography should be performed routinely before PMV. Patients in atrial
fibrillation and patients with previous embolic episodes should be anticoagulated with
warfarin with a therapeutic prothrombin time for at least 3 mo before PMV. Patients with left
atrium thrombus on 2D echocardiography should be excluded. However, PMV could be
performed in these patients if left atrium thrombus resolves after warfarin therapy.

TECHNIQUE OF PMV

Percutaneous mitral balloon valvuloplasty is performed in the fasting state under mild
sedation. Antibiotics (500 mg dicloxacillin po g/6 h for four doses started before the pro-
cedure, or 1 g Cefazolin intravenously at the time of the procedure) are used. Patients
allergic to penicillin should receive 1 g Vancomycin intravenously at the time of the
procedure.

All patients carefully chosen as candidates for mitral balloon valvuloplasty should
undergo diagnostic right and left and transseptal left heart catheterization. Following
transseptal left heart catheterization, systemic anticoagulation is achieved by the intra-
venous administration of 100 units/kg of heparin. In patients older than 40 yr, coronary
arteriogaphy should also be performed.

Hemodynamic measurements, cardiac output, and cine left ventriculography are per-
formed before and after PMV. Cardiac output is measured by thermodilution and Fick
method techniques. Mitral valve calcification and angiographic severity of mitral regur-
gitation (Seller’s classification) are grade qualitatively from O grade to 4 grades as
previously described (3). An oxygen saturation diagnostic run can be performed before
and after PMV to determine the presence of left to right shunt after PMV.

There is not a unique technique of PMV. Most of the techniques of PMV require
transseptal left heart catheterization and use of the antegrade approach. Antegrade PMV
can be accomplished using a single-balloon (2,3,6) or a double-balloon technique
(3-5,7). In the latter approach, the two balloons could be placed through a single femoral
vein and single transseptal puncture (3,5,7) or through two femoral veins and two sepa-
rate atrial septal punctures (4). In the retrograde technique of PMYV, the balloon dilating
catheters are advanced percutaneously through the right and left femoral arteries over
guide wires that have been snared from the descending aorta (27). These guide wires
have been advanced transseptally from the right femoral vein into the left atrium, the left
ventricle, and the ascending aorta. A retrograde nontransseptal technique of PMV has
also been described (22,23).

The Antegrade Double-Balloon Technique

In performing PMV using the antegrade double-balloon technique (Fig. 1), two
0.0038-in., 260-cm-long Teflon-coated exchange wires are placed across the mitral valve
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Fig. 1. Double-balloon PMV. Two guide wires are advanced into the ascending and descending aortas
with the tip at the level of diaphragm. Two balloon catheters are placed straddling the stenotic mitral
valve; markers identifying the proximal end of the balloons are inflated by hand until the waist pro-
duced by the stenotic valve disappears.

into the left ventricle, through the aortic valve into the ascending, aorta, and then the
descending aorta (24). Care should be taken to maintain large and smooth loops of the
guide wires in the left ventricular cavity to allow appropriate placement of the dilating
balloons. If a second guide wire cannot be placed into the ascending and descending
aorta, a 0.038-in. Amplatz-type transfer guide wire with a performed curlew at its tip can
be placed at the left ventricular apex. In patients with a mechanical aortic valve prosthesis,
both guide wires with performed curlew tips should be placed at the left ventricular apex.
When one or both guide wires are placed in the left ventricular apex, the balloons should
be inflated sequentially. Care should be taken to avoid forward movement of the balloons
and guide wires to prevent left ventricular perforation. Two balloon dilating catheters,
chosen according to the patients’ body surface area, are then advanced over each one of
the guide wires and positioned across the mitral valve parallel to the longitudinal axis of
the left ventricle. The balloon valvotomy catheters are then inflated by hand until the
indentation produced by the stenotic mitral valve is no longer seen. Generally one, but
occasionally two or three inflations are performed. After complete deflation, the balloons
are removed sequentially. (A video of the double-balloon technique is shown as video 1
on the accompanying CD-ROM.)

The Inoue Technique of PMV

Percutaneous mitral balloon valvuloplasty can also been performed using the Inoue
technique (Fig. 2) (1,15-17). The Inoue balloon is a 12 French shaft, coaxial, double-
lumen catheter. The balloon is made of a double layer of rubber tubing with a layer of syn-
thetic micromesh in between. Following transseptal catheterization, a stainless-steel guide
wire is advanced through the transseptal catheter and placed with its tip coiled into the left
atrium and the transseptal catheter removed. A 14 French dilator is advanced over the
guide wire and is used to dilate the femoral vein and the atrial septum. A balloon catheter
chosen according to the patient’s height is advanced over the guide wire into the left atrium.
The distal part of the balloon is inflated and advanced into the left ventricle with the help
of the spring wire stylet, which has been inserted through the inner lumen of the catheter.
Once the catheter is in the left ventricle, the partially inflated balloon is moved back and
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Fig. 2. Inoue technique of PMV. A partially inflated Inoue balloon catheter is placed into the left ven-
tricle (upper left); it is then gently pulled against the mitral plane until resistance is felt (upper right).
The balloon is therewith rapidly inflated by hand, an indentation is seen in the balloon’s midportion
(lower left) straddling the stenotic mitral valve, and the balloon inflated until the waist produced by the
stenotic valve disappears (lower right).

forth inside the left ventricle to ensure that it is free of the chordae tendinae. The catheter
is then gently pulled against the mitral plane until resistance is felt. The balloon is then
rapidly inflated to its full capacity and then deflated quickly. During inflation of the bal-
loon, an indentation should be seen in its midportion. The catheter is withdrawn into the
left atrium, and the mitral gradient and cardiac output measured. If further dilatations are
required, the stylet is introduced again and the sequence of steps described above repeat-
ed at a larger balloon volume. After each dilatation, its effect should be assessed by pres-
sure measurement, auscultation, and 2D echocardiography. If mitral regurgitation occurs,
further dilation of the valve should not be performed. (Video 2 demonstrates the Inoue
technique of balloon mitral valvuloplasty on the accompanying CD-ROM.)

The Metallic Valvotomy Device Technique of PMV

A reusable metallic valvotomy device was developed by Cribier et al. with the goals
of both improving the mitral valvotomy results and decreasing the cost of the procedure.
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Fig. 3. Metallic dilator technique of PMV. Following transseptal catheterization, a guide wire is placed
into the left ventricle apex (upper left), a 14 French dilator is advanced over the guide wire, and the
interatrial septum dilated (upper right). The metallic dilator is then carefully advanced over the guide
wire and placed straddling the stenotic mitral valve (lower left) and opened to a predetermined mea-
sure (lower right) to open the stenotic mitral valve.

The device consists of a detachable metallic cylinder with two articulated bars screwed
onto the distal end of a disposable catheter whose proximal end is connected to an acti-
vating pliers. By the transseptal route, the device is advanced across the valve over a
traction guide wire (Fig. 3). Squeezing the pliers opens the bars up to a maximum extent
of 40 mm. The initial clinical experience consisted of 153 patients with a broad spec-
trum of mitral valve deformities. The procedure was successful in 92% of cases and
resulted in a significant increase in mitral valve area, from 0.95 + 0.2 to 2.16 + 0.4 cm?.
No increase in mitral regurgitation was noted in 80% of cases. Bilateral splitting of the
commissures was observed in 87%. Complications were two cases of severe mitral regur-
gitation (one requiring surgery), one pericardial tamponade, and one transient cerebrovas-
cular embolic event. In this series, the maximum number of consecutive patients treated
with the same device was 35. The results obtained with this new device are encouraging and
at least comparable to those of current balloon techniques. Multiple uses after sterilization
should markedly decrease the procedural cost, a major advantage in countries with limited
resources and high incidence of mitral stenosis (25). [A video (3) demonstrating commis-
surotomy with the metallic valvulotome is shown on the accompanying CD-ROM.]
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Fig. 4. The Multi-Ttrack technique of PMV. A single soft-tip guide wire is placed in the left ventricular
apex. Subsequently, two balloon catheters (one over the wire and the other rapid exchange) are placed
straddling the stenotic mitral valve; markers identifying the proximal end of the balloons are inflated
by hand until the waist produced by the stenotic valve disappears.

The Multi-Track Technique of PMV

The Multi-Track System is a simplified double-balloon technique for percutaneous
mitral valvuloplasty (Fig. 4). The Multi-Track catheter has a short distal tip for connection
to the guide wire. This leaves the rest of guide wire free to receive other catheters. Various
catheters can be introduced over the same guide wire. The balloons are introduced one after
the other, allowing a smaller size of vascular access and transseptal passage. Furthermore,
simultaneous pressure measurements in the left atrium and left ventricle are possible
through a simple venous access, allowing avoidance of arterial puncture. Worldwide expe-
rience between June 1994 and February 2000 included 153 patients with mitral stenosis. In
12 cases, the procedure was done using the exclusive venous approach. The mean mitral
valve area increased from 0.75 £ 0.22 to 2 + 0.33 ¢cm? and the mean left atrial pressure
dropped from 27 = 8 to 11 £ 4 mm Hg. Four patients had a significant increase in mitral
regurgitation, requiring surgical treatment in two patients. There was no mortality. The
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LV 147/6, 14

Fig. 5. Hemodynamic changes produced by a successful PMV in one patient with severe mitral
stenoOsis. Simultaneous left atrium (LA) and left ventricular (LV) pressures before (right panel) and
after (left panel) PMV.

Table 1
Changes in Mitral Valve Area
Author Institution No. of pts. Age (yr) Pre-PMV  Post-PMV
Palacios MGH 860 5712 09+03 20+£0.2
Vahanian Tenon 1514 45+ 15 1.0£0.2 1.9+£03
Stefanadis Athens University 438 44 + 11 1.0x£0.3 2.1x£0.5
Chen Guangzhou 4832 37+£12 1.1£0.3 2.1£0.5
NHLBI Multicenter 738 54+ 12 1.0+ 04 2.0+0.2
Inoue Takeda 527 50+ 10 1.1£0.1 2.0%0.1
Inoue Registry Multicenter 1251 5315 1.0£0.3 1.8+£0.6
Farhat Fattouma 463 33112 1.0+£0.2 22104
Arora G.B. Pan 600 27+8 0.8+£0.2 22104
Cribier Ruen 153 36t 15 1.0£0.2 22104

Multi-Track System is a valid user-friendly and cost-effective alternative for the treatment
of mitral stenosis. It is a rapid and effective procedure associated with low risks (26).

MECHANISM OF PMV

The mechanism of successful PMV is splitting of the fused commissures toward the
mitral annulus, resulting in commissural widening. This mechanism has been demon-
strated by pathological (6,27), surgical (27), and echocardiographic studies (28). In addition,
in patients with calcific mitral stenosis, the balloons could increase mitral valve flexibility
by the fracture of the calcified deposits in the mitral valve leaflets (6). Although rare, unde-
sirable complications such as leaflets tears, left ventricular perforation, tear of the atrial
septum, and rupture of chordae, mitral annulus, and papillary muscle could also occur.

IMMEDIATE OUTCOME

Figure 5 shows the hemodynamic changes produced by PMV in one patient. PMV
resulted in a significant decrease in mitral gradient, mean left atrium pressure, and
mean pulmonary artery pressure and an increase in cardiac output and mitral valve area.
Table 1 shows the changes in mitral valve area reported by several investigators using
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Table 2

Baseline Characteristics

Number of patients

879 (939 PMV)

Age (yr) 55+ 15
Female 719 (82%)
Atrial fibrillation 430 (49%)
Previous commissurotomy 143 (16%)
Mitral regurgitatio =2+ 57 (6.5%)
Fluoroscopic calcium >2+ 230 (26%)
NYHA Class
Class I 12 2%)
Class II 212 (24%)
Class III 539 (61%)
Class IV 116 (13%)
Table 3
Hemodynamic Changes Produced by PMV
Pre-PMV Post-PMV p-Value
Mitral valve area 09+0.3 1.9+0.7 <0.0001
Mitral gradient 14+6 63 <0.0001
Cardiac output 39+1.1 45+13 <0.0001
Mean PA 36+ 13 20+ 11 <0.0001
Mean LA 2517 1717 <0.0001
Note:
EBDA/BSA 3.62 £ 0.49 CM?/m?
PMYV success T2%
Post-PMV MR 3+ 56 (6.0%)
Post-PMV MR 4+ 32 (3.4%)
QP/QS>1.5:1 50 (5.3%)

the double-balloon and the Inoue techniques of PMV. In most series, PMV is reported
to increase mitral valve area from less than 1.0 cm? to >2.0 cm? (2-22,28-30).

Eight hundred seventy-nine consecutive patients with mitral stenosis underwent PMV
at Massachusetts General Hospital between July of 1986 and July of 2000 (/9). The base-
line patient characteristics of this patient population are given in Table 2. As shown in
Table 3, in this group of patients, PMV resulted in a significant increase in mitral valve
area from 0.9 £ 0.3 to 1.9 £ 0.7 cm?.

A successful hemodynamic outcome (defined as a post-PMV mitral valve area >1.5 cm?,
<2 grade increase in mitral regurgitation by angiography, and a QP/QS < 1.5/1) was
obtained in 72 % of the patients. Although a suboptimal result occurred in 28 % of the
patients, a post-PMV mitral valve area <1.0 cm? (critical mitral valve area) was present
in only 7% of these patients.

PREDICTORS OF INCREASE IN MITRAL VALVE AREA
AND PROCEDURAL SUCCESS WITH PMV

Univariate analysis demonstrated that the increase in mitral valve area with PMV is
directly related to the balloon size employed, as it reflects in the effective balloon dilating
area (EBDA) and is inversely related to the echocardiographic score, the presence of
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atrial fibrillation, the presence of fluoroscopic calcium, the presence of previous surgical
commissurotomy, older age, NYHA pre-PMV, and presence of mitral regurgitation before
PMYV. Multiple stepwise regression analysis demonstrated that the increase in mitral valve
area with PMV is directly related to balloon size (p < 0.02) and inversely related to the
echocardiographic score (p < 0.0001), presence of atrial fibrillation (p < 0.009), and mitral
regurgitation before PMV (p < 0.03).

Univariate predictors of procedural success included younger age (p = 0.0001), male
gender (p =0.0003), absence of previous commissurotomy (p = 0.0078), lower NYHA func-
tional status at presentation (p = 0.0001), lower fluoroscopic mitral valve calcification
(p =0.0001), lower echocardiographic score (p = 0.0001), normal sinus rhythm (p =0.0001),
larger pre-PMV mitral valve area (p = 0.0001), lower pre-PMV mitral regurgitation
(p = 0.0001) and lower pre-PMV mean pulmonary artery pressure (p = 0.001), and the tech-
nique of PMV (double-balloon technique; p = 0.05). Multiple stepwise logistic regression
analysis identified pre-PMV mitral valve area (odds ratio [OR] = 138; confidence intervals
(Cls) = 43.8-466, p < 0.0001), echocardiographic score <8 [OR =1.92; CI =1.26-2.94, p =
0.002], male gender [OR = 2.32; CI = 1.37-4.16, p = 0.002] absence of previous surgical
commissurotomy [OR = 1.79; CI = 1.09-2.94, p = 0.01], and younger age [OR = 6.25;
CI=2.5-16.6, P = 0.0002] as independent predictors of procedural success.

The Echocardiographic Score

This score is the most important predictor of the immediate outcome of PMV. In this
morphologic score, leaflet rigidity, leaflet thickening, valvular calcification, and sub-
valvular disease are each scored from 1 to 4 (12,28). A higher score would represent a
heavily calcified, thickened, and immobile valve with extensive thickening and calcifi-
cation of the subvalvular apparatus. Among the four components of the echocardio-
graphic score, valve leaflet thickening and subvalvular disease correlate the best with the
increase in mitral valve area produced by PMV. The increase in mitral valve area with
PMV is inversely related to the echocardiographic score. The best outcome with PMV
occurs in those patients with echocardiographic scores <8. The increase in mitral valve
area is significantly greater in patients with echocardiographic scores <8 than in those
with echocardiographic score >8. Suboptimal results with PMV are more likely to occur
in patients with valves that are more rigid, more thickened, and with more subvalvular
fibrosis and calcification (Fig. 6).

Balloon Size and EBDA

The increase in mitral valve area with PMV is directly related to balloon size. This
effect was first demonstrated in a subgroup of patients who underwent a repeat PMV
(9). They initially underwent PMV with a single balloon, resulting in a mean mitral
valve area of 1.2 + 0.2 cm?. They underwent a repeat PMV using the double-balloon
technique, which increased the EBDA normalized by body surface area (EBDA/BSA)
from 3.41 £ 0.2 to 4.51 + 0.2 cm?/m?. The mean mitral valve area in this group after the
repeat PMV was 1.8 + 0.2 cm?. The increase in mitral valve area in patients who under-
went PMV at the Massachusetts General Hospital using the double-balloon technique
(EBDA of 6.4 + 0.03 cm?) was significantly greater than the increase in mitral valve
area achieved in patients who underwent PMV using the single-balloon technique
(EBDA of 4.3 + 0.02 cm?). The mean mitral valve areas were 2.0 £ 0.1 and 1.4 £ 0.1
cm? for patients who underwent PMV with the double-balloon and the single-balloon
techniques, respectively. However, care should be taken in the selection of dilating balloon
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Fig. 6. Relationship between the echocardiographic score and changes in mitral valve area after PMV
(bar graphs) and relationship between the echocardiographic score and PMV success (line with filled
rectangles). Numbers at the top of bar graphs represent mean mitral valve areas before (black bars) and
after PMV (shaded bars) for each echocardiographic score. Percentages on right axis represent PMV
success rate at each echocardiographic score.

catheters so as to obtain an adequate final mitral valve area and no change or a minimal
increase in mitral regurgitation.

Mitral Valve Calcification

The immediate outcome of patients undergoing PMYV is inversely related to the sever-
ity of valvular calcification seen by fluoroscopy. Patients without fluoroscopic calcium
have a greater increase in mitral valve area after PMV than patients with calcified valves.
Patients with either no or 1+ fluoroscopic calcium have a greater increase in mitral valve
area after PMV (2.1 £0.1 and 1.9 + 0.1 cm?, respectively) than those patients with 2, 3,
or 4+ of calcium (1.7 £ 0.1, 1.5 £ 0.1, and 1.4 £ 0.1 cm?, respectively).

Previous Surgical Commissurotomy

Although the increase in mitral valve area with PMV is inversely related to the pres-
ence of previous surgical mitral commissurotomy, PMV can produce a good outcome in
this group of patients. The mean mitral valve area in 102 patients with previous surgical
commissurotomy was 1.7 £ 0.1 cm? compared with a valve area of 2.0 + 0.1 cm? in
patients without previous surgical commissurotomy. In this group of patients, an echocar-
diographic score <8 was again the most important predictor of a successful hemodynamic
immediate outcome.

Age
The immediate outcome of PMV is directly related to the age of the patient. The per-

centage of patients obtaining a good result with this technique decreases as age increases.
A successful hemodynamic outcome from PMV was obtained in only less than 50% of
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patient 265 yr old (/4). This inverse relationship between age and the immediate out-
come from PMV is likely the result of the higher frequency of atrial fibrillation, calcified
valves, and higher echocardiographic scores in elderly patients.

Atrial Fibrillation

The increase in mitral valve area with PMV is inversely related to the presence of
atrial fibrillation; the post-PMYV mitral valve area of patients in normal sinus rhythm
was 2.1 £ 0.1 cm? compared with a valve area of 1.7 = 0.1 cm? of those patients in atri-
al fibrillation. The inferior immediate outcome of PMV in patients with mitral stenosis
who are in atrial fibrillation is more likely related to the presence of other clinical and
morphological characteristics associated with inferior results after PMV. Patients in atri-
al fibrillation are older and present more frequently with echocardiographic scores >8,
NYHA functional class 1V, calcified mitral valves under fluoroscopy, and those with a
previous history of surgical mitral commissurotomy.

Mitral Regurgitation Before PMV

The presence and severity of mitral regurgitation before PMV is an independent pre-
dictor of unfavorable outcome of PMV. The increase in mitral valve area after PMV is
inversely related to the severity of mitral regurgitation determined by angiography before
the procedure. This inverse relationship between the presence of mitral regurgitation and
immediate outcome of PMV is in part the result of the higher frequency of atrial fibrilla-
tion, higher echocardiographic scores, calcified mitral valves under fluoroscopy, and
older age in patients with mitral regurgitation before PMV.

COMPLICATIONS

Table 4 shows the complications reported by several investigators using the double-
balloon and the Inoue techniques of PMV (7-20,29-32). Mortality and morbidity with
PMYV are low and similar to surgical commissurotomy. There is less than 1% mortality.
Severe mitral regurgitation (4 grades by angiography) has been reported in 1-5.2% of the
patients. Some of these patients required in-hospital mitral valve replacement.
Thromboembolic episodes and stroke has been reported in 0-3.1% and pericardial tam-
ponade in 0.2-4.1% of cases in these series. Pericardial tamponade can occur from
transseptal catheterization and, more rarely, from ventricular perforation. PMV is associat-
ed with a 3-16% incidence of left to right shunt immediately after the procedure. However,
the pulmonary-to-systemic flow ratio is 22 : 1 in only a small number of patients.

We have demonstrated that severe mitral regurgitation (4 grades by angiography)
occurs in about 2% of patients undergoing PMV (30,31). An undesirable increase in
mitral regurgitation (=2 grades by angiography) occurred in 12.5% of patients (30,31).
This undesirable increase in mitral regurgitation is well tolerated in most patients.
Furthermore, more than half of them have less mitral regurgitation at follow-up cardiac
catheterization. We have demonstrated that EBDA/BSA ratio is the only predictor of
increased mitral regurgitation after PMV. The EBDA is calculated using standard geo-
metric formulas. The incidence of mitral regurgitation is lower if balloon sizes are cho-
sen so that the EBDA/BSA ratio is <4.0 cm?/m?. The single-balloon technique results in
a lower incidence of mitral regurgitation but provides less relief of mitral stenosis than
the double-balloon technique. Thus, there is an optimal balloon size between 3.1 and 4.0
cm?/m?, which achieves a maximal mitral valve area with a minimal increase in mitral
regurgitation (33). An echocardiographic score for the mitral valve that can predict the
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Table 4
Complications of PMV
Author No. of pts. Mortality Tamponade Severe MR Embolism
Palacios 860 0.3% 0.6% 3.3% 1.0%
Vahanian 1514 0.4% 0.3% 3.4% 0.3%
Stefanadis 438 0.2% 0.0% 3.4% 0.0%
Chen 4832 0.1% 0.8% 1.4% 0.5%
NHLBI 738 3.0% 4.0% 3.0% 3.0%
Inoue 527 0.0% 1.6% 1.9% 0.6%
Inoue Registry 1251 0.6% 1.4% 3.8% 0.9%
Farhat 463 0.4% 0.7% 4.6% 2.0%
Arora 600 1.0% 1.3% 1.0% 0.5%
Cribier 153 0.0% 0.7% 1.4% 0.7%

development of severe mitral regurgitation following PMV has recently been reported
by Padial et al. (34). This score takes into account the distribution (even or uneven) of
leaflet thickening and calcification, the degree and symmetry of commissural disease,
and the severity of subvalvular disease. The mechanisms for mitral regurgitation with
the Inoue technique may differ and appear to be related to disruption of the valve integrity,
including chordal rupture and leaflet tearing (35). Careful balloon positioning may help
avoid chordal rupture, and heavily calcified posterior leaflets may be at greater risk of
tearing (35).

Left to right shunt through the created atrial communication occurred in 3—-16% of the
patients undergoing PMV. The size of the defect is small, as reflected in the pulmonary-
to-systemic flow ratio of <2 : 1 in the majority of patients. Older age, fluoroscopic evidence
of mitral valve calcification, higher echocardiographic score, pre-PMV lower cardiac out-
put, and higher pre-PMV NYHA functional class are the factors that predispose patients
to develop left to right shunt post-PMV (36). Clinical, echocardiographic, surgical, and
hemodynamic follow-up of patients with post-PMV left to right shunt demonstrated that
the defect closed in 59%. Persistent left to right shunt at follow-up is small and clinically
well tolerated. In the series from the Massachusetts General Hospital, there is only one
patient in whom the atrial shunt remained hemodynamically significant at follow-up.
This patient underwent percutaneous transcatheter closure of her atrial defect with a
clamshell device. Desideri et al. (37) reported atrial shunting determined by color flow
transthoracic echocardiography in 61% of 57 patients immediately after PMV. The shunt
persisted in 30% of patients at 19 + 6 mo (range: 9-33) follow-up (37). They identified
the magnitude of the post-PMV atrial shunt (QP/QS > 1.5 : 1), use of Bifoil balloon
(two balloons on one shaft), and smaller post-PMV mitral valve area as independent
predictors of the persistence of atrial shunt at long-term follow-up (37).

CLINICAL FOLLOW-UP

Follow-up studies after PMV are encouraging (11,14-20,30,35—42). Following PMV,
the majority of patients have marked clinical improvement and become NYHA Class I or I1.
However, long-term changes in skeletal muscle and the lungs precludes immediate
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Fig. 7. Fifteen-year actuarial survival and event-free survival of 732 patients undergoing PMV at the
Massachusetts General Hospital.

enhancement of exercise performance in some patients who may benefit from exercise
training after PMV (43).

The symptomatic, echocardiographic, and hemodynamic improvement produced by
PMV persists in intermediate and long-term follow-up. The best long-term results are
seen in patients with echocardiographic scores <8. When PMV produces a good immediate
outcome in this group of patients, restenosis is unlikely to occur at follow-up
(11,14-20,30,35—42). Although PMV can result in a good outcome in patients with echocar-
diographic scores >8, hemodynamic and echocardiographic restenosis is frequently demon-
strated at follow-up despite ongoing clinical improvement (/1,14-20,30,35—42). Figures
7—-11 show the long-term follow-up results of patients undergoing PMV at Massachusetts
General Hospital. We reported 110 deaths (25 noncardiac), 234 MVR and 54 redo PMVs
accounting for a total of 398 patients with combined events (death, MVR, or redo PMV). Of
the remaining 446 patients who were free of combined events, 418 (94%) were in NYHA
class I or II (Fig. 7). End-point events occurred less frequently in patients with Echo Score
<8 and included 51 deaths, 155 MVRs, and 39 redo PMVs, accounting for a total of 245
patients with combined events at follow-up. Of the remaining 330 patients who were free of
combined events, 312 (95%) were in NYHA Class I or II (Figs. 8-10). End-point events in
patients with Echo Score >8 included 59 deaths, 79 MVRs, and 15 redo PMVs, accounting
for a total of 153 patients with combined events at follow-up. Of the remaining 116 patients
who were free of any event, 105 (91%) were in NYHA Class I or II (Figs. 8-10).

Figure 8 shows estimated actuarial total survival curves for the overall population
and for patients with Echo Score <8 and >8. Actuarial survival rates throughout the
follow-up period were significantly better in patients with Echo Score <8. Survival
rates were 82% for patients with Echo Score <8 and 57% for patients with Echo Score >8
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Fig. 8. Fifteen-year comparative actuarial survival for patients with echo score <8 and >8 undergoing
PMYV at the Massachusetts General Hospital. (From ref. 79.)
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Fig. 9. Fifteen-year comparative actuarial event-free survival for patients with echo score <8 and >8
undergoing PMV at the Massachusetts General Hospital. (From ref. 79.)

at a follow-up time of 12 yr (p < 0.001). Survival rates were 82% and 56%, respec-
tively, when only patients with successful PMV were included in the analysis. Figure
9 shows estimated actuarial total event-free survival curves for the overall population
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Fig. 10. Fifteen-year actuarial event-free survival for patients with echocardiographic scores <8, 9-11,
and 212 undergoing PMV at the Massachusetts General Hospital.

and for patients with Echo Score <8 and >8. Event-free survival (38% vs 22%; p <
0.0001) at 12 yr follow-up were also significantly higher for patients with Echo Score <8.
Event-free survival rates were 41% and 23%, respectively, when only patients with suc-
cessful PMV were included in the analysis.

Cox regression analysis identified post-PMV MR = 3+, Echo Score >8, age, prior
commissurotomy, NYHA functional Class IV, pre-PMV MR > 2+, and post-PMV pul-
monary artery pressure as independent predictors of combined events at long-term fol-
low-up (19).

Echocardiographic Score

Patient selection is fundamental in predicting immediate outcome and follow-up results
of PMV and surgical commissurotmy procedures. In addition to clinical examination,
echocardiographic evaluation of the mitral valve and fluoroscopic screening for valvular
calcification are the most important steps in patient selection for successful outcome. The
evaluation of candidates for PMV requires a precise evaluation of both valve morphology
and function for preprocedure decision-making and follow-up of the patients. Two-
dimensional echocardiography is currently the most widely used noninvasive technique
for the evaluation of the morphologic characteristics of the mitral valve, subvalvular appa-
ratus, and the valve annular size. An important predictor of the immediate and long-term
results of PMV is a morphologic echocardiographic score developed at Massachusetts
General Hospital (28-31). In this score, leaflet mobility, leaflet thickening, valvular calci-
fication, and subvalvular disease are each scored from 1+ to 4+, yielding a maximum total
echocardiographic score of 16. A higher score would represent a heavily calcified, thickened,
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Fig. 11. Seven-year comparative actuarial event-free survival for patients undergoing PMV using the
double-balloon technique versus those undergoing PMV using the Inoue technique at the Massachusetts
General Hospital.

and immobile valve, with extensive thickening and calcification of the subvalvular appa-
ratus. Among the four components of the echocardiographic score valve, leaflets thick-
ening and subvalvular disease correlate the best with the increase in mitral valve area
produced by PMV. An inverse relationship between the immediate and long-term
results produced by PMV and the echocardiographic score has been demonstrated
(11,12,15,19). Patients with lower echocardiographic scores have a higher likelihood of
having a good outcome from PMV with minimal complications and a hemodynamic and
clinical improvement that persist at long-term follow-up (Figs. 6 and 9).

Other Predictors of PMV QOutcome

The reliability of the echocardiographic score for predicting results of PMV is not opti-
mal because the results of PMV are also related to other factors, such as the presence of flu-
oroscopic mitral valve calcification, the age and gender of the patient, the presence of atrial
fibrillation, pre-PMV mitral regurgitation and pulmonary hypertension, a history of previ-
ous surgical commissurotomy, the technique of PMV (double balloon vs Inoue), the severity
of mitral stenosis before PMV, and the effective balloon dilating area (8—-11).

Follow-up in the Elderly

Tuzcu et al. (14) reported the outcome of PMV in 99 elderly patients (=65 yr). A suc-
cessful outcome (valve area >1.5 cm? without >2+ increase in mitral regurgitation and
without left to right shunt of >1.5 : 1) was achieved in 46 patients. The best multivariate
predictor of success was the combination of echocardiographic score, NYHA function-
al class, and inverse of mitral valve area. Patients who had unsuccessful outcomes from
PMYV were in a higher NYHA functional class, had higher echocardiographic scores, and
had smaller mitral valve areas pre-PMV compared to those patients who had a successful
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outcome. Actuarial survival and combined event-free survival at 3 yr were significantly
better in the successful group. Mean follow-up was 16 = 1 mo. Actuarial survival (79
7% vs 62 £ 10%; p = 0.04), survival without mitral valve replacement (71 = 8% vs 41 £
8%; p = 0.002), and event-free survival (54 + 12% vs 38 + 8%; p = 0.01) at 3 yr were sig-
nificantly better in the successful group of 46 patients than the unsuccessful group of 53
patients. Low echocardiographic score was the independent predictor of survival, and lack
of mitral valve calcification was the strongest predictor of event-free survival.

Follow-up of Patients with Calcified Mitral Valves

The presence of fluoroscopically visible calcification on the mitral valve influences
the success of PMV. Patients with heavily (=3 grades) calcified valves under fluoroscopy
have a poorer immediate outcome, as reflected in a smaller post-PMV mitral valve area
and greater post-PMV mitral valve gradient. Immediate outcome is progressively worse
as the calcification becomes more severe. The long-term results of PMV are significantly
different in calcified and uncalcified groups and in subgroups of the calcified group (38).
The estimated 2-yr survival is significantly lower for patients with calcified mitral valves
than for those with uncalcified valves (80% vs 99%). The survival curve becomes worse
as the severity of valvular calcification becomes more severe. Freedom from mitral valve
replacement at 2 yr was significantly lower for patients with calcified valves than for
those with uncalcified valves (67% vs 93%). Similarly, the estimated event-free survival
at 2 yr in the calcified group became significantly poorer as the severity of calcification
increased. The estimated event-free survival at 2 yr was significantly lower for the cal-
cified than for the uncalcified group (63% vs 88%). The actuarial survival curves with
freedom from combined events at 2 yr in the calcified group became significantly poor-
er as the severity of calcification increased (38,44). Similar results have been reported
from the Inoue Multicenter Registry (45). These findings are in agreement with several
follow-up studies of surgical commissurotomy that demonstrate that patients with calci-
fied mitral valves had a poorer survival compared to those patients with uncalcified
valves (45-48).

Follow-up of Patients with Previous Surgical Commissurotomy

Percutaneous mitral balloon valvuloplasty also has been shown to be a safe procedure
in patients with previous surgical mitral commissurotomy (/0,49-51). Although a good
immediate outcome is frequently achieved in these patients, follow-up results are not as
favorable as those obtained in patients without previous surgical commissurotomy
(49-51). Although there is no difference in mortality between patients with or without
a history of previous surgical commissurotomy at 4 yr follow-up, the number of patients
who required mitral valve replacement (26% vs 8%) and/or were in NYHA Class III or
IV (35% vs 13%) were significantly higher among those patients with previous com-
missurotomy. However, when the patients were carefully selected according to the
echocardiographic score (<8), the immediate outcome and the 4-yr follow-up results
were excellent and similar to those seen in patients without previous surgical commis-
surotomy (10,49-51).

Follow-up of Patients with Atrial Fibrillation

We and others recently reported that the presence of atrial fibrillation is associated with
inferior immediate and long-term outcome after PMV as reflected in a smaller post-PMV
mitral valve area and a lower event-free survival (52,53). The freedom from death, redo
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PMYV, and mitral valve surgery at a median follow-up time of 61 mo was 32% with versus
61% without in patients atrial fibrillation (p < 0.0001) (52). Analysis of preprocedural and
procedural characteristics revealed that this association is most likely explained by the
presence of multiple factors in the atrial fibrillation group that adversely affect the imme-
diate and long-term outcome of PMV. Patients in atrial fibrillation are older and present-
ed more frequently with NYHA Class IV, echocardiographic score >8, calcified valves
under fluoroscopy, and history of previous surgical commissurotomy. In the group of
patients in atrial fibrillation, Leon et al. identified severe post-PMV mitral regurgitation
(>34) (p = 0.0001), echocardiographic score 28 (p = 0.004), and pre-PMV NYHA Class
IV (p = 0.046) as independent predictors of combined events at follow-up (52). The pres-
ence of atrial fibrillation per se should not be the only determinant in the decision process
regarding treatment options in a patient with rheumatic mitral stenosis. The presence of an
echocardiographic score <8 primarily identify a subgroup of patients in atrial fibrillation
in whom percutaneous balloon valvotomy is very likely to be successful and provide good
long-term results. Atrial fibrillation is associated with a lower cardiac output, but the long-
term outcome of balloon valvuloplasty is independent of the initial cardiac rhythm (53).

Follow-up of Patients with Pulmonary Artery Hypertension

The degree of pulmonary artery hypertension before PMV is inversely related to the
immediate and long-term outcome of PMV. Chen et al. (54) divided 564 patients under-
going PMV at Massachusetts General Hospital into 3 groups on the basis of the pul-
monary vascular resistance (PVR) obtained at cardiac catheterization immediately prior
to PMV: group I with PVR <250 dynes s/cm~ (normal/mildly elevated resistance) com-
prised 332 patients (59%); group II with PVR between 251 and 400 dynes s/cm™ (mod-
erately elevated resistance) comprised 110 patients (19.5%); group III with PVR = 400
dynes s/cm™ comprised 122 patients (21.5%). Patients in groups I and II were younger,
had less severe heart failure symptoms measured by NYHA class and a lower incidence
of echocardiographic scores 28, atrial fibrillation, and calcium noted on fluoroscopy than
patients in group III. Before and after PMV, patients with higher PVR had a smaller
mitral valve area, lower cardiac output, and higher mean pulmonary artery pressure. For
group I, I, and III patients, the immediate success rates for PMV were 68%, 56%, and
45%, respectively. Therefore, patients in the group with severely elevated pulmonary
artery resistance before the procedure had lower immediate success rates of PMV. At
long-term follow-up, patients with severely elevated pulmonary vascular resistances had
a significant lower survival and event-free survival (survival with freedom from mitral
valve surgery or NYHA Class III or IV heart failure).

In 18 women with mitral stenosis and pulmonary hypertension, Mahoney and col-
leagues administered inhaled nitric oxide (NO) to examine the reversibility of pulmonary
vascular resistence before PMV (55). Inhaled NO, but not PMV, acutely reduced PVR,
suggesting that a reversible, endothelium-dependent regulatory abnormality of vascular
tone is an important mechanism of elevated PVR in mitral stenosis (55).

Follow-up of Patients with Tricuspid Regurgitation

The degree of tricuspid regurgitation before PMV is inversely related to the immediate
and long-term outcome of PMV. Sagie et al. (56) divided patients undergoing PMV at the
Massachusetts General Hospital into three groups on the basis of the degree of tricuspid
regurgitation determined by 2D and color flow Doppler echocardiography before PMV.
Patients with severe tricuspid regurgitation before PMV were older, had more severe
heart failure symptoms measured by NYHA class, and had a higher incidence of
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echocardiographic scores >8, atrial fibrillation, and calcified mitral valves on fluo-
roscopy than patients with mild or moderate tricuspid regurgitation. Patients with
severe tricuspid regurgitation had a smaller mitral valve area before and after PMV
than the patients with mild or moderate tricuspid regurgitation. At long-term follow-up,
patients with severe tricuspid regurgitation had a significant lower survival and event-
free survival (survival with freedom from mitral valve surgery or NYHA Class III or
IV heart failure).

Follow-up of the Best Patients for PMV

In patients identified as optimal candidates for PMV, this technique results in excel-
lent immediate and long-term outcomes. Optimal candidates for PMV are those patients
meeting the following characteristics: (1) age <65 yr, (2) normal sinus rhythm, (3)
echocardiographic score <8, (4) no fluoroscopic mitral valve calcification, and (5) pre-PMV
mitral regurgitation <1+ Seller’s grade. From 780 consecutive patients undergoing per-
cutaneous mitral balloon valvuloplasty (PMV) we identified 202 patients with optimal
preprocedure characteristics. In these patients, PMV results in an 81% success rate and a
3.4% incidence of major in hospital combined events (death and/or MVR). In these
patients, PMV results in a 97% survival and 76% event-free survival at a median follow-
up of 61 mo (57).

Double-Balloon Versus Inoue Technique of PMV

Today, the Inoue and double-balloon techniques of PMV are most widely used.
However, there is controversy as to which technique provides superior immediate and
long-term results. We compared the immediate procedural and the long-term clinical
outcomes after PMV using the double-balloon technique (n = 621) and Inoue technique
(n = 113). There were no statistically significant differences in baseline clinical and
morphological characteristics between the double-balloon and Inoue patients. The dou-
ble-balloon technique resulted in superior immediate outcome, as reflected in a larger
post-PMV mitral valve area (1.9 £ 0.7 vs 1.7 £ 0.6 cm?; p = 0.005) and a lower inci-
dence of 3+ mitral regurgitation post-PMV (5.4% vs 10.6%; p = 0.05). This superior
immediate outcome of the double-balloon technique was observed only in the group of
patients with echocardiographic score <8 (post-PMV mitral valve areas 2.1 £ 0.7 vs 1.8 £
0.6; p = 0.004). Despite the difference in immediate outcome, there were no significant
differences in event-free survival at long-term follow-up between the two techniques
(Fig. 11) (30).

Echocardiographic and Hemodynamic Follow-up

Follow-up studies have shown that the incidence of hemodynamic and echocardio-
graphic restenosis is low 2 yr after PMV (11,13,15-17,37). A study of a group of patients
undergoing simultaneous clinical evaluation, 2D Doppler echocardiography, and transsep-
tal catheterization 2 yr after PMV reported that 90% of patients were in NYHA Classes I
and II and 10% of patients in NYHA Class > III (/3). In this study, hemodynamic deter-
mination of mitral valve area using the Gorlin equation showed a significant decrease in
mitral valve area from 2.0 cm? immediately after PMV to 1.6 cm? at follow-up. However,
there was no significant difference between the echocardiographic mitral valve areas
immediately after PMV and at follow-up (1.8 cm? and 1.6 cm?, respectively; p = NS).
Although there was a significant difference in the mitral valve area after PMV determined
by the Gorlin equation and by 2D echocardiography (2.0 cm? vs 1.8 cm?), there was no
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significant difference between the mitral valve area determined by the Gorlin equation and
the echocardiographic calculated mitral valve area (1.6 cm? for both) at follow-up. The
discrepancy between the 2D echocardiographic- and Gorlin-equation-determined post-
PMV mitral valve areas is the result of the contribution of left to right shunting (unde-
tected by oximetry) across the created interatrial communication, which results in both an
erroneously high cardiac output and an overestimation of the mitral valve area by the
Gorlin equation (58). Desideri et al. showed no significant differences in mitral valve area
(measured by Doppler echocardiography) at 19 £ 6 mo (range: 9—-33) follow-up between
the post-PMV and follow-up mitral valve areas. Mitral valve areas were 2.2 £ 0.5 cm? and
1.9 £ 0.5 cm?, respectively (37). Echocardiographic restenosis (mitral valve area <1.5 cm?
with >50% reduction of the gain) was seen in 21% of the patients (38). Predictors of
restenosis included age, smaller post-PMV mitral valve area, and higher echocardio-
graphic score (37). With the Inoue technique, Chen et al. (/6) showed no significant dif-
ferences in mitral valve area determined by 2D Doppler echocardiography in 85 patients
at a mean follow-up of 5 = 1 yr (range: 43—79 mo). Post-PMV and follow-up mitral valve
areas were 2.0 £ 0.4 and 1.8 £ 0.5 cm?, respectively (NS).

PMYV Versus Surgical Mitral Commissurotomy

Results of surgical closed mitral commissurotomy have demonstrated favorable long-
term hemodynamic and symptomatic improvement from this technique. A restenosis rate
of 4.2 to 11.4 per 1000 patients per year was reported by John et al. in 3724 patients who
underwent surgical closed mitral commissurotomy (59). Survival after PMV is similar to
that reported after surgical mitral commissurotomy. Although freedom from mitral valve
replacement (87% vs 92%) and freedom from all events (67% vs 80%) after PMV are
lower than reported after surgical commissurotomy (30,37,59-67), freedom from both
mitral valve replacement and all events in patients with echocardiographic scores <8 are
similar to that reported after surgical mitral commissurotomy (30,37,59-67).

Restenosis after both closed and open surgical mitral commissurotomy has been well
documented (59-67). Although surgical closed mitral commissurotomy is uncommonly
performed in the United States, it is still used frequently in other countries. Long-term
follow-up of 267 patients who underwent surgical transventricular mitral commissurotomy
at the Mayo Clinic showed a 79%, 67%, and 55% survival at 10, 15, and 20 yr, respec-
tively. Survival with freedom from mitral valve replacement were 57%, 36%, and 24%,
respectively (68). In this study, age, atrial fibrillation, and male gender were independent
predictors of death, whereas mitral valve calcification, cardiomegaly, and mitral regurgi-
tation were independent predictors of repeat mitral valve surgery (68). Because of simi-
lar patient selection and mechanism of mitral valve dilatation, similar long-term results
should be expected after PMV. Indeed, prospective, randomized trials comparing PMV
and surgical closed mitral commissurotomy have shown no differences in immediate and
3 yr follow-up results between both groups of patients (69,70). Furthermore, restenosis
at 3 yr follow-up occurred in 10% and 13% of the patients treated with mitral balloon
valvuloplasty and surgical commissurotomy, respectively (70).

Interpretation of long-term clinical follow-up of patients undergoing PMV as well as
their comparison with surgical commissurotomy series are confounded by heterogeneity
in the patient population. Only a few randomized studies have compared the results of
PMYV with those of surgical open commissurotomy. Farhat et al. (71) reported the results
of a randomized trial designed to compare the immediate and long-term results of double-
balloon PMV versus those of open and closed surgical mitral commissurotomy in a
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cohort of patients with severe rheumatic mitral stenosis. This group of patients were,
from the clinical and morphological points, of view, optimal candidates for both PMV
and surgical commissurotomy (closed or open) procedures as demonstrated by a mean
age of less than 30 yr, absence of mitral valve calcification on fluoroscopy and 2D
echocardiography, and an echocardiographic score <8 in all patients. Their results demon-
strate that the immediate and long-term results of PMV are comparable to those of open
mitral commissurotomy and superior to those of closed commissurotomy. The hemo-
dynamic improvement, in-hospital complications, and long-term restenosis rate and
need for reintervention were superior for the patients treated with either PMV or open
commissurotomy than for those treated with closed commissurotomy.

A comparison between PMV and surgical commissurotomy techniques is difficult in
view of differences in patient clinical and mitral valve morphology characteristics among
different series.

In patients with optimal mitral valve morphology, surgical mitral commissurotomy
has favorable long-term hemodynamic and symptomatic improvement. Similar to
PMYV, patients with advanced age, calcified mitral valves, and with atrial fibrillation
had a poorer survival and event-free survival. Several studies have compared the
immediate and early follow-up results of PMV versus closed surgical commissuroto-
my in optimal patients for these techniques. The results of these studies have been con-
troversial, showing either superior outcome from PMV or no significant differences
between both techniques (72—74). Patel et al. randomized 45 patients with mitral steno-
sis and optimal mitral valve morphology to closed surgical commissurotomy and to
PMV (72). They demonstrated a larger increase in mitral valve area with PMV (2.1 £
0.7 vs 1.3 £ 0.3 cm?). Shrivastava et al. compared the results of single-balloon PMYV,
double-balloon PMYV, and closed surgical commissurotomy in 3 groups of 20 patients
each (73). The mitral valve area postintervention was larger for the double-balloon
technique of PMV. Postintervention valve areas were 1.9+ 0.8, 1.5+ 0.4, and 1.5 £ 0.5
cm? for the double-balloon, the single-balloon, and the closed surgical commissuroto-
my techniques, respectively. On the other hand, Arora et al. randomized 200 patients
with a mean age of 19 £ 7 yr and mitral stenosis with optimal mitral valve morpholo-
gy to PMV and to closed mitral commissurotomy (74). Both procedures resulted in
similar postintervention mitral valve areas (2.39 + 0.9 vs 2.2 + 0.9 cm? for the PMV
and the mitral commissurotomy groups, respectively) and no significant differences in
event-free survival at a mean follow-up period of 22 + 6 mo. Restenosis documented
by echocardiography was low in both groups: 5% in the PMV group and 4% in the
closed commissurotomy group. Turi et al. (69) randomized 40 patients with severe
mitral stenosis to PMV and to closed surgical commissurotomy. The postintervention
mitral valve area at 1 wk (1.6 £0.6 vs 1.6 £ 0.7 cm?) and 8 mo (1.6 £ 0.6 vs 1.8 + 0.6
cm?) after the procedures were similar in both groups (69). Reyes et al. randomized 60
patients with severe mitral stenosis and favorable valvular anatomy to PMV and to sur-
gical commissurotomy (70). They reported no significant differences in immediate out-
come, complications, and 3.5-yr follow-up between both groups of patients.
Improvement was maintained in both groups, but mitral valve areas at follow-up were
larger in the PMV group (2.4 £ 0.6 vs 1.8 £ 0.4 cm?).

Although these initial randomized trials results of PMV versus surgical commissuro-
tomy are encouraging and favors PMYV for the treatment of patients with rheumatic mitral
stenosis with suitable mitral valve anatomy, there was a need for long-term follow-up
studies to define more precisely the role of PMV in these patients. The article by Farhat
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et al. (71) provides this long-term follow-up in a cohort of optimal candidates for PMV
and clearly establishes the role of PMV in the treatment of these patients. The immedi-
ate and long-term results of PMV in these patients are similar to those obtained with open
surgical commissurotomy and significantly superior to those obtained with closed surgi-
cal commissurotomy. Because open commissurotomy is associated with a thoracotomy,
need for cardiopulmonary bypass, higher cost, longer length of hospital stay, and a longer
period of convalescence, PMV should be the procedure of choice for the treatment of
these patients (75).

PMYV in Pregnant Women

Surgical mitral commissurotomy has been performed in pregnant women with severe
mitral stenosis. Because, the risks from anesthesia and surgery for the mother and the
fetus are increased, this operation is reserved for those patients with incapacitating symp-
toms refractory to medical therapy (76,77). Under these conditions PMV can be per-
formed safely after the 20th week of pregnancy, with minimal radiation to the fetus
(78,79).

CONCLUSIONS

Percutaneous mitral balloon valvuloplasty produces a good immediate outcome and
good clinical long-term follow-up results in a high percentage of patients with mitral
stenosis. The immediate and long-term outcomes of patients undergoing PMV is multi-
factorial. The use of the echocardiographic score in conjunction with other clinical and
morphological predictors of PMV outcome allows identification of patients who will
obtain the best outcome from PMV. These factors include pre-PMV variables (MVA,
history of previous surgical commissurotomy, age and MR) and post-PMV variables
(MR = 3+ and PA pressure). Patients with echocardiographic scores <8 have the best
results, particularly if they are young, are in sinus rhythm, and have no evidence of cal-
cification of the mitral valve under fluoroscopy. The immediate and long-term results of
PMYV in this group of patients are similar to those reported after surgical mitral commis-
surotomy. Patients with echocardiographic scores >8 have only a 50% chance to obtain a
successful hemodynamic result with PMYV, and long-term follow-up results are not as
good as those from patients with echocardiographic scores <8. In patients with echocar-
diographic scores =12, it is unlikely that PMV could produce good immediate or long-
term results. They preferably should undergo open heart surgery. However, PMV could
be performed in these patients if they are non-risk/high-risk surgical candidates Surgical
therapy for mitral stenosis should be reserved for patients who have >2 grades of
Seller’s mitral regurgitation by angiography and for those patients with severe mitral
valve thickening and calcification or with significant subvalvular scarring.
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INTRODUCTION

Valve replacement for aortic valve stenosis has been the gold standard of therapy for
decades. The prognosis of symptomatic severe aortic stenosis is well known, with very
high annual mortality and a clearly limited life-span. Surgical aortic valve replacement
with a mechanical prosthesis, bioprosthetic, or homograft valve prolongs life in this patient
cohort.

The development of balloon catheter aortic valvuloplasty in the mid-1980s initially
promised to provide an alternative to valve replacement in patients suitable for this
procedure. Early experience with the procedure showed balloon catheter therapy to
have limited durability, with restenosis a near certain finding in most adult patients
undergoing the procedure (/—4). Accordingly, balloon aortic valvuloplasty (BAV) has
found a place in the therapeutic armamentarium for aortic stenosis only among those
patients for whom surgical aortic valve replacement is either contraindicated or car-
ries extremely high surgical risk (5). These older patients with symptomatic aortic
stenosis have a l-yr survival of 55-75% and a 1-yr event-free survival of only
40-50% (2—4).
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Table 1
Balloon Valvuloplasty in the Young Adult Age <21 Years

Class 1

Symptoms with peak gradient >50 mm Hg

Gradient >60 mm Hg

New ECG changes at rest or with exercise >50 mm Hg
Class Ila

Gradient >50 mm Hg in patient who desires competitive sports or pregnancy
Class III

Gradient <50 mm Hg with no symptoms or ECG changes

PATIENT SELECTION FOR BALLOON AORTIC VALVULOPLASTY

Patient selection for BAV is challenging. The American Heart Association—American
College of Cardiology task force guideline recommendations for therapy with BAV
defines a narrow patient population (6). Balloon valvuloplasty is the treatment of choice
for aortic stenosis in children and young adults age 21 yr or less with aortic stenosis.
Table 1 provides a list of specific indications. In the younger population, valve stenosis
severity is defined by gradient, because many of these patients will be growing and have
a variable valve area. BAV in this group of patients is durable, and an expectation for
good long-term results is extremely different than that seen in older adult patients with
aortic valve stenosis. When patients present under 30 or 40 yr of age, it is likely that they
have congenital aortic stenosis. When these patients present beyond age 21 or 22 yr, the
results of valvuloplasty are less satisfactory. The valve leaflets at this point are usually
fibrotic but not calcified and do not respond as well to balloon dilatation as in patients
age 21 yr and younger. Patients who present at age 55-70 are likely to have bicuspid
aortic stenosis. When the bicuspid valve is heavily calcified BAV might have an outcome
similar to patients with calcified degenerative aortic stenosis.

A second group in whom long-term results of BAV can be expected to be durable are
those with rheumatic aortic valve stenosis. When patients present with symptoms and
aortic stenosis between ages 40 and 60 yr, the disease might be rheumatic in origin. This
is an uncommon group of patients, especially in the United States. Because commissural
fusion is the mechanism of stenosis in these patients, BAV yields anatomic results that
are similar to balloon mitral commissurotomy. Long-term results of BAV are probably
better than in senile calcific aortic stenosis. Few data are available on this particular sub-
set, but adult patients in the United States who present under age 60 without a bicuspid
valve might often be inferred to have rheumatic stenosis.

The typical patients treated with BAV in the United States are older adults with cal-
cific aortic stenosis. Because results with aortic valve replacement are well established,
valvuloplasty is applied generally only when aortic valve replacement is either relatively
contraindicated or strategically better to defer. Table 2 presents the Joint Task Force rec-
ommendations on the use of balloon valvuloplasty in adult patients (6). There are no
Class I indications in this group.

The guidelines recommend balloon valvuloplasty as a bridge to aortic valve surgery
in hemodynamically unstable high-risk patients, so that they can be stabilized. Patients
who present in cardiogenic shock or who are “stuck” on pressor agents in an intensive
care unit are typical of patients in this group. Palliation for patients with serious comorbid
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Table 2
Balloon Valvuloplasty in Adults with Aortic Stenosis

Class I
There are no Class I indications
Class Ila
Bridge to surgery in unstable, high-risk patients for valve replacement
Class IIb
Palliation in patients with serious comorbid conditions
Prior to urgent noncardiac surgery
Class III
Alternative to aortic valve replacement surgery

conditions is, in practice, probably the most common use of BAV in older adults.
Patients who are felt to be at high risk for general anesthesia, those who are elderly and
have already had prior sternotomy and bypass, and patients who are simply very elder-
ly represent the typical patients in this setting. Patients with prior bypass surgery,
prior mitral valve replacement or repair, a heavily calcified or “porcelain™ aorta, severe
chronic lung disease, or multiple comorbidities are typical. The ambulatory but very
elderly are the best candidates. BAV is also used prior to noncardiac surgery in patients
found to have tight aortic valve stenosis on preoperative screening. Those who require
extensive cancer surgery are typical of this group. BAV is specifically contraindicated
as an alternative to aortic valve replacement. Patients who simply say they wish not to
have valve replacement, who are otherwise a good candidate for valve replacement, are
prototypic of this situation.

A group in whom BAYV should be used with extreme caution comprise those who appear
to be in the terminal stages of aortic valve stenosis. Patients who have deteriorated over a
long period of time, are very elderly, and are intensive care unit bound with the early
stages of multiple-organ failure or sepsis cannot realistically be expected to respond to
BAYV in many cases. Patient selection in this last group is exceedingly important, and it is
critical to try to offer this therapy to patients with multiple comorbid conditions early in
their course, before they are no longer salvageable. Procedure timing is similarly crucial
in the hemodynamically unstable patient where the early benefit of BAV must be weighed
against the risk of further multiorgan failure that could result from delaying surgery.

One situation not clearly addressed by the guidelines are those patients who present
with low gradient and low cardiac output, in whom it is uncertain whether aortic valve
replacement will result in improved left ventricular function. Among those patients who
have a poor response to valve replacement, mortality is extremely high. BAV offers a
potential opportunity to see if relief of the aortic stenosis will result in improved left ven-
tricular function, although no studies have assessed or validated this approach. These
patients are similar to those described in Table 2 as having BAV as a bridge to surgery. In
those who improve, valve replacement surgery might be contemplated. BAV is thus used
as a therapeutic trial or as a diagnostic test. Among those in whom ventricular function has
deteriorated beyond the point where recovery is possible or who have left ventricular dys-
function because of an etiology other than aortic stenosis, lack of improvement is a signal
that valve replacement surgery will not offer functional improvement and should not be
pursued further.
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ASSESSMENT OF AORTIC STENOSIS SEVERITY

Of critical importance is proper assessment of aortic stenosis severity in potential can-
didates for BAV. Many times, these patients present with multiple comorbid illnesses,
including chronic lung disease. Many also have severe left ventricular failure and depressed
left ventricular systolic function and associated hemodynamic lesions, including mitral
regurgitation, pulmonary hypertension, and depressed cardiac output. Accordingly, the
assessment of the severity of aortic stenosis is a key element in the evaluation of patients
for this procedure.

A variety of technical and practical limitations make measurement of valve area diffi-
cult. The technical challenges include the inaccuracies of the commonly used disposable
pressure transducers, measurement artifacts because of temporal delay of pressure trans-
mission in fluid-filled catheter systems, nonsimultaneous pressure recordings, pressure
damping, and the effect of a catheter across the stenotic aortic valve.

The ideal methods for measurement of transvalvular gradient utilized simultaneous
acquisition of left ventricular and central aortic pressure with high-fidelity transducers
(7,8). This approach is not practical, and a variety of compromises are made in the assess-
ment of aortic valve stenosis.

In practice, the most common method for assessment of aortic stenosis severity is the
simultaneous use of a left ventricular pigtail passed retrograde across the valve, com-
pared to a femoral arterial sheath. Use of a pigtail one French size smaller than the sheath
and use of a longer-length sheath helps minimize pressure damping in the sheath and pres-
sure amplification in the iliofemoral system. Nonetheless, in cases where the gradient and
cardiac output are low, this may yield results significantly different from those obtained
when two central aortic catheters are used. Bilateral femoral arterial access may be used
to place a left ventricular and central aortic catheter simultaneously. Alternatively,
transseptal access to the left ventricle via the venous system with a central aortic catheter
placed via the femoral artery will yield excellent results without the additional risks of a
second arterial puncture (9). A recent report described a silent cerebral embolism after
retrograde catheterization of the aortic valve among patients with valvular stenosis (70).
In this randomized study, typical methods to cross the valve retrograde were used in 152
patients. Twenty-two percent who underwent retrograde catheterization had focal diffu-
sion imaging abnormalities on magnetic resonance scans. The transseptal approach
eliminates this issue.

The use of a 0.014-in. pressure wire has been described to simplify high-quality
central pressure measurements (7). After the aortic valve is crossed retrograde with a
conventional 4F or S5F diagnostic catheter, a pressure wire can be passed into the left ven-
tricular apex and the diagnostic catheter withdrawn into the aortic root. This yields
remarkably high-quality pressure tracings, visually comparable to those achieved with a
high-fidelity micromanometer catheter system.

Patients with low gradient and low cardiac output are the most difficult to evaluate. In
addition to scrupulous attention to the quality of pressure recordings and using central aor-
tic pressure compared to left ventricular pressure, a dobutamine infusion to increase the
cardiac output by 20-30% will often help in establishing a more accurate measure of the
severity of aortic valve stenosis. In some cases, the valve area will appear to increase with
increased cardiac output (//-13). This illustrates the so-called flow dependence of the
Gorlin equation. In cases of a truly tight aortic valve strength, the valve area will remain
constant or sometimes even appear to diminish with an increase in cardiac output.
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RETROGRADE TECHNIQUE FOR BALLOON AORTIC VALVULOPLASTY

The retrograde technique basically involves passing a balloon catheter via the femoral
arteries retrograde through the aortic arch and across the valve (/4,15). The major limita-
tions of the technique are the requirement for a large caliber arterial sheath and the diffi-
culty in maintaining balloon position in the aortic valve during balloon inflations.

After arterial access is gained, using a relatively small caliber (6—8 French) sheath,
femoral arteriography is performed to verify the position of the sheath in the common
femoral artery. Unless a superficial femoral artery is of exceptionally large caliber,
placement of the sheath below the femoral bifurcation precludes use of that puncture for
passage of a larger valvuloplasty sheath. Preclosure using a suture closure system can
be performed at this point (/6,17). Using the existing small caliber sheath, a 6 French or
10 French Perclose device can be preplaced in the arteriotomy and the sutures left dan-
gling. A wire is replaced in the Perclose device, and the device is exchanged for a 12.5
up to 14 French arterial sheath.

A diagnostic catheter is used to pass a wire retrograde across the aortic valve. The
technique for crossing the valve retrograde merits some discussion. The use of a specially
shaped curved diagnostic catheter (Aortic Stenosis Catheter; Cook Inc., Bloomington,
IN) has the advantage of being able to orient the tip of the catheter and thus the direction
of wire passage toward the center of the aortic root. The catheter has a gentle curve sim-
ilar to that of an Amplatz shape and, in addition, has a very soft distal end and side holes
(14). The soft distal end allows the catheter to track more easily over a wire, once the
wire has been passed into the left ventricle. The side holes permit ventriculography if
needed. The catheter is positioned above the aortic valve and gently rotated until the tip
of the catheter is as close to the center of the root as possible. The pattern of calcification
in the aortic leaflets helps with catheter positioning. Figure 1 shows the diagnostic
catheter with the tip pointing just to the right of the orifice of the aortic valve in a left
arterior oblique (LAO) projection. The best working projection varies depending on the
distortion of the aortic root in a given patient, but is usually a shallow angulation such as
an LAO 10°-20° angulation. A movable-core straight guide wire can be used with a soft-
ened tip to probe the aortic valve. Gentle clockwise rotation of the catheter usually moves
it more superior along the aortic valve, and it is often possible to align the tip of the
catheter with the orifice defined by the calcified leaflets. Using this method, the valve can
typically be crossed in less than a minute or two (/4).

An extrastiff wire must be used to provide adequate support for passage of the balloon.
Placing a large curve on the end of the wire facilitates stability of the wire in the left ven-
tricular apex and diminishes the risks for a wire perforation of the left ventricular apex.
It is necessary to curve the wire over the edge of a hemostat or pair of scissors, much in
the way that one would put a curl on a piece of wrapping paper ribbon (Fig. 2). After
the stiff wire has been passed retrograde across the valve, the diagnostic catheter is
removed and an aortic valvuloplasty balloon is passed retrograde across the valve.
Considerable forward pressure must be used to keep the balloon in position across the
valve while it is being inflated. Because these balloons tend to inflate relatively slowly,
maximally dilute saline contrast mixture should be used. A dilution of seven parts saline
to one part contrast will minimize the inflation fluid viscosity while still allowing enough
radio-opacity to visualize the balloon. The balloon should be inflated and then deflated
as rapidly as possible. Using a large syringe, it is not possible to fully distend balloons
of this size, and a sidearm stopcock with a “booster” smaller syringe on the side should
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Fig. 1. Technique for crossing the aortic valve. Left anterior oblique projection of the aortic root with
an aortic stenosis catheter positioned close to the central orifice of the calcified aortic valve leaflets.
The white arrow denotes the position of the tip of the aortic stenosis catheter. The small black arrows
show the left ventricular side of the aortic leaflet calcifications on either side of the aortic valve orifice.
The inset shows the calcified edges of the thickened aortic valve leaflets outlined in white, with the
stenotic orifice in between the two white lines.

be used to complete the inflation (/8). Typically, a first inflation can be performed with-
out boosting to full inflation volume to test the patient’s tolerance of aortic outflow tract
occlusion. Second and third inflations can be attempted if the patient appears to tolerate
the first inflation. The balloon could rupture in as many as one-third of patients when it
is fully inflated.

One major challenge during retrograde BAV is maintaining the position of the inflated
balloon within the valve. The force of left ventricular contraction, even in some poorly
functioning ventricles, tends to eject the balloon as it is being inflated. Maintaining a
stable position requires an extra-stiff guide wire and coordination between the primary
operator and the assistant. It sometimes takes repeated attempts to successfully inflate
the balloon. When the balloon fully engages the valve, it “locks” into position. This also
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Fig. 2. Retrograde aortic valvuloplasty is accomplished by passing a balloon catheter via the aorta
across the aortic valve. The wire is looped in the left ventricular apex. The inflated balloon catheter tra-
verses the stenotic aortic valve. A pulmonary artery pressure monitoring catheter is looped in the right
atrium. The curl in the guide wire is placed by running the guide wire over the end of the hemostat in
a manner analogous to curling a ribbon for gift-wrapping.

clearly demonstrates that the balloon is of adequate size to apply pressure to the leaflets.
If the balloon will not maintain a stable position in the valve even when fully inflated, it
may be undersized. Cribier has recently described a technique that will facilitate balloon
stability. The right ventricle apex can be paced at 200 beats a minute with a temporary
pacing wire while the balloon is inflated. This does not prolong hypotension beyond
the time that the inflated balloon would ordinarily cause this to occur, and it allows
positioning of the balloon in the aortic annulus.

In some cases, arterial pressure recovery after a first balloon inflation is slow, and in
the face of poor left ventricular function, it must be determined whether it is safe to con-
tinue with additional balloon inflations. Using this approach, there is no good way to
monitor the reduction in transvalvular pressure gradient in between balloon inflations.
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Post 23mm

Post20mm

Fig. 3. Hemodynamic changes after aortic valvuloplasty. Before balloon dilatation, a large transaortic
valve pressure gradient is noted. The mean gradient is 34 mm Hg. The cardiac output is about 3 L/min,
and the aortic valve area is 0.6 cm?. After inflations of a 20-mm-diameter balloon catheter, the mean
gradient decreases to 20 mm Hg, and the valve area increases to 0.7 cm?. A 23-mm-diameter larger bal-
loon is used, and after inflations, the mean gradient is decreased to 9 mm Hg and the valve area increases
to 1.0 cm?, despite a decrease in cardiac output to 2.84 L/min.

A prototypic procedure involves a test inflation, a second “boosted” inflation, and a third
inflation during which the balloon may rupture. It is critical to recognize that only those
inflations in which the balloon locks into position in the valve should be considered effective.
If the balloon is undersized, it will continue to “watermelon seed” or squirt back and forth
in the valve when it is fully inflated. Either an inflation with a larger inflation volume or a
larger balloon is necessary in this instance. It is important not to exceed the echocardio-
graphically determined anulus diameter when choosing larger-sized balloons. The vast
majority of patients can be successfully treated with a 20-mm-diameter nominal balloon
size. Occasional smaller patients may require an 18-mm-diameter balloon. Ten to twenty
percent of patients require a 23-mm-diameter balloon for successful single-balloon retro-
grade dilatation. The risk of aortic cusp avulsion and aortic insufficiency is significantly
greater when a 23-mm-diameter balloon is used. A balloon size up to 20 mm in diameter will
usually be accommodated by a 12.5 French arterial sheath. The 23-mm-diameter balloon
size requires a 14 French arterial sheath. If the balloon is ruptured during balloon inflations,
it is unlikely to come back out through the same sheath through which it was introduced. The
balloon can be pulled back until it wedges into the sheath, and the sheath and balloon
removed as a single unit. A new sheath is then necessary to replace the old one, because the
initial sheath will accordion or become deformed by the balloon withdrawal process.

After the balloon is removed, a diagnostic catheter is placed over the existing extra-
stiff wire into the left ventricle, the wire removed, and the pressure gradient reassessed.
It is typical to have reductions in gradient of about 50%. Gradient reductions may also be
caused by depression of left ventricular contractility caused by interference with aortic
outflow during the balloon inflations. Occasional patients will develop a low-output state
as a consequence. It may take 2448 h for ventricular function to return to baseline. Thus,
a reassessment of cardiac output and recalculation of the Gorlin estimated valve area is the
best measure of adequacy of dilatation. Increases in valve area are typically modest.
Overall, the valve area will increase from 0.6 cm? up to 0.9 or 1.0 cm? (Fig. 3).

Retrograde BAV may also be accomplished using a double-balloon technique. Bilateral
femoral arterial access is necessary. The aortic valve must be crossed independently from
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each femoral arterial access site. This allows smaller sheaths on either side. Two balloons
can be inflated simultaneously across the aortic valve. There is less difficulty with balloon
slippage. There are no clear guidelines for balloon sizing in this setting. Exceeding the aor-
tic annulus diameter measured by echocardiography with the combined diameter of the
two balloons may be risky.

At the completion of the procedure, the arterial sheath is removed. If preclosure with
a suture device has been placed, a wire should be passed back into the sheath and the ini-
tial knots tied over the wire as the sheath is withdrawn, so that if hemostasis is not suc-
cessful, the sheath can be replaced. In the event that manual compression is chosen for
sheath removal, prolonged compression is typically necessary. A FemoStop is especially
useful to accomplish hemostasis in this setting. More rigid mechanical clamps may result
in arterial conclusion. Prolonged FemoStop compression may result in deep venous
thrombosis, so careful monitoring of the FemoStop is essential.

ANTEGRADE TECHNIQUE FOR BALLOON AORTIC VALVULOPLASTY

The antegrade technique is performed via a femoral venous access and transseptal
puncture (Figs. 4-7 and videos 1-3 on the CD). Compared to the retrograde technique, it
provides the advantage of avoiding a large-caliber arterial puncture and has the disad-
vantages of necessitating transseptal puncture and being a more complex overall technical
approach (9,19-21).

The antegrade technique involves establishing transseptal access. Especially for
patients with atrial fibrillation, transesophageal echocardiography prior to the procedure
is important to rule out the potential for left atrial thrombus. Obtaining vascular access at
the outset of the procedure via the left femoral artery, via the left femoral vein for a pul-
monary artery catheter for measurement of cardiac output, and via the right femoral vein
for transseptal puncture is usual. The right femoral venous access can initially be obtained
with a 6 or 8 French sheath, and a suture closure is used to preclose the venous puncture.
After a 14 French sheath is placed for passage of the transseptal equipment, the sutures are
left outside of the puncture site.

After transseptal puncture, a Mullins sheath is placed in the left atrium. Antegrade passage
into to the left ventricle is obtained with a single-lumen balloon catheter. A 7 French single-
Iumen balloon catheter will ordinarily accommodate a wide variety of guide-wire sizes and
make the establishment of left ventricular access fairly easy. This catheter can be used for
left ventricular pressure measurement to compare to a retrograde transarterial central aortic
pressure for gradient measurement. The need to cross the valve retrograde is eliminated,
which can save a great deal of time in patients with severely deformed or very tight valves.
After the gradient and valve area are confirmed, the single-lumen balloon catheter is
advanced into the left ventricular apex via the Mullins sheath and looped in the apex. Further
advancement will usually force the balloon catheter to cross the stenotic aortic valve ante-
grade (Fig. 4). It is sometimes necessary to partially deflate the balloon. In cases when the
balloon will not advance around the apex, a curved guide wire can be used to facilitate this
step. A straight floppy guide wire such as a Wholey wire is often useful to help advance the
balloon tip catheter antegrade across the aortic valve. When the balloon catheter is in the aor-
tic arch, a large-curve guide wire can be used to pass it over the arch into the descending
aorta. Simply advancing the balloon catheter will usually result in the catheter becoming
lodged in one of the arch vessels. The large-curve guide wire eliminates this entanglement.
When the balloon catheter is in the descending aorta, a 0.032-in. extra-stiff guide wire is
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Fig. 4. To accomplish antegrade aortic valvuloplasty, a catheter is passed via the transseptal route into
the left ventricle. A single lumen balloon catheter is looped through the Mullins sheath into the left ven-
tricular apex and passed toward the aortic valve. The aortic valve is then crossed antegrade, and a wire
is passed via the venous access through the right atrium, left atrium, left ventricular apex, and into the
aorta. The wire can then be snared in the descending aorta and stabilized for antegrade passage of the
balloon. The black arrow shows the tip of the Mullins sheath in the left ventricle. The white arrow
shows the tip of a single lumen balloon catheter approaching the aortic valve.

passed from the femoral venous access point through the balloon catheter into the descend-
ing aorta (Fig. 5). A 10-mm gooseneck snare can then be passed retrograde from the femoral
arterial sheath into the descending aorta to snare and fix the guide wire (Fig. 6 and video 1
on the CD). The snare may be withdrawn and the guide wire exteriorized and clamped out-
side of the femoral arterial sheath. This provides even more support. Advancement of the
balloon through the left atrium, traversing the left ventricular apex, and crossing the aortic
valve requires this degree of support. Simply parking the 0.032-in. guide wire in the
descending aorta is inadequate. Snaring the wire in the descending aorta and leaving the snare
is usually adequate, although in some cases the wire will pull out of the snare. It is this lat-
ter situation that necessitates exteriorizing the guide wire via the femoral sheath (see video
2 on the CD). Once the wire is looped through the circulation, either advancing or with-
drawing it will cause substantial friction. It is critical to advance or withdraw the wire only
when it is covered by a catheter. The bare wire may cause enough friction to lacerate the
mitral leaflets if it is withdrawn without first covering it with a catheter.

After access is obtained and the wire looped into the descending aorta and snared, a
balloon catheter can be passed antegrade via a 14 French right femoral venous sheath
through the inferior vena cava, across the transseptal puncture, via the mitral valve and
left ventricular apex into the ventricular outflow, and then across the aortic valve. A con-
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Fig. 5. A wire loop can be seen throughout the circulation. In the bottom left-hand corner of the pic-
ture, via femoral venous access a Mullins sheath is passed up to the right atrium, through the left atri-
um, and into the left ventricle. The black arrow denotes the tip of the Mullins sheath near the left
ventricular apex. A single-lumen balloon catheter has been passed through the Mullins sheath around
the left ventricular apex, across the stenotic aortic valve, and through the aortic arch. A guide wire has
been passed through the catheter into the descending aorta and, in this case, into the right femoral
artery. The white arrow at the bottom of the picture shows the J-tip of the wire in the right femoral
artery. Thus, the wire traverses the entire circulation, beginning in the right femoral vein, coursing
through the heart and central aorta, and ending in the femoral artery on the same side.
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Fig. 6. After the wire is placed in the descending aorta, a gooseneck snare can be passed retrograde
through an arterial sheath and used to fix the wire in position. The snare can be left in place to stabi-
lize the wire in the descending aorta or the wire may be pulled through the sheath and exteriorized.

ventional balloon may be used. Twenty-millimeter or 23-mm-diameter balloons will be
reasonably accommodated by the 14 French venous sheath. Once the wire is passed
through the arterial system and exteriorized on the arterial side, it is also possible to place
a large-caliber arterial sheath and use this route for retrograde aortic valvuloplasty. The
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Fig. 7. After the wire loop has been passed through the circulation, a balloon catheter can be passed
antegrade across the aortic valve. In the left-hand panel, an Inoue balloon traverses the left ventricu-
lar apex and is straddling the aortic valve. In the right-hand panel, the balloon is fully inflated. Some
of the loop in the left ventricular apex has been pulled back to engage the balloon in the valve. As
soon as the balloon is deflated, the catheter shaft is advanced to re-establish the wire loop in the left
ventricular apex.

problem of balloon “watermelon seeding” in the aortic valve is eliminated with this degree
of transcirculatory wire support.

The antegrade approach usually uses an Inoue balloon antegrade via the transseptal
venous puncture (Fig. 7 and video 3 on the CD). The balloon tracks well over a 0.032-in.
guide wire. When the balloon is inflated across the aortic valve and pulled back, there is
no difficulty in controlling its position. The inflate—deflate cycle is much more rapid than
a conventional balloon with a much briefer period of hypotension. The size and shape of
the balloon conform well to the sinuses of Valsalva. Because the balloon is a volume
rather than a pressure balloon, sizing is different than for retrograde aortic valvuloplasty.
A 26-mm-diameter balloon is currently the smallest nominal size available in the United
States. This balloon can be initially inflated to 22 mm in diameter. If this is tolerated well,
23-, 24-, or even 26-mm-diameter inflations will be well tolerated by most patients.
Preprocedure assessment of the annular diameter by echocardiography is helpful in guid-
ing balloon inflation size. After an initial inflation, the balloon may be removed while the
wire is left in place. A Mullins sheath can then be passed over the wire into the left ven-
tricle for gradient assessment and further decision-making.

The transcirculatory wire may cause hypotension in some patients. If a loop is not
maintained in the left ventricular apex, the wire may prop open the mitral and/or aortic
valves and the resulting valvular insufficiency can result in a steady decline in systemic
blood pressure. Occasional patients will not tolerate this wire pathway under any cir-
cumstances, and the procedure cannot be performed in this manner in that group of
patients. If the wire has to be removed, it is important to pass any catheter over it through
the left ventricle and aortic arch to reduce friction as the wire is pulled back. A 5F pigtail
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or multipurpose catheter can be used, and left in the left ventriculor (LV) apex after the
wire has been removed to preserve transseptal access and for LV pressure measurement.

At the conclusion of the procedure, the wire must be removed using a catheter to cover it.
Simply pulling the bare wire through the circulation will generate a tremendous amount of
friction and the wire cannot be easily or safely removed in this manner. A 7F balloon flota-
tion catheter or a SF diagnostic catheter is passed over the wire via the right femoral vein and
into, at least, the ascending aorta. This will allow the snare to be removed. With gentle trac-
tion, removal of the wire can be accomplished relatively easily. When the wire has been
pulled back into a diagnostic catheter, the catheter may be withdrawn until it is in the left
ventricle. This will maintain the antegrade transseptal access and leave a catheter in a good
position for measurement of a final gradient without interference from the wire. Assessment
of the final transaortic valve gradient with the wire completely removed is necessary,
because the wire will often cause a false diminution of the transaortic valve pressure gradi-
ent, sometimes with the appearance of no gradient whatsoever, even in the face of signifi-
cant residual aortic stenosis.

Initial experience with this antegrade approach has yielded larger valve areas than can
be obtained with the single-balloon retrograde technique (/9). The potential mechanism
for this finding is the distention of the distal end of the Inoue balloon, which conforms
well to the sinus of Valsalva. The aortic leaflets are distended into the sinus by the distal
end of the Inoue balloon. In contrast, a conventional balloon has straight sides and will
achieve no more than a diameter smaller than the inner diameter of the anulus and,
substantially, less than the sinus of Valsalva.

COMPLICATIONS OF BALLOON AORTIC VALVULOPLASTY

A number of management problems are common during BAV (Table 3). Predominant
among them is hypotension. This could result from left ventricular depression from bal-
loon occlusion of the outflow tract, bleeding from the large caliber femoral access site,
perforation of the left ventricle as a result of wire passage or the sharp tip of the balloon
catheter, and aortic insufficiency resulting from damage to the leaflets or anulus during
the course of balloon inflations. During balloon inflations, blood pressure drops precipi-
tately and it is important to withdraw the balloon from the valve orifice before the bal-
loon is fully deflated to allow forward cardiac output to be restored. At the same time, it
is important to be cognizant that the large size of the balloon may obstruct the arch vessels
if it is left overlying the brachiocephalic or carotid origins. In cases where the hemoglobin
is low prior to the initiation of the procedure, transfusion so that a reasonable starting
level of hemoglobin is present is important, as is a type and screen so that blood can be
readily available in the event of bleeding.

Bradycardia is also relatively common. This may result from abrasion of the septum by
catheters or conducting system injury as the rigid aortic anulus is distended against the
atrioventricular conducting system during balloon inflations. In patients with underlying
bundle branch block or atrioventricular block, placement of a temporary pacemaker is
important so that bradycardia can be managed rapidly. Occasionally, patients will develop
heart block and ultimately require a permanent pacemaker. Major complications are
encountered as a consequence of the severity of illness and multiple comorbid conditions
typical in the BAV population. Death in the hospital occurs in 5-8% of patients (22). The
majority of these deaths occur outside of the cardiac catheterization laboratory as a conse-
quence of other complications of the procedure. One or two percent of patients will expire
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Table 3

Common Management Problems

Bradycardia
Conducting system injury
Vagal
Perforation
Hypotension
LV depression
Bleeding
Perforation
Aortic insufficiency
Sheath injury

in the catheterization laboratory because of LV power failure after balloon inflations and
failure to recover left ventricular function or from mechanical complications related to trau-
ma from balloons. Bleeding is the most common complication. As many as one-fourth of
patients require transfusion, and, in some reports, 5—7% require surgical vascular repair for
femoral access complications (23). The use of suture closure has resulted in less frequent
transfusions and shorter lengths of stay. The preclosure technique of placing a small 6 or 8
French sheath, then preloading percutaneous suture closure and not tying knots, followed
by placement of the large sheath, and, ultimately, removal of the sheath and closing of the
suture knots at the end of the procedure is well described. In one report, this technique com-
pletely eliminated the need for transfusions and surgical vascular repair (16).

Cardiac perforation from wires or balloons is an important complication that must be
considered whenever hypotension occurs in the periprocedure timeframe. Liberal use of
echocardiography in the catheterization laboratory or recovery area is critical to recognize
and treat pericardial effusion and tamponade at the earliest possible juncture (Table 4).

RESULTS OF BALLOON AORTIC VALVULOPLASTY

The acute hemodynamic results of BAV are often modest. The cardiac output increases
a small but statistically significant amount. Decreases in transvalvular pressure gradient
range from 30% to 50%. Using the single-balloon retrograde technique, it is uncommon to
have residual gradients of less than 10 mm Hg in patients with preserved cardiac output.
Increases in valve area typically are from preprocedure levels of 0.6 cm? to postprocedure
levels of 0.9 cm? using the retrograde single-balloon approach. With the antegrade Inoue
balloon approach, a mean postprocedure valve area of 1.2—-1.4 cm? is common, and post-
procedure transvalvular pressure gradients less than 10 mm are frequent. Most patients are
clinically improved for 12—-18 mo (24).

The long-term results of BAV have been described. Comparisons of survival in this
patient group with untreated patients with severe aortic stenosis suggest that there are
no survival benefits attributable to the procedure (25-27). Patients who achieve good
hemodynamic results typically will be clinically improved, sometimes with minimal
improvements in Gorlin valve area. Most patients have sustained clinical improvement
for 1-1.5 yr. The major goal of this procedure is palliation of symptoms. It is unwise to
offer BAV to patients with severe aortic stenosis who are only mildly symptomatic,
because the procedure has significant risks and offers only symptomatic benefits. For
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Table 4
In-Hospital Complications of Aortic Valvuloplasty
Cardiac death 5-8%
Noncardiac death 1-2%
Embolism 2-5%
Myocardiac infarction 1-2%
Tamponade <1%
Shock 1-3%
Cardiac surgery 1%
Transfusion 23%
Vascular repair 5-7%

those patients who are severely debilitated, the procedure improves quality of life
tremendously. Patients are often made relatively functional at a time when this is all that
can be offered to them.

LIMITATIONS OF BALLOON AORTIC VALVULOPLASTY

A number of technical and procedural issues limit the utility of this procedure. The ret-
rograde approach requires crossing the aortic valve retrograde, which may not be possi-
ble in some patients. Large-caliber balloons necessitate large-size vascular access for
either the antegrade or retrograde routes. Improvements in balloon technology have been
slower for valvuloplasty than for coronary equipment because of the smaller patient pop-
ulation served by these devices.

Restenosis remains the major limitation of the utility of this procedure. Histopathologic
studies have demonstrated the mechanism of successful BAV to be fracture of the cal-
cific nodules seen in the aortic valve leaflets (28). The nodules are typically amorphous
calcium encased in a fibrotic capsule on the superior or aortic arch side of the leaflets.
The pressure of balloon inflation, which causes cracks or hinge points in these nodules,
allows greater mobility of the valve leaflets. These nodules refibrose, and the cracks or
hinge points are obliterated by this healing process. Animal studies have demonstrated
less rapid calcification of valve leaflets in a setting where calcium blockers are used
(29). More recently, the inflammatory lesion thought to contribute to the progression of
aortic stenosis has responded to therapy with statin drugs (30). It remains to be seen
whether medical therapy might slow the occurrence of restenosis after BAV.

The most promising light on the horizon that would overcome these severe limitations
is the development of percutaneous aortic valve replacement. The basic techniques nec-
essary to accomplish this procedure are similar to those used in BAV and many create a
new emphasis on BAV as a predilatation strategy. Initial human results are encouraging
(31). This latter development would also overcome the obvious limitation imposed on
balloon catheter therapy by regurgitant lesions (Table 5). Regurgitant lesions make the
utility of BAV impossible in a significant number of patients. Percutaneous valve
replacement would be an ideal therapy in this setting.

BALLOON PULMONIC VALVULOPLASTY

Pulmonic stenosis is synonymous with a congenital etiology. The pulmonic valve is
unlikely to be affected by acquired cardiovascular diseases. Most patients present in
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Table 5
Limitations of Balloon Aortic Valvuloplasty

Retrograde access to LV
Hemodynamic assessment

Low gradient/low output
Large-caliber ballons

Slow inflate—deflate cycle

12 to 14 French femorial arterial access
Restenosis

Fibrosis of cracks/fissures made by balloon
Regurgitant lesions

Table 6

Intervention for Pulmonic Stenosis

Class I

Exertional dyspnea, angina, syncope, presyncope

Asymptomatic, normal cardiac output, peak gradient >50 mm
Class Ila

Asymptomatic, normal cardiac output, peak gradient 40-49 mm
Class IIb

Asymptomatic, normal cardiac output, peak gradient 30-39 mm
Class III

Asymptomatic, normal cardiac output, peak gradient <30 mm

childhood. Symptoms are unusual until adolescence or adulthood. Adults usually present
with symptoms of fatigue or dyspnea.

Balloon pulmonic valvuloplasty (BPV) is the treatment of choice for these adult
patients and has excellent long-term results. The approach can be considered curative.
The AHA/ACC Task Force recognizes valvuloplasty for pulmonic stenosis as a Class I
indication for symptomatic patients with dyspnea, angina, syncope, or presyncope, as
well as those who are asymptomatic with peak transpulmonic gradients over 50 mm Hg
(Table 6) (6).

Long-term studies of the results of valvotomy for pulmonic stenosis in children, ado-
lescents, and adults have shown excellent results. In a large study on the natural history
of congenital heart defects, patients were followed for up to 25 yr after BPV (32). The
probability of survival was similar to that of the general population and the vast majority
of patients remained asymptomatic. Reoperation was rarely necessary for those treated in
childhood. Patients with gradients less than 25 mm did not experience an increase in gra-
dient. Patients with gradients greater than 50 mm clearly required therapy. For children
in the intermediate zone, there was some uncertainty regarding a best recommendation
for treatment. The probability of 25-yr survival was 96%. The probability of survival was
less than 80% in a subgroup of patients more than 12 yr old with cardiomegaly. Less than
20% of the patients managed medically for low gradients required a valvotomy.

Balloon pulmonic valvuloplasty for pulmonic stenosis in adolescents and adults has
also been well described. In one study with a mean follow-up of 7 yr, the vast majority
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Fig. 8. Balloon pulmonic valvuloplasty is accomplished by antegrade transvenous passage of a wire
across the stenotic pulmonary valve into the left pulmonary artery. In the left panel, a balloon catheter
is inflated across the stenotic pulmonic valve. The white arrow shows an indentation in the balloon
caused by the stenosis. The black arrow shows the tip of the guide wire anchored in the left distal pul-
monary artery. In the right-hand panel, the indentation in the center of the balloon has been relieved as
the balloon is fully inflated to treat the stenotic pulmonic valve.
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Fig. 9. Hemodynamics with pulmonic valvuloplasty. Before valvuloplasty, the right ventricular pressure
is 80 mm Hg. The black arrow denotes the large gradient between the pulmonary artery and the right
ventricle across the stenotic pulmonic valve. After valvuloplasty, the gradient is dramatically diminished,
again shown by the black arrow. Although the pulmonic pressure has remained relatively constant, the
right ventricular pressure has fallen dramatically. Both panels are shown on a 100-mm Hg scale.

of patients remained free of symptoms throughout the study period (33). Incompetence
of the pulmonic valve was noted in 7 of 53 (13%) after balloon valvuloplasty, but had
disappeared at follow-up in all of these patients. The gradient decreased on average from
over 90 mm Hg to less than 40 mm Hg at the time of the procedures. At late follow-up,
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there was a further decrease in the gradient, probably as a result of regression of right
ventricular infundibular hypertrophy.

The technique of BPV involves the passage of a conventional or Inoue balloon
catheter via the femoral route antegrade through the right atrium and right ventricle,
and across the pulmonic valve (Fig. 8). The wire may be “anchored” in the left pul-
monary circulation. Echocardiography to assess the pulmonary valve annular diameter
prior to BPV is an important part of planning the procedure. A balloon-to-annulus ratio
between 1.1 and 1.3 is usually selected. One or two balloon inflations are usually suf-
ficient to result in elimination of the stenosis. Typical hemodynamic results are shown
in Fig. 9.
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INTRODUCTION

Consisting of an anterior and posterior leaflet, a fibromuscular annulus, multiple chordae
tendinae, and two papillary muscles, the mitral valve complex (Fig. 1) protects the left
atrium and the pulmonary vascular bed from exposure to left ventricular pressures during
systole and directs the entire left ventricular stroke volume into the systemic circulation.
Structural abnormalities or dysfunction of any of the components of the valvular complex,
or of the adjacent ventricular (or atrial) musculature that helps anchor the valve, can result
in valvular incompetence. By definition, primary mitral regurgitation (MR) describes
valvular incompetence caused by abnormalities in one or more of the components of the
mitral valve complex alone, whereas functional (secondary) MR refers to valvular
incompetence, secondary to abnormalities of the left ventricle that distort the anatomy of
the mitral valve complex and render the valve incompetent. This distinction is of more
than just semantic importance, for it carries significant therapeutic implications.
Management of MR also depends on the acuity with which valvular incompetence devel-
ops. In acute MR, a significant portion of the stroke volume is ejected into a left atrium
that is unaccustomed to this regurgitant volume, resulting in a rapid elevation of left atrial
and pulmonary pressures and the rapid onset of symptoms. In chronic MR, however, left
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Fig. 1. Artist’s rendering of a sagittal cross-section of the heart. The view is from posterior commis-
sure to anterior commissure. Note the close association of the mural annulus with the coronary sinus.
The anterior annulus is in continuity with the aortic valve. (From Harlan, Star, and Harwin. Manual of
cardiac surgery. Volume II. Reprinted with permission.)

ventricular and atrial enlargement often can accommodate the regurgitant volume and
allow the patient to remain completely asymptomatic for an extended period of time.

Definitive therapy for MR has, historically, been limited to surgical correction of the
underlying lesion. Recent advances in percutaneous techniques now provide the oppor-
tunity for percutaneous therapy of MR. Two strategies have emerged as the most promising
therapeutic modalities: (1) percutaneous mitral valve annuloplasty and (2) the percuta-
neous Alfieri procedure. This chapter will focus on the first of these two strategies.
A detailed review of the anatomy of the mitral valve complex will provide the anatomic
background for the procedure and will be followed by a discussion of the pathophysiology
of acute and chronic MR with an emphasis on functional MR, because it is this subgroup
that is most suitable for therapeutic percutaneous mitral valve annuloplasty. The chapter
will end with a review of the clinical and laboratory studies assessing the efficacy and
safety of this new therapeutic technique.
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Fig. 2. Image of a human mitral valve annulus and leaflets created with real-time three dimensional
echocardiography. Note the nonplanar “saddle” shape of the annulus. The color scale represents leaflet cur-
vature; The red end of the scale represents concavity of the leaflets toward the ventricle. Blue represents con-
vexity toward the ventricle. In sheep experiments, the “blue” areas have been found to be consistent with
“strut” chord insertion points. AC = anterior commissure; PC = posterior commissure; PA = posterior annu-
lus. AO represents the position of the aortic valve. (Color illustration is printed in insert following p. 236.)

ANATOMY OF THE MITRAL VALVE COMPLEX

Mitral Annulus

The mitral valve sits obliquely in the heart, in close apposition to the left ventricular
outflow tract and aortic valve, with its major cross-sectional axis running in a postero-
medial to anterolateral direction. The mitral annulus defines the atrioventricular “plane”
and consists of a three-dimensional saddle-shaped ring (/) of fibromuscular tissue to
which the leaflets are attached. This saddle-shape is extremely well conserved across
mammalian species. It has been proposed that this distinctive shape acts to impose an
added degree of leaflet curvature above and beyond leaflet bulging, and in doing so, it
diminishes leaflet stress (Fig. 2) (2). The anterior portion of the annulus is in direct con-
tinuity with the aortic valve, spanning the left coronary and noncoronary sinuses (Fig. 3).
At either end of this area of mitral-aortic continuity are the left and right trigones. The
right trigone together with the membranous septum form the central fibrous body through
which the His bundle courses. Extending from the left and right trigones, respectively,
the anterior and posterior fila coronaria are fibrous subendocardial cords that partly encir-
cle the annulus. A less distinct sheet of fibroelastic tissue connects the tips of the fila
coronaria, thus completing the annular ring. This heterogeneity in the consistency of the
annulus is of great functional significance, imparting a degree of flexibility to the valve
that optimizes its function throughout all phases of the cardiac cycle (3).

Mitral Leaflets and Subvalvular Apparatus

Unlike the tricuspid valve and both semilunar valves, the mitral valve has only two
leaflets that, when open and viewed en face from their left ventricular aspect, resemble a
bishop’s miter. The anterior (or aortic) leaflet covers one-third of the annular circumfer-
ence with its base in direct continuity with the aortic valve. In the open position, the
leaflet hangs into the left ventricular outflow tract opposite the interventricular septum.
When closed, the leaflet forms part of the floor of the left atrium; its free edge defines the
lesser curvature of a crescent-shaped closure line formed by apposition of the free edges of
both leaflets. The posterior (mural) leaflet covers the remaining two-thirds of the annular
circumference, with its free edge forming the greater curvature of the valvular closure
line. Pleats in the free edge of the posterior leaflet divide the leaflet into three segments
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Fig. 3. View of the annulus looking from atrium to ventricle. Note that the coronary sinus and associ-
ated venous structures “encircle” the mural annulus almost from commissure to commissure. Also
demonstrated is the aortic—mitral continuity. (From Harlan, Star, and Harwin. Manual of cardiac
surgery. Volume II. Reprinted with permission.)

or scallops: P1, P2, and P3. The middle scallop (P2) is typically the largest of the three
and is the scallop most commonly involved in mitral valve prolapse (3).

The ventricular surface of the anterior leaflet has two distinct zones: a crescent-shaped
peripheral rough zone that contains the leaflets chordal attachments and a central clear
zone devoid of any chordal anchors (4). The ventricular surface of the posterior leaflet,
on the other hand, has three distinguishable zones: a peripheral rough zone, a central
clear zone, and a basal zone. The basal zone is 2—3 mm thick and receives chordal attach-
ments (Fig. 4). The free edges of the anterior and posterior rough zones demarcate the
valve’s closure line. When viewed in profile and with the leaflets closed, the closure line
lies below the annular plane, rising to the level of the plane at each commissure and giving
the valve its classic saddle-shaped appearance. This ventricular displacement of the closure
line is a direct result of the 1.5-2.1 ratio of leaflet surface area to annular area (5).

Anchoring the mitral valve leaflets and providing the valve with the tensile strength
required to withstand the high pressures generated during ventricular systole, the chor-
dae tendinae extend from both papillary muscles and attach to the ventricular surface
of the leaflets (Fig. 5). Anatomically, the chordae are subdivided into leaflet and inter-
leaflet, or commissural, chordae. Leaflet chordae are further subdivided depending on
which leaflet they are attached. All chordae attached to the anterior leaflet are classi-
fied as rough zone chordae, whereas the posterior leaflet also contains cleft chordae
and basal chordae in addition to rough zone chordae. The rough zone chordae can be
further subdivided into first-order (primary) and second-order (secondary) chords.
Primary chords are numerous thin chords that insert only on the free edge of the mitral
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Fig. 4. Schematic of the ventricular surface of the mitral valve opened by cutting the annulus and ante-
rior (anteromedial) papillary muscle and showing the zones of the leaflets and the respective chordae
tendinae. (Reprinted from ref. 4 with permission.)

Fig. 5. Videoscopic photograph of the ventricular surface of the mitral valve showing the primary (1)
and secondary (2) chordae tendinae. Obvious differences in the thickness between the chords are easily
seen. Other labeled structures include the aortic valve (Ao), the anterior mitral leaflet (AL), and the
posterior mitral leaflet (PL). (Reprinted from ref. 6 with permission.)

leaflets, whereas secondary chords are thicker structures that insert in the rough zone
and have no attachment with the free edge of the valve leaflet (Fig. 4). This morpho-
logical difference appears to be functionally important, as suggested by Obadia et al. (6)
in their study using an isolated pig heart model in which they assessed the effect of dis-
ruption of the primary or secondary chords on valvular integrity and ventricular function.
Sectioning of the primary chords resulted in severe acute MR as a result of mitral leaflet
incompetence. However, when only the secondary chords were sectioned, the mitral
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Fig. 6. Hemodynamic tracings of left ventricular (LVP) and left atrial pressures (LAP) in the control group
(A), primary chord group (B), and secondary chord group (C). Large v waves representing MR are only
seen in group B, suggesting that the primary chordae are essential to maintaining mitral valve competence.
In group C, despite disruption of the secondary chords, mitral competence is preserved although shortening
fraction is reduced (Sono), reflecting impaired contractility. (Reprinted from ref. 6 with permission.)
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valve remained competent, although there was a statistically significant deterioration
in left ventricular function as assessed by sonomicrometric measurements of fractional
shortening (Fig. 6).

Two papillary muscles tether the chords to the left ventricle and contribute to the tensile
strength of the mitral valve complex. They typically arise from the distal third of the left
ventricular myocardium, and when viewed in a short-axis projection, they occupy antero-
lateral and posteromedial positions (Fig. 7). A degree of variability often exists in the
number and location of the papillary muscles. In a study of 200 normal hearts, Rusted
et al. (7) found that the anterolateral papillary muscle was single in 70% of cases, where-
as in 60% of cases, the posteromedial papillary muscle consisted of a group of two or
three papillary muscles or of a single belly with two or three heads. Less variable is the
arterial supply to the papillary muscles. The posteromedial papillary muscle is supplied
by the right coronary artery in isolation and is more prone to ischemic dysfunction,
whereas the anterolateral papillary muscle typically has a dual arterial supply (from an
obtuse marginal branch of the left circumflex artery and a diagonal branch of the left
anterior descending artery) and is usually protected from ischemic damage (S8).

Coronary Sinus

Although technically not part of the mitral valvar complex, the coronary sinus is
nonetheless an important structure because of its close proximity to the posterior mitral
annulus (Figs. 1 and 3). Lying posterior in the left atrioventricular groove, the coronary
sinus measures 2—3 cm in length and drains the majority of cardiac veins into the right
atrium. Its orifice lies between the opening of inferior vena cava as it enters the atrium
and the tricuspid annulus and can be easily cannulated via a percutaneous venous approach.
The main tributary emptying into the coronary sinus is the great cardiac vein, which orig-
inates at the cardiac apex and runs in the anterior interventricular groove parallel to the
left anterior descending artery. As discussed below, this close relationship between the
mitral annulus and the coronary sinus provides a percutaneous transcatheter approach to
the mitral annulus and is the foundation for percutaneous mitral valve annuloplasty for
the treatment of MR (9,10).

PATHOPHYSIOLOGY OF MITRAL REGURGITATION

Mitral regurgitation is often characterized as acute or chronic, depending on the rapidity
of onset (/7). Additionally, both acute and chronic MR can be primary, if they result from
structural abnormalities of the valvar complex, or functional, if the regurgitation is secondary
to diseases affecting the left ventricle that result in leaflet malcoaptation and incompetence
(12). Because treatment of mitral regurgitation by percutaneous mitral valve annuloplasty
is tailored for patients with functional MR, it is this subgroup that will be reviewed here.
Attention will be focused on the pathophysiology of MR as a result of nonischemic (dilated)
and ischemic cardiomyopathies because these two clinical entities account for the majority
of patients with MR that will be suitable for percutaneous therapy.

Functional MR Associated with Nonischemic Dilated Cardiomyopathy

Mitral regurgitation in dilated cardiomyopathy is, in the majority of cases, a chronic
process that carries a poor prognosis (/3). As in the normal heart, volume overload of the
failing heart eventually leads to further systolic dysfunction in a ventricle with little
reserve. In a canine model of mitral regurgitation, Urabe et al. (/4) showed that the
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Fig. 7. Parasternal short-axis schematic (upper panel) and echocardiographic still frame (lower panel)
showing the anterolateral and posteromedial papillary muscles. RV = rigt ventricle, IVS = interventricular
septum, LV = left ventricle, R = reference mark. (From Weyman AE. Standard plane positions—standard
imaging planes. In: Weyman AE, ed. Principles and practice of echocardiography, 2nd ed. Philadelphia:
Lippincott Williams and Wilkins, 1994:98-123. Reprinted with permission.)

predominant mechanism of systolic dysfunction in MR is contractile dysfunction of car-
diomyocytes due to a loss of myofibrils. Chronic mitral regurgitation eventually results
in progressive left ventricular dilatation and eccentric hypertrophy, with a concomitant
increase in left ventricular (LV) end diastolic volume and wall stress (afterload) (15). As
ventricular dimensions and afterload increase, the afterload reduction provided by the
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Fig. 8. Plots of annular area index (AIMIN) and leaflet occlusional area (LEAF) in patients with dilated
cardiomyopathy and MR (MR), dilated cardiomyopathy and no MR (NO MR), and controls (NL). See
text for details. (Reprinted from ref. /4 with permission.)

low-pressure sink in the left atrium is eventually overcome and left ventricular ejection
performance is further impaired (16).

The exact mechanism of functional MR in patients with nonischemic cardiomyopathy
remains open to debate. Several hypotheses have been advanced as the primary
pathogenic mechanisms, including alterations in mitral annular size (17,18), papillary
muscle displacement accompanying LV dilatation (/9,20), and alterations in the trans-
mitral pressure gradient acting to close the leaflets (2/). Using quantitative echocardiog-
raphy, Boltwood et al. (/7) compared leaflet occlusional area, mitral annular area index,
left ventricular volume, and left atrial volume as well as chordal length and tethering length
in nine patients with dilated cardiomyopathy and MR, nine patients with dilated cardiomy-
opathy and no MR, and nine control subjects. The MR group displayed a significantly
increased leaflet occlusional area and annular area index (Fig. 8) when compared to the no
MR group and the control group. There was no significant difference, however, in chordal
length, tethering length, or ventricular volumes among the three groups. Furthermore, step-
wise linear regression analysis showed that leaflet occlusional area strongly correlated with
annular area, suggesting that the degree of leaflet coaptation is chiefly determined by annular
size, and as the size of the annulus increases, more and more leaflet tissue is needed
simply to occlude the orifice. This leaves less leaflet tissue available for the coaptation
zone, compromising the integrity of the valvular seal.

A central role for annular dilatation in the pathogenesis of functional MR was also
proposed by Timek et al. (/8) in an ovine model of LV dysfunction and MR.
Surgically implanted myocardial markers in the left ventricle, mitral annulus, and
mitral leaflets were used to record three-dimensional alterations in ventricular and
valvular geometry associated with the development of a pacing-induced, tachycardia-
mediated cardiomyopathy. All nine sheep developed MR after pacing. This was asso-
ciated with annular dilatation and a significant increase in systolic leaflet edge sepa-
ration, suggesting decreased leaflet coaptation (Fig. 9). The left ventricular chamber
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Fig. 9. Changes in annular size with the development of tachycardia-mediated cardiomyopathy (A) and
associated changes in leaflet edge separation (B) as measured by surgically implanted myocardial markers.
(Reprinted from ref. /7 with permission.)

became more spherical as it dilated and the distance between the two papillary mus-
cles increased, but this was not associated with apical displacement of the mitral valve
leaflet coaptation point, implying that the MR was the result of annular dilatation
rather than papillary muscle displacement.

An alternative theory on the pathogenesis of MR in dilated cardiomyopathy, focusing
on the effects of altered leaflet tethering geometry on the integrity of leaflet coaptation,
was proposed by Otsuji et al. (/9) in a canine model of heart failure. Left ventricular
dysfunction was induced by infusions of esmolol and phenylephrine, and ventricular
dilatation was controlled by surgically altering the degree of pericardial constraint.
Three-dimensional (3D) echocardiography was used for reconstruction of the cardiac
chambers and mitral apparatus from which the geometric relations between the papillary
muscles and mitral valve were obtained. The degree of MR increased from none at base-
line to trace when global ventricular dysfunction without cavity dilatation occurred and
then to moderate when the pericardium was opened and the ventricle was permitted to
dilate (Fig. 10). LV dilatation was accompanied by annular dilatation as well as api-
cal displacement of the papillary muscles, resulting in an increase in the tethering
length, defined as the distance between the papillary muscle tips and the anterior
mitral annulus. Although both mitral annular area and tethering length were predictors of
MR in univariate analysis, only tethering length remained an independent predictor of MR
by multiple regression analysis, implying that the geometric changes of the mitral valve
attachments at the papillary muscle level, rather than the size of the annulus, determine
the development of MR (Fig. 11).

Geometric changes in vivo, however, do not occur independent of altered myocardial
dynamics, which may also contribute to the development of mitral regurgitation (22),
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making it difficult to isolate the effect of each parameter independently. In an elegant
study using an in vitro left ventricular model, He et al. (2/) tested the integrated
hypothesis that functional mitral regurgitation represented an imbalance between the
forces acting to close the mitral leaflets and the restraining forces tenting the leaflets
open (Fig. 12). Porcine mitral valves with intact subvalvular structures were tested in
the mechanical model under physiological pulsatile flow conditions using normal saline
as the rheologic fluid. This model provided three degrees of freedom such that papillary
muscle position, annular size, and myocardial contractility could each be altered inde-
pendently. Transmitral pressure gradients were measured directly and regurgitant frac-
tion (representing the degree of MR) was calculated as the ratio of the regurgitant flow
rate to the forward flow rate. Mitral regurgitation was greatest with apical and postero-
lateral papillary muscle displacement and with annular dilatation, although annular
dilatation was required to generate clinically significant levels of MR, as defined by a
regurgitant fraction >20%. A lower transmitral pressure also significantly increased the
regurgitant fraction but was not the dominant factor.

The results of the above studies into the pathogenesis of mitral regurgitation carry
important therapeutic implications because the most effective therapies will be those tar-
geting the primary underlying mechanisms of MR. The success of surgical mitral valve
annuloplasty (23) clearly implicates annular dilatation in the mechanism of functional
MR. Surgical annuloplasty, however, is associated with significant morbidity and mor-
tality in this high-risk group of patients, making a percutaneous approach to mitral valve
annuloplasty an attractive alternative.

Mechanism of Ischemic Mitral Regurgitation

The pathogenesis of both acute ischemic mitral regurgitation (IMR) in the absence of
papillary muscle rupture and chronic IMR is complex. Experimental analysis of clini-
cally relevant ovine models using tantalum marker imaging, sonomicrometry array
localization, and three-dimensional echocardiography (24-29), as well as detailed clinical
echocardiographic studies have more clearly elucidated the mechanism of the complex
geometric and temporal perturbations that cause a structurally normal mitral valve to
leak, often massively, early or late after a myocardial infarction.



60 Valettas, Gorman, and Gorman

Fig. 10. (A) Apical two-chamber echocardiographic images with color-flow mapping showing the devel-
opment of MR with progressive LV dysfunction and ventricular dilatation. At baseline (left), there is no
MR. Trace MR is seen with LV dysfunction pericardial restraint (middle), whereas moderate MR develops
when the LV is dilate with the pericardium cut open (right). (B) Annular dilatation and relatio papillary
muscles to mitral annulus at baseline (left), LV dysfunction without (middle), and LV dysfunction with
dilatation (right). Mitral annulus is shown with the papillary muscle tips as yellow and green balls. The red
ball is the anterior reference point located in medial trigone. (Color illustration is printed in insert follow-
ing p. 236.) (Reprinted from ref. /8 with permission.)

AcutE IMR

Numerous studies have conclusively demonstrated that loss of papillary muscle
shortening alone as result of acute ischemia does not cause MR. (5,22,30-33). The
term “papillary muscle dysfunction” is, therefore, erroneous and should be avoided.
With ischemia or infarction, the posterior papillary muscle elongates 2—4 mm in sheep
and dogs (34,35); the tip moves 1.5-3 mm closer to the annulus (35). These are very
small changes and echocardiographic studies in dogs, sheep, and humans uniformly fail
to show mitral valve prolapse with acute IMR in the absence of papillary muscle rup-
ture (36—39). In the sheep model of acute IMR, the uninfarcted anterior papillary mus-
cle contracts earlier and more vigorously than before infarction. This moves the tip 4-5



Chapter 3 / Percutaneous Repair of Mitral Regurgitation 61

A W\ B/ 7/ \
ALV N /1 LV
/[ Papillary A\ { .

'\\Efluscle IR [
[ =\ I.. \ :I Ph:] \\
' . L S\ o Papillary Muscle
® | '_ Displacement I
Tethermg *Closing Force -\ I
\eorce KR %
\x X R g %

LA /MR ' LA

Fig. 11. Schematic representation of the pathogenesis of MR resulting from to papillary muscle displace-
ment and alterations in the tethering distance between the papillary muscle tips and the mitral annulus.
(Reprinted from ref. /9 with permission.)
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Fig. 12. Schematic showing the forces acting on the mitral valve leaflets. The transmitral pressure force is
generated by ventricular systole and is proportional to the contractile state of the ventricle. Tension in the
chordae tendinae (CT) and papillary muscle (PM) determines the tethering force. Apical displacement of the
PM stretches the chordae and increases the tethering force. (Reprinted from ref. /9 with permission.)

mm further away from the annular plane at mid-systole than before infarction (24).
This discoordination of normal synchronous papillary muscle contraction has a com-
plex effect on leaflet coaptation that has been meticulously characterized by Miller and
his colleagues (27,28) using tantalum marker technology. It is sufficient to say that the
interaction of these rather small changes in papillary muscle contraction dynamics and
location cause subtle distortions of valvular leaflet coaptation that are not simply
leaflet prolapse and tethering. Annular dilatation is at best mild (10—15%) and located
primarily along the posterior annulus in the ovine model of acute IMR (24-26,40). This
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degree of dilatation is within the physiologic range achieved by varying loading con-
ditions in sheep (41). Leaflet area in sheep exceeds maximum annular area by
50-100% (40). These data suggest that acute IMR results from a complex interaction
of very small geometric and temporal changes that, for the most part, are not demon-
strable by standard imaging techniques and are not discernible in a flaccid heart at the
time of surgery.

CHroniCc IMR

Ovine experiments using sonomicrometry array localization to study postinfarction MR
that evolves during the first 8 wk after infarction have added insight relevant to the patho-
genesis of chronic IMR. In this model, a combination of asymmetric annular dilatation and
leaflet tethering by both papillary muscles occur to produce chronic IMR. The annular
area dilates by at least 70% at all time-points during systolic ejection. The dilatation
involves the entire annulus, even the fibrous portion between the trigones of the heart. The
posterior or mural portion of the annulus directly adjacent to the infarct moves away from
the relatively fixed anterior commissure (at the anterior fibrous trigone) and stretches the
anterior portion of the mural annulus and the posterior portion of the aortic-based annu-
lus, which are remote from the infarct. This finding illustrates how a moderately sized
(21% of the LV mass) localized infarct remodels and distorts remote, uninfarcted
myocardium including the mitral valve annulus (Fig. 13) (42).

Interestingly, the posterior papillary muscle tip to posterior commissure relationship
does not change significantly. Both these points are displaced together, away from the
anterior commissure as a result of the remodeling process (Fig. 14). This indicates that
the posterior papillary muscle tethering is more pronounced at its most anterior con-
nection with both leaflets near the center of the coaptation line and not at the commissure.
The anterior papillary muscle tip is displaced significantly from both commissures but
further from the posterior commissure. This indicates the tethering effect of the anterior
papillary muscle is greatest along both leaflets from the anterior commissure to the
middle of the coaptation line. Together, these findings suggest that in this model, the
postinfarction ventricular remodeling process tethers the anterior portion of both leaflets.

The concept of leaflet tethering as a contributing factor in the pathogenesis of chronic
IMR is not new (19,21,43). Two recent echocardiographic reports, one studying the same
sheep model presented here and one human study, demonstrated findings very consistent
with the above-cited experimental results. Otsuji and colleagues applied a very effective
three-dimensional echocardiographic technique to quantify leaflet tethering in the same
ovine mode (/9). These authors also reported mid-systolic distortions between both pap-
illary muscle tips and the anterior commissure, but did not observe changes between pap-
illary muscle tips and the posterior commissure or annular dilatation. Yiu et al., using
quantitative two-dimensional echocardiography, corroborated these findings clinically by
comparing normal controls with a cohort of patients with varying degrees of chronic IMR
(43). They found that ventricular distortions, which most closely correlated with the
degree of MR occurred between the posterior papillary muscle tip and anterior commis-
sure (R = 0.55) and posterior displacement of the anterior papillary muscle tip (R = 0.65).

To summarize, the geometric changes that lead to acute IMR are multiple but extreme-
ly subtle (<5 mm) and are not reliably imaged by currently available clinical modalities.
Chronic IMR involves larger changes (1-2 cm) that cause moderate to severe annular
dilatation and complex leaflet tethering along the anterior and mid-leaflet coaptation line.
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Fig. 13. (A) An end systolic axial view of the mitral valve annulus and papillary muscle as imaged by
sonomicrometry before (solid) and 8 wk after infarction in an ovine model of chronic ischemic mitral
regurgitation. (B) Artist’s drawing of how the transducers are placed in relation to the mitral annulus
and the location of the infarct. Note the stretching of both the posterior part of the aortic portion of the
annulus (Ao to PC) and the anterior part of the mural portion of the annulus (AC to P1 to P2). Also,
note how the portion of the annulus between P2 and PC along with the posterior papillary muscle tip
(PPT) pulls away form the relatively fixed anterior commissure. This animal had a competent valve
prior to infarction and developed 3+ MR at 8 wk postinfarction. (From ref. 79.)

CORONARY SINUS-BASED PERCUTANEOUS MITRAL VALVE REPAIR

It has been show that surgical placement of an undersize annuloplasty ring, either
partial or complete, can improve valve competence in patients with dilated nonischemic
MR and chronic ischemic MR. Although such procedures can ameliorate symptoms, they
historically have an operative mortality that ranges from 3% to 29.4% (17,44—48) and a
rate of reoperation up to 14.7% (47,49,50). In addition, there is still no evidence that
reduction annuloplasty increases survival in heart failure patients with MR (517).

For these reasons, widespread interest has arisen in developing less invasive percuta-
neous methods for annular reduction to diminish MR in symptomatic patients with heart
failure. As can be seen from Fig. 3, the coronary sinus provides an almost direct approach
to the entire posterior mitral annulus using standard venous access approaches. Several
devices exploiting this anatomy are in early phases of development (Table 1). Most have
been tested for proof of principle in animals; some have been tested for short-term safe-
ty and efficacy in patients; none have received Food and Drug Administration (FDA)
approval. No reports have been presented for any device regarding chronic implantation
in a heart failure model. As a result, concerns regarding repair durability, coronary artery
kinking, coronary sinus thrombosis, and cardiac perforation exist. Because of the com-
petitive nature of the intellectual property rights surrounding this technology, only vague
descriptions of the latest generation devices are publicly available and are summarized
below and in Table 1.
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Fig. 14. An end systolic sagittal view of the sheep mitral annulus and its relationship to the LV and
papillary muscles before and 8 wk postinfarction. An artist drawing is provided for orientation of the
sonomicrometry transducers. Note how the posterior papillary muscle tip (PPT) and the posterior annulus
are retracted away form the anterior commissure. Of interest is the fact the anterior papillary muscle tip
(APT) also moves away from the annular plane after infarction even though it is not directly affected
by the infarct. The heart shown in this figure is the same one shown in Fig. 13. (From ref. 21/.)

Viacor

Viacor’s Percutaneous Transvenous Mitral Annuloplasty™ (PTMA) technology
originally relied on placement of a Teflon-coated nitinol bar. The bar was substantially
straight and rigid and was connected to a flexible push rod to facilitate delivery. The
device ranged from 35 to 85 mm in length and was delivered via a 7 French LuMax
guiding catheter that had been advanced into the coronary sinus, with the distal tip
engaging the anterior interventricular vein. In a recently reported study, this first-gener-
ation device was found to be effective in reducing acute IMR in the ovine model previ-
ously described in this chapter. Placement of the device in this model reduced the sep-
tal-lateral mitral annular dimension from 30 £ 2.1 to 24 = 1.7 mm (9). Please see videos
which demonstrate the ovine results (courtesy of Motoya Hayase and an animation of
this technique (courtesy of Viacor, Inc.) in the accompanying CD-ROM.

Although showing proof of principle, the performance of the device in this acute
model gave very little information about how it would perform in humans with chronic
IMR, where annular dilatation is much more extreme. Subsequently, the Viacor device
has been tested extensively for several years using the chronic ovine model of IMR at the
University of Pennsylvania. During this time, the device has been evaluated in over 60
animals and the technology has evolved significantly. The latest-generation PTMA
device has been placed and evaluated with a combination of fluoroscopy and three-
dimensional echocardiography. The current series of animal experiments with this device
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Table 1
Coronary Sinus—Based Mitral Valve Repair Technology
Company Product description Status
Cardiac Dimensions Annular repair via the coronary sinus Chronic animal study in
that uses traction with a fixed-length pacing model
tendon between two anchors completed
Edwards/Jomed Jomed technology of annular repair Estimate human implants
via coronary sinus using two stents to begin in 2004 with
with a tensioning member that market release late
shortens over time 2006/2007
Mitralife/eV3 Percutaneous mitral annular reshaping Seven patients implanted
via the coronary sinus (“C-Cure”) in Venezuela
QuantumCor Medical Transcatheter mitral valve repair using Conducting animal
annular heating that results in studies
collagen shrinking
Viacor Reshaping of the mitral annulus via Food and Drug
the coronary sinus utilizing a Administration feasibility
“straightening bar” that can be study for 10 patients to
sized and easily removed temporarily place

device in patients
prior to surgery

has been very successful, with MR being reduced from 3+ to 0 or 1+ acutely. Chronic
device studies have not yet been reported.

A clinical safety study is currently underway at the Cleveland Clinic. In this study, the
first-generation device is placed in patients undergoing surgery for “open” repair for
functional MR. To maximize safety, the device is placed after the sternotomy is per-
formed. Mitral regurgitation is assessed by transesophageal echocardiography. The
device is then removed and the operation performed.

Cardiac Dimensions

This device is constructed of nitinol wire with distal and proximal anchors connected
by an intervening cable. It is placed via an 8 F catheter positioned in the coronary sinus
with its tip at the orifice of the anterior interventricular vein. The distal anchor is first
deployed from the guide sheath into the distal great cardiac vein and locked in position.
Tension is then applied to the device to reduce the underlying mitral annulus. The tension
is maintained while the proximal anchor is deployed into the body of the coronary sinus
and locked in position.

Studies using this technology have been carried out in an ovine rapid-pacing model of
heart failure. Nine animals were paced until they developed at least moderate MR. The
device was successfully placed in all animals. Before device placement, the mitral regur-
gitant jet area exceeded 20% of the left atrial area in all animals. After device position-
ing, there was a significant reduction in the mitral annular dimension and in the extent of
MR. Mitral regurgitation was completely eliminated in seven of the nine animals, with
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only trivial MR in the remaining two animals. During placement, there were no atrial or
ventricular arrhythmias, blood pressure remained unchanged, and there were no episodes
of coronary sinus perforation or dissection (/0).

This company is now making plans to test their device in more clinically applicable
models of IMR. No human studies have been reported to date.

eV3/Mitralife/C-Curve

This device is placed in the coronary sinus via a 10 F catheter using fluoroscopy and
intracardiac echocardiography. Like the two previous devices, it is designed to shorten
the posterior annulus.

This is the only device on which chronic implantation studies are reported—albeit only
in normal animals. Eight normal sheep have had chronic C-Cure implantation and sur-
vived for 180 d with no postprocedural complications. All devices in the acute evaluations
study tracked quickly and easily into position. The average baseline mitral annular diameter
was 2.55 cm and average postactuation diameter was 1.83 cm—a 28% reduction in size.
Angiography confirmed the integrity of the left coronary arteries. At 6 mo follow-up in the
chronic pathology study, angiography showed normal coronary arteries and a patent coro-
nary sinus. Echocardiography indicated no change in ventricular function or size and nor-
mal mitral valve function. Gross pathology findings also presented normal valves and a
coronary sinus free of thrombus (52).

The clinical evaluation of the C-Cure device system was initiated in September 2001
in Caracas, Venezuela. This initial human evaluation established that the MitraLife
device could be safely delivered to and deployed within the coronary sinus. No arrhyth-
mias, AV blocks, or hemodynamic compromise were observed. Furthermore, the human-
use evaluations demonstrated that cinching the device within the coronary sinus caused
a decrease in MR and mitral annular diameter. Further description and discussion of this
device is given in Chapter 4.

QuantumCor

This technology is based on the hypothesis that application of controlled, noncoagu-
lating heat, generated by radiofrequency energy, can be used to reduce the posterior
mitral annulus by shrinkage of collagen. This shrinkage is proposed to alter the geometry
of the posterior annulus and improve the coaptation of the mitral leaflets and correct
mitral regurgitation that results from ischemic heart disease. The effects of shrinkage are
immediate and the shrinkage does not regress over time because the collagen, heated to
a selected level, retains its intrinsic strength. Additionally, the fibrotic healing response
to the annular heating can add strength and possibly enhance the initial shrinkage of the
annulus. QuantumCor’s strategy for device development includes both surgical and per-
cutaneous approaches to mitral heating.

CONCLUSION

Coronary sinus-based mitral valve repair is still very early in its development but
enough preliminary work has been done to a least provide proof of principle. Although
the technology is promising, there are still both safety and efficacy issues that need to be
assessed in appropriate animal models before this technology is appropriate for routine
use in humans.
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INTRODUCTION

Mitral valve regurgitation (MR) is a common disease involving multiple etiologies.
Whereas the structural causes include myxomatous degeneration, rheumatic changes,
calcified annulus, infective endocarditis, and chordal rupture, functional MR is primarily
the result of incomplete coaptation of normal mitral leaflets as a result of progressive
mitral annular dilation, alteration in left ventricular (LV) geometry, and/or papillary muscle
dysfunction (/—4). This secondary MR frequently accompanies acute ischemic or chronic
heart failure (5) and triggers a vicious cycle of continuing volume overload, ventricular
dilation, progression of annular dilation, and increased LV wall tension, thus further
worsening MR and heart failure (6,7). In addition, this functional disorder can eventually
lead to loss of systolic sphincteric contraction of mitral annulus and chordae tendinae
retraction with fibrosis.

Functional MR secondary to LV dysfunction is a significant clinical problem, repre-
senting an independent or strong predictor of mortality in patients with both ischemic
and nonischemic heart failure (5,8—10). Although medical therapies play a leading role
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Fig. 1. Surgical annuloplasty.

in alleviating this complication, recent data suggest that mitral valve repair also appears
promising (/7). In the absence of structural mitral valve abnormalities, the dimension of
the mitral annulus is the most significant determinant of mitral leaflet coaptation, regur-
gitant orifice area, and subsequent MR. Hence, the dominant modality of current surgi-
cal approach is insertion of a mitral annuloplasty ring that reduces annular circumfer-
ence and pushes the posterior leaflet forward for better coaptation, thereby decreasing
MR (1,4) (Fig. 1). Maintaining the mitral valve and subvalvar apparatus by this
approach is of paramount importance to the preservation of overall LV function, offer-
ing a critical advantage over the conventional valve replacement technique in heart failure
patients with MR.

Nevertheless, a relatively high hospital morbidity and mortality may render surgical
treatment prohibitive in the majority of heart failure patients (/1,/2). This limitation led
to a demand for substantially less invasive approaches that can be applied to patients even
with severely compromised LV function. Recently, several percutaneous treatment modal-
ities via the coronary sinus have become the target of clinical research (/3—16). The
anatomic proximity of the coronary sinus to the posterior mitral annulus, coupled with
ease of percutaneous access to this large vein, offers a basis for the development of less
invasive, catheter-based mitral annuloplasty (/7,18). This chapter provides an overview of
the rationale for using the coronary sinus for percutaneous mitral annuloplasty, as well as
other percutaneous approaches to directly address mitral valvular pathology.
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Fig. 2. Anatomy of epicardial vascular system. (A) Anterior view of the heart. RCA = right coronary
artery; LAD = left anterior descending artery; CFX = circumflex coronary artery; GCV = great car-
diac vein; AIV = anterior interventricular vein. (B) Posterior view of the heart. CS = coronary sinus;
MCYV = middle cardiac vein; PDA = posterior descending artery; SCV = small cardiac vein. (From
Oesterle SN, Reifart N, Hauptmann E, Hayase M, Yeung AC. Percutaneous in situ coronary venous
arterialization: report of the first human catheter-based coronary artery bypass. Circulation
2001;103(21):2539-2543.)

ANATOMY OF CORONARY SINUS

Location and Major Tributaries

The coronary sinus runs along the circumflex coronary artery in the atrioventricular
groove parallel to the posterior mitral annulus. It courses from the origin of the anterior
interventricular vein, which runs adjacent to the left anterior descending coronary artery
on the anterior surface of the heart (Fig. 2). As the main drainage channel of venous blood
from the myocardium, the coronary sinus drains a number of smaller veins: typically,
from left to right along its course, great cardiac vein, oblique vein of Marshal, posterior
vein of the left ventricle, posterior interventricular vein, middle cardiac vein, and small
cardiac veins (Figs. 2 and 3A) The coronary sinus orifice, the aperture through which most
of the venous drainage of the heart is returned to the circulation, lies anteroinferiorly of
the tricuspid orifice in the right atrium.

Size, Length, and Shape

There are numerous variations in size, length, and shape of the coronary sinus. The
diameter of the atrial ostium ranges between 7 and 16 mm (9.7); the cross-sectional
area of the coronary sinus is between 0.67 and 2.09 mm? (19,20) (Fig. 4). The average
length is between 15 and 70 (37.0) mm (217). A short coronary sinus has the length of a
phalanx of a finger (7% of cases); a coronary sinus of medium length with its cylindri-
cal form corresponds to two phalanges in 74% of cases; and an elongated coronary sinus
has the length of three phalanges and exhibits a tubular, extended form in 18% of cases.

Venous Valves

The entrance of the coronary sinus into the right atrium is guarded by a more or less
complete and sufficient fold, the Thebesian valve (22). The valve drops across the coronary
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Fig. 3. Coronary sinus venography by retrograde contrast injection with proximal balloon occlusion.
(A) Coronary sinus and its major tributaries; (B) relationship between the coronary sinus/great cardiac
vein and a surgically implanted mitral annular ring. AIV = anterior interventricular vein; GCV = great
cardiac vein; OS = ostium of coronary sinus; B = balloon; Lateral = lateral vein of left ventricle;
Posterior = posterior vein of left ventricle.

Fig. 4. 1: Coronary sinus ostium; 2: coronary sinus; 3: posterior interventricular vein; 4: anterior inter-
ventricular vein; 5: left marginal vein; V: mitral valve.



Chapter 4 / Percutaneous Mitral Annuloplasty 73

Fig. 5. (A) Seminlunar valve at the artrial ostium of the coronary sinus (CS), the valve of Thebesius;
view from the right atrium. (B) Cribrate valve at the atrial ostium of the CS, the valve of Thebesius;
view from the right atrium. (C) Univalvular Viessenian valve: (a) marked by a scale, at the transition
of the CS (b) into the great cardiac vein (c). (D) Corrosion cast of the cardiac veins; at the entrance of
the CS, there are impressions of two endothelial folds; bicuspid formation of the ostial valves (arrows)
of the great cardiac vein (Vieussenian valve): (a) coroanry sinus, (b) great cardiac vein, (c) posterior
left ventricular vein. (Courtesy of from LANDES Bioscience, Texas, USA.)

sinus orifice whenever the pressure in the right atrium exceeds that in the vein (i.e.,
during atrial contraction). The types of valve shape have several patterns: incomplete
(50%), crescentic (34%), cribriform (7%), semiannular (7%), and thread (2%).
Whereas 31% of hearts have a complete valve, the ostium is valveless in 19% (23-25)
(Figs. 5A and 5B).

The anatomic marker dictating the site where the great cardiac vein widens to become
the coronary sinus is the Vieussens valve, which presents in 65-87% of hearts (22).
Several morphological types can be distinguished: unicuspid (62%), bicuspid (25%),
tricuspid (<1%), and multiple valves <1% (24) (Figs. 5C and 5D).

STRATEGIC IMAGING PRIOR TO CATHETER-BASED MITRAL
ANNULOPLASTY

Because anatomic variation can be remarkable in the human, prior assessment of
the venous anatomy as well as its adjacent structures is crucial for both patient triage
and successful catheter-based mitral annuloplasty. First, the location, size, length,
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Fig. 6. Coronary angiography with the venous followthrough phase. (A) Left anterior descending coro-
nary artery angiogram in the right anterior oblique projection; (B) contrast washout phase elucidative of
coronary vein. AIV = anterior interventricular vein; OS = ostium of coronary sinus; PV = posterior vein
of left ventricle.

shape, and valves of the coronary sinus can directly influence the feasibility and effi-
cacy of coronary sinus annuloplasty devices. In particular, the relative position of the
coronary sinus to the mitral annulus holds the key to successful results. Second, close
proximity of the coronary sinus to the circumflex coronary artery may introduce the
potential risk of distortion or damage to the artery by placement of an annuloplasty
device in the coronary sinus. Thus, significant atherosclerotic lesions or previously
implanted stents in the circumflex coronary artery should be pre-evaluated. Third, the
presence and degree of mitral annular calcification are also important because
whether the device can effectively modify the annular dimension partly depends on
the rigidity of the mitral annulus.

Coronary angiography is the gold standard for the assessment of coronary artery
lesions. With enough contrast for the venous followthrough phase, this conventional
method can also provide a venous road map as well as a visual correlation between the
arterial and venous anatomies (Fig. 6). In humans, the great cardiac vein generally
crosses over the circumflex coronary artery in its distal portion at the transition into the
coronary sinus. Pinching of the circumflex coronary artery by the coronary sinus annu-
loplasty device must be avoided. Direct venography by a retrograde injection into the
coronary sinus with proximal balloon occlusion can offer the best method for the
venous anatomy evaluation, allowing more precise morphologic and morphometric
assessment of the coronary sinus (Fig. 3). Currently, advanced noninvasive imaging
techniques using computerized tomography or magnetic resonance imaging technolo-
gies have been rapidly developed (Figs. 7 and 8). Three-dimensional images of the
heart are particularly useful for evaluating the geographic relationship between the
coronary sinus and mitral valve.
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Fig. 7. Computerized tomography of the heart. (A) A two-chamber view of the apical-basal position of the
greater cardiac vein (GCV) in relation to the mitral valve. Black arrow indicates the posterior leaflet of the
mitral valve; white arrow indicates the GCV. (B) A short-axis view of the coronary sinus with a prominent
Thebesian valve at its entrance (black arrow). White arrow indicates the GCV. (C) The intertwined rela-
tionship between the GCV (white arrow) and the left circumflex artery (black arrow). (D) The same pic-
ture with an angular measurement of how much the mitral annulus is covered by the GCV. (16-slice MDCT,
retrospective EKG gating, 1.25-mm detector width, 0.5-s gantry rotation, 135-cm® Omnipaque-300 infused
intravenously at a rate of 3 cm?/s. Scanning commence at 50-s delay from the start of contrast infusion.)
Ao = aorta; RA = right atrium; LA = left atrium; PA = pulumonary artery; IVC = inferior vena cava.
(Courtesy of Dr. Frandics P. Chan, Department of Radiology, Stanford University.)

DEVICES ADDRESSING ANNULAR PATHOLOGY

Percutaneous Mitral Annuloplasty Devices

Several investigators are developing percutaneous catheter-based annuloplasty
devices, the majority of which are a “ringlike” implant for insertion into the coronary
sinus. By surrounding the anterolateral and posterior portion of the mitral valve annulus,
these prototypes are designed to push the dislocated posterior annulus anteriorly for
improved leaflet coaptation. One other approach uses no implant device but, rather,
heat energy to shrink the mitral annulus, thereby generating a similar effect. In animal
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Fig. 8. Magnetic resonance imaging of the heart. White arrow indicates coronary sinus; black arrow
indicates posterior leaflet of mitral valve. (Courtesy of Dr. Phillip C. Yeung, Division of Cardiolovascular
Medicine, Stanford University.)

studies, each device has shown promising acute results; some investigators have also
reported chronic animal data or preliminary human experience.

STENTLIKE IMPLANT DEVICE

A stent-based approach is being tested as a partial annular ring implant device (Edwards
Lifesciences, Irvine, CA). The 8F prototype consists of three elements: two anchor stents
to be deployed into the great cardiac vein and the coronary sinus, respectively, and the
middle stent foreshortening to reshape the coronary sinus (Fig. 9). In an animal model, the
average reduction in anterior—posterior distance of the mitral annulus was 24% at 9 wk,
resulting in significantly improved MR. Further animal studies are underway, and a clinical
study is expected in 2004.

C-SHAPE IMPLANT DEVICE

A C-shape annular ring implant device is being developed and has been tested in
healthy ovine models (C-Cure; ev3, Plymouth, MN) (Fig. 10). The implant device is
preloaded in a 10F delivery catheter and is actuated via a handle on the catheter. For acute
evaluations, a prototype device was delivered via a 12F jugular vein sheath into the coro-
nary sinus under fluoroscopic guidance. Intracardiac echocardiography was also used to
guide the correct placement and amount of actuation to obtain optimal results. The average
mitral annular diameter was 25.5 mm at baseline and 18.3 mm at postactuation (28%
reduction, p = 0.004). In a separate study of chronic pathology, healthy ovine underwent
chronic C-Cure implantation and survived for 180 d with no postprocedural complications.
At 6 mo follow-up, pathologic evaluation revealed a patent coronary sinus, normal
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Fig. 9. A concept of the stent-based percutaneous mitral annuloplasty device. The device (indicated in
green) consists of three elements: two anchor stents (gray arrow) to be deployed into the great cardiac vein
and the coronary sinus, respectively, and the middle stent foreshortening to make the posterior leaflet
attached to the anterior leaflet (yellow arrow). (Courtesy of Edwards Lifesciences, Irvine, CA.)
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Fig. 10. The C-shape percutaneous mitral annuloplasty device: (A) X-ray image of an ex vivo sheep
heart with the implanted device; (B, C) schematic drawings of the prototype annuloplasty system.
(Courtesy of C-Cure, eV3, Plymouth, MN.)
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Fig. 11. The straight-shape percutaneous mitral annuloplasty device. (Viacor, Wilmington, MA) The
device (black arrow) pushes forward the posterior annulus, thereby increasing leaflet coaptation. The
white arrow indicates great cardiac vein and coronary sinus. A = anterior mitral leaflet; P = posterior mitral
leaflet. (From Liddicoat JR, Mac Neill BD, Gillinov AM, Cohn WE, Chin CH, Prado AD, Pandian NG,
Oesterle SN. Percutaneous mitral valve repair: a feasibility study in an ovine model of acute ischemic
mitral regurgitation. Cathet Cardiovasc Intervent 2003;60(3):410-416.)

valves, and a coronary sinus free of thrombus. Echocardiography showed no change in
ventricular function or size and normal mitral valve function (26). Preliminary human
experience in temporary C-Cure placement also showed a significant MR reduction with
no procedural complications.

STRAIGHT-SHAPE IMPLANT DEVICE

A straight-shape device is being developed as a temporally or permanent annulo-
plasty implant in the coronary sinus (Viacor, Wilmington, MA) (Fig. 11). The implant
device consists of a composite nitinol and stainless-steel construct, coated with medical-
grade Teflon and polyethylene plastic. It is comprised of a substantially straight and
rigid element, available in lengths ranging from 35 to 85 mm, that maintains its shape
in the coronary sinus. This causes conformational changes in the mitral annulus, pushing
forward the posterior annulus with outward counterforce on coronary sinus near the
commissures. In a feasibility study using an ovine model of acute ischemic MR, a
7F sheath was placed in the right internal jugular vein and the coronary sinus was
selected by a balloon-tipped catheter (/7). The annuloplasty device was delivered through
a 7F guiding catheter placed in the coronary sinus under fluoroscopic guidance. The
septal-lateral mitral annular diameter decreased from 30 £ 2.1 to 24 = 1.7 mm (p = 0.03).
The MR grade was reduced from 3—4 to 0-1 in all animals, and the MR jet area sig-
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Fig. 12. The wire-based percutaneous mitral annuloplasty device. (A) Positioning of the wire-based
mitral annular constraint device in the coronary sinus in relation to the posterior aspect of the mitral
valve. M = mitral valve; black arrow = the coronary sinus and great cardiac vein; white arrow = the
constraint device and distal anchor; black arrowhead = 8F guide sheath. (B) Fluoroscopic device image in
animal model. White arrow = the constraint device and distal anchor; black arrow head = 8F guide
sheath. (Courtesy of Cardiac Dimensions, Kirkland, WA.)

nificantly decreased from 6.5 £ 2.2 to 0.4 £ 0.5 cm? (p < 0.03). As preliminary human
experience, several patients underwent temporary device placement immediately prior
to the mitral valve repair surgery, confirming the feasibility of this technique in humans
as well.

WIRE-BASED IMPLANT DEVICE

A wire-based implantable device is being developed and has been tested in an animal
model of heart-failure-induced MR (Cardiac Dimensions, Kirkland, WA) (Fig. 12). The
device is constructed of nitinol wire with distal and proximal anchors connected by an
intervening cable. In a feasibility study using a tachycardia-paced chronic heart failure
MR model of sheep, an 8F guide sheath containing the device was placed in the coronary
sinus/great cardiac vein via a 9F right internal jugular vein sheath (/8). The distal
anchor was first deployed into the distal great cardiac vein and locked in position.
Tension was then applied to the device and maintained while the proximal anchor was
deployed into the body of the coronary sinus and locked in position. After the device
insertion, the mitral annular septal-lateral dimension was reduced by 25 £+ 2.5%, result-
ing in a substantial reduction in heart-failure-induced MR (MR/left atrium area ratio:
42 + 6% to 4 = 3%; p = 0.003). This was accompanied by significant improvement in
pulmonary capillary wedge pressure (26 = 3 to 18 £ 3 mm Hg; p < 0.01) and cardiac
output (3.4 £ 0.3 to 4.3 £ 0.4 L/min, p = 0.01).

HEAT ENERGY APPROACH

A heat energy approach could be a unique alternative to the implantable coronary sinus
annuloplasty devices (QuantumCor, Lake Forese, CA). The principle mechanism is to
shrink annular collagen by the heat generated with a coronary sinus probe, improving
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Fig. 13. The heart energy annuloplasty device: (A) experimental heart energy probe; (B) prototype RF
energy generator. (Courtesy of Quantumcor, Lake Forese, CA.)

mitral competence without implanted materials. The prototype catheter has eight elec-
trodes (approx 1.5 X 2 mm), and the tip of the probe is malleable to conform to the annu-
lus shape (Fig. 13). Delivery of radio-frequency (RF) energy to the electrodes is com-
puter controlled by maximum temperatures sensed by adjacent thermocouples. In a pre-
liminary sheep study, variable degrees of acute annular contraction could be achieved:
The reduction in A-P distance of the mitral annulus was 0% (sham) to 26%. At necrop-
sy, there was no evidence of thrombosis or damage to coronary arteries or cardiac vein.
Long-term animal studies are ongoing.

Potential Limitations

There are several potential issues particular to percutaneous coronary sinus repair of
MR. As described previously, the relative position of the coronary sinus to the mitral
annulus can significantly affect the effectiveness of this technique (Fig. 14). In a study
by von Ludinghausen, based on detailed dissections of 350 human cadaveric hearts, the
widely postulated location of the coronary sinus in the left posterior coronary sulcus was
found in only 12% of the cases studied. In most specimens, the coronary sinus was in a
displaced position toward the posterior wall of the left atrium. The displacement or ele-
vation was slight (1-3 mm) in 16% of the cases, moderate (4—7 mm) in 50%, and extreme
(8—15 mm) in 22% (24). Acceptable degrees of coronary sinus displacement for this tech-
nique remain to be investigated.

Other possible issues include the following: the venous valves that might make direct
catheter cannulation difficult in some patients; potential damage, pinching, or stent defor-
mation of the adjacent circumflex coronary artery; and significant mitral annular calcifi-
cation that might limit the annuloplasty effect (Fig. 15), as also discussed previously.
Additionally, the congested coronary sinus space as a result of the implant device inside
might affect the hemodynamics of cardiac circulation in the short or long term. The risks
of coronary sinus thrombosis/occlusion and erosion/perforation over the long term need
to be determined as well.
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Fig. 14. Elevation of the CS from the posterior coronary sulcus (atrio-ventricular grove) to the
posterior wall of the left atrium. AIV = anterior interventricular vein; GCV = great cardiac vein; CS
= coronary sinus; the asterisk indicates the left atrio-ventricular grove. (Courtesy of LANDES
Bioscience, Texas, USA.)

SWan-Ganz DAllOON  emmm Contours of calcified mitral valve annulus

Contours of the coronary sinus and its tributaries

Fig. 15. Mitral annular calcification and coronary sinus venography by retrograde contrast injection
with proximal balloon occlusion: (A) significant mitral annular calcification (black arrow); (B) relationship
between the coronary sinus/great cardiac vein and mitral annular calcification. The coronary sinus/great
cardiac vein were in a displaced position toward the posterior wall of the left atrium. X = the gap between
great cardiac vein and mitral annulus; CS = coronary sinus; CA = calcification of annulus.
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Fig. 16. Surgical edge-to-edge repair method: (A, B) Schematic representation of Affieri edge-to-edge
repair with central leaflet edge approximation resulting in a double-orfice valve; (C) a suture (red
arrow) apposes the middle scallop of the posterior (top) and anterior leaflets (bottom); (D) animal valve
after surgical edge-to-edge repair.

DEVICES ADDRESSING VALVULAR PATHOLOGY

Although mitral annuloplasty is effective for functional MR secondary to heart failure,
coexistence of primary valvular pathology, including structural leaflet changes and
severely calcified annulus, can limit the number of candidates for this technique. To cir-
cumvent this limitation, several surgical methods addressing the valvular pathology have
been developed, one of which is the edge-to-edge or Alfieri technique, that creates a so-
called double orifice mitral valve with central leaflet suturing (Fig. 16). The simplicity of
this technique as well as its clinical success (27-29) have encouraged the development
of less invasive, catheter-based, edge-to-edge repair technologies. The initial results in a
short-term animal model appear promising. Combined use of this method with a percu-
taneous annuloplasty device could offer further clinical benefit, particularly in high-risk
patients with complex MR (30).

Percutaneous Edge-to-Edge Mitral Valve Repair Devices

One prototype system of the percutaneous edge-to-edge repair consists of an
implantable V-shaped clip attached to a delivery catheter, and a guide catheter with a
bidirectional steering mechanism at the distal tip (Evalve, Redwood City, CA) (Fig. 17).
The clip, constructed of implant-grade metals and covered with polyester, is a two-
armed, soft tissue approximation device that has an outside diameter of 15F catheter in a
closed state with a grasping span of 20 mm. It is designed to vertically coapt up to 8 mm



Fig. 17. The clip-based percutaneous edge-to-edge mitral valve repair: (A) the distal end of the delivery
system and the polyester-covered clip shown in the open position; (B) the clip shown in the closed posi-
tion; (C) Schematic of the guide catheter across the atrial septum; (D) the tip of the catheter crosses the
mitral valve and the clip is opened (black arrow); (E) the clip is closed and both leaflets are attached
(gray arrow). (Courtesy of Evalve, Redwood City, CA.)

of leaflet height and to promote leaflet-to-leaflet healing around and into the device to
maintain a point of permanent leaflet approximation.

The device is placed transseptally into the left atrium using femoral vein access. The
implantable clip attached to the delivery catheter is opened, advanced through the mitral
orifice, and then retracted to grasp the middle scallops of the anterior and posterior
mitral leaflets during systole. If needed, the clip can be opened and repositioned. After a
functional double orifice is confirmed by echocardiography, the clip is locked and detached
from the delivery system. These manipulations of the clip are all controlled by the delivery
catheter handle mechanisms.

In a feasibility study with 14 healthy adult pigs (37), all animals demonstrated a suc-
cessful double orifice before the final clip detachment (a single grasp, 57%; two attempts,
29%; three attempts, 7%; five attempts, 7%). Immediate postmortem examination
revealed that the clip successfully approximated the middle scallops of the anterior and
posterior leaflets in all animals, except for two studies in which an incomplete grasp had
caused a clip release from the anterior mitral leaflet.

Another percutaneous edge-to-edge repair system is also being developed and is under
preclinical testing (Edwards Lifesciences, Irvine, CA). The prototype is delivered using
a similar transseptal technique to the above system but utilizes a vacuum mechanism to
capture the anterior and posterior mitral leaflets. A double orifice is created with needle
stitches of the mitral leaflets, and the suture is fastened with a nitinol clip (Fig. 18).
Results of animal studies using this device are pending.
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Fig. 18. The suture-based percutaneous edge-to-edge mitral valve repair. Postmortem examination
(viewed from the left atrium) in animal model shows well-apposed anterior (right) and posterior (left)
mitral valve leaflets.

Potential Limitations

Potential issues particular to percutaneous edge-to-edge repair of MR include large
device size (a 24F guide catheter), technically demanding procedures, long-term durability,
risk of endocarditis, and leaflet degeneration and stress. In addition, the feasibility and
efficacy of this technique might be limited in subsets of patients with extreme pathology
including rheumatic disease or a ruptured papillary muscle. Extended animal data are
being analyzed, and further technological improvements are ongoing.

THE FUTURE AND POTENTIAL CLINICAL APPLICATIONS

Chronic heart failure is a significant public health problem in the United States, affecting
nearly 5 million people, with an estimate of 550,000 new cases diagnosed annually (32).
Despite the mounting evidence that surgical correction of secondary MR would provide
long-term clinical benefits, patients with severe LV dysfunction are often considered
poor operative candidates because of their high perioperative morbidity and mortality.
With the advent of novel catheter-based procedures, an exciting new era for percutaneous
management of high-risk heart failure patients with functional MR might evolve. In combi-
nation with percutaneous devices to address valvular pathology, catheter-based annulo-
plasty might also offer a therapeutic option for a certain subset of primary MR patients
with concurrent comorbidities, such as advanced age, renal failure, cerebral infarction, or
respiratory diseases. Furthermore, ischemic MR that is considered reversible might be
successfully managed with temporary device placement. Although the experience
described in this chapter is derived from first-generation devices, the promising results of
preliminary animal studies encourage our future endeavor toward the establishment of
safety and efficacy of these technologies in humans.
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INTRODUCTION

Mitral regurgitation (MR), a common finding, is clinically significant, in part the
result of its detrimental effect on left ventricular function. Patients with mild MR can
remain asymptomatic for many years. However, moderate to severe MR gradually pro-
duces ventricular contractile dysfunction and dilation. Although left ventricular filling
pressures are initially maintained in the near-normal range, ultimately left ventricular
failure occurs and clinical symptoms develop. Because MR causes volume overload of the
left ventricle, a vicious cycle develops. Volume overload leads to remodeling with left ven-
tricular dilation and consequent left ventricular dysfunction. Left ventricular dilation also
produces abnormalities of mitral valve support and enlargement of the mitral annulus.
These changes lead to progressive worsening of MR (/).

When MR is caused by pathology specific to the valve leaflets such as myxomatous
degeneration it is referred to as degenerative MR. Mitral regurgitation that is a consequence
of ventricular or annular abnormalities, including cardiomyopathy or left ventricular or
papillary dysfunction as a result of ischemia, is referred to as functional MR. In patients
with symptomatic moderate to severe, or severe MR (i.e., greater than grade 2), surgical
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Fig. 1. Surgical edge-to-edge repair looking at the mitral valve from the left atrium. A suture apposes the
middle scallop of the posterior (top) and anterior (bottom) leaflets creating a double-orifice valve
(right). On the left is shown the 6-mo healing response of the clip in a porcine model.

intervention is recommended. Surgery is also recommended for asymptomatic patients
with severe MR who have evidence of left ventricular dysfunction, atrial fibrillation, or
pulmonary hypertension (2).

SURGICAL MANAGEMENT

The preferred technique for the surgical management of mitral regurgitation is a repair
procedure (3,4). Patients undergoing mitral valve repair have consistently demonstrated
improved- short and long-term outcomes when compared to patients who receive a mitral
valve prosthesis (5). In spite of these favorable results, mitral valve repair is still per-
formed in less than half of patients undergoing mitral valve surgery (6). Valve replacement
is selected based on anatomic limitations, including leaflet pathology and/or a severely
calcified annulus, patient comorbidities, and surgeon experience and preference. Complex
valvular pathology potentially compromises the outcome of a repair (7). In order to expand
the number of potential candidates for repair, surgeons have developed novel techniques,
including chordal shortening and transposition, sliding leaflet repair, and the edge-to-
edge, or Alfieri, technique (8). First described for repair of anterior leaflet prolapse in
1991, the edge-to-edge technique involves apposing the middle scallops of the anterior
and posterior leaflet with a stitch creating a so-called “dual” or “double-orifice” mitral valve
(Fig. 1, right). This approach has been successfully used to treat MR resulting from
prolapse of either one or both leaflets, as well as for functional regurgitation secondary to
ischemia or cardiomyopathy (9,10).

In a recent report from Alfieri’s group, central double-orifice repair was performed
in 260 patients followed for up to 7 yr (/7). The majority (81%) of the patients had
degenerative etiology. At 5 yr, survival was 94% and freedom from reoperation was
90%. Freedom from reoperation was lower (72% vs 92%) in patients who did not
undergo a concomitant annuloplasty procedure; however, annuloplasty was not a mul-
tivariable predictor of freedom from reoperation (/7). A subpopulation evaluation of
Alfieri’s extensive experience revealed a 97% 3-yr freedom from reoperation in a
group of 29 patients who underwent an intention-to-treat isolated edge-to-edge repair
(12). The clinical success and simplicity of this technique has thus prompted interest in
the development of a catheter-based technology that would enable the interventional
cardiologist to perform a percutaneous, endovascular valve repair in the cardiac
catheterization laboratory.
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DEVELOPMENT OF PERCUTANEOUS TECHNOLOGY

Initial attempts at developing a technology that could be used to perform an edge-to-edge
repair on a beating heart were reported by Oz and colleagues (13). They described their
experience with a mitral valve “grasper” placed through a left ventriculotomy to appose the
center of the anterior and posterior leaflets with a graduated spiral screw. Experimentally,
explanted adult human mitral valves were mounted in a mock circulatory loop, which could
simulate various hemodynamic conditions. In vitro, the mitral screw remained attached to
the valve leaflets during durability testing of over 6.8 million cycles. Percent regurgitant
flow was decreased from 72 + 7% to 34 + 17% (p = 0.0025). In vivo, seven dogs had the
grasper/coil placed under direct vision via a ventriculotomy or atriotomy. At 48 h, coapta-
tion of the mitral leaflets was demonstrated and with no evidence of MR. Two animals were
followed to 12 wk, at which time the device was integrated into the tissue of both leaflets.

Alfieri et al. reported experience with a suture-based edge-to-edge approach delivered
via a thoracotomy and placed via the left atrium (/4). In eight adult sheep, using suction
to stabilize the leaflets, a single suture was successfully placed across the center of the two
mitral leaflets. A specially designed knot pusher with integrated cutter was used to tie and
cut the suture. The authors proposed that their technique may be applicable to the surgical
treatment of ischemic MR in conjunction with revascularization procedures or MR in
heart failure patients.

Another group of investigators initially also pursued an endovascular edge-to-edge
repair technique using a suture-based approach. The system evolved into a catheter-
delivered, steerable, and repositionable clip that grasps the leaflets from the ventricular
aspect and then immobilizes them from the atrial aspect, each in a reversible fashion. This
technology is now used for endovascular percutaneous cardiovascular valve repair
(CVRS, Evalve™, Redwood City, CA) (15).

DESCRIPTION OF THE EVALVE™ REPAIR SYSTEM

The system consists of a steerable guide catheter, a separately steerable clip delivery
system, and an implantable clip. The system is inserted percutaneously and advanced to
the mitral valve via a transseptal approach. The clip is advanced through the mitral valve
orifice and, under echocardiographic guidance, is used to grasps the leaflets from the
ventricular side. The clip is detached from the delivery system after MR has been satisfac-
torily reduced. The specific components of the system are described in more detail below.

Evalve Clip

Mounted on the distal end of the CVRS, the Evalve Clip, is a two-armed, soft tissue
grasping and approximating device that, when closed, has an outside diameter of 15F, and
in its grasping position, it spans 20 mm. It is designed to vertically coapt up to 8 mm of
leaflet height and 4 mm of width to replicate the Alfieri surgical approach in length and
width of tissue apposition. It is constructed of implant-grade metals and the clip is covered
with polyester (Fig. 2). On the atrial side of the clip are “grippers,” which are small, flexi-
ble, multipronged friction elements that appose and stabilize tissue against the clip arms.
After leaflet tissue is captured between the arm and gripping components, the clip is closed
and deployed in a locked position. The clip is designed to promote leaflet-to-leaflet healing
around and into the device in order to allow the development of a point of tissue-supported
permanent leaflet approximation. The clip can be repositioned using real-time echo
assessment to attain the best possible result before final deployment.
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Fig. 2. Distal end of the delivery system and polyester-covered clip shown in the open position
(left: schematic; right: actual).

Device Overview

The CVRS consists of a 24F steerable guide catheter with a 22F distal end, which is
introduced via the femoral vein and placed across the atrial septum using standard
transseptal techniques. The distal end of the guide catheter has a multidirectional steering
mechanism. Once in the left atrium, the tip of the guide is positioned over the mitral valve
using handle torque and steering. The repositionable clip attached to the delivery catheter
is then introduced through the guide catheter in a closed position. The two arms of the clip
are opened in the left atrium once the clip is aligned with the long axis of the heart near the
origin of the MR jet. Under echocardiographic guidance, the arms are rotated until they are
perpendicular to the line of leaflet coaptation. The open, aligned clip is advanced across the
mitral orifice and then retracted to grasp the leaflets during systole (Fig. 3). The atrial grip-
pers with frictional elements are lowered onto the atrial side of the leaflets, approximating
(capturing) and stabilizing leaflet tissue against the arms on the ventricular side of the
leaflet. When a double orifice has been demonstrated by echocardiography, the clip arms
are closed in a locked position. If needed, the grippers can be raised, the clip can be
reopened, and the system repositioned. Opening, closing, locking, and deployment of the
clip are all controlled by delivery catheter handle mechanisms. Once a functional double
orifice has been confirmed and MR sufficiently reduced, the clip is detached from the
delivery system.

PRECLINICAL RESULTS

The clip system was tested in a physiologic bench model of MR. The model was created
by removing the left atrium of an isolated pig heart and transsecting primary chordae of the
middle scallop of the posterior leaflet. With the heart immersed in a warm water bath, a tube
was placed through the left ventricular apex, and the ventricular pressure varied to mimic
the cardiac cycle and create physiologic mitral leaflet motion. The clip was positioned
in the left atrium over the line of leaflet coaptation, then advanced through the mitral orifice,
pulled back to grasp the leaflets, and closed to coapt tissue. When the clip resolved turbu-
lent regurgitation through the valve (i.e., MR), it was detached from the delivery catheter.

The CVRS was refined for percutaneous endovascular delivery in an acute porcine
model. This included development of a steerable guide catheter, delivered transseptally
into the left atrium via femoral vein access. In a recently reported study, a double orifice
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Fig. 3. CVRS guide catheter across atrial septum. The clip delivery system is positioned through the
guide. The clip is in the open position in the left ventricle, ready to be retracted to grasp mitral leaflets.

was created in 14 anesthetized normal adult pigs. Direct epicardial echocardiographic
guidance was used to place the clip (1/5). A double orifice was created in all 14 animals,
sometimes requiring several grasps. There was no MR or echocardiographic evidence of
mitral stenosis after clip deployment. In two animals, the clip released from the anterior
leaflet, retrospectively determined to be related to an improper grasping technique with
the clip not fully opened. Acute postmortem analysis confirmed a double orifice in 12 pigs
with clip deployment perpendicular to the line of coaptation.

Separate chronic animal studies were conducted to evaluate the healing response of
the clip with extended follow-up (16). At 4 wk, the entire clip was encapsulated in a layer
of tissue. There was evidence of tissue deposition and leaflet-to-leaflet healing. At 12 wk,
tissue encapsulation was further developed with leaflet-to-leaflet bridging between the
arms of the clip. At 24 wk, development of mature solid tissue bridging was present (Fig. 4).
Scanning electron microscopy of three mitral valves (one each at 4 wk, 12 wk, and
24 wk) showed complete tissue encapsulation of the clip with endothelial cells on the
surface. In summary, the clip became well incorporated into the valve leaflets, with no
significant tissue growth beyond the sides of the clip or evidence of tissue necrosis
between the clip arms. Privitera et al. recently reported surgical pathological findings of
a patient who received isolated edge-to-edge repair and then 4 yr later underwent cardiac
transplantation for progressive heart failure in spite of a competent mitral valve (/7). The
point of suture apposition of the leading edge of the anterior and posterior mitral leaflets
was shown to be encapsulated with endothelial tissue with a functional fibrous bridge.
The pathological findings demonstrated at 6 and 12 mo follow-up in the Evalve porcine
model are remarkably similar to the pathology of the 4-yr surgical result.
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Fig. 4. Still-frame transesophageal images of the open clip positioned in the left atrium before
advancement through the mitral valve (left) and after grasping of both leaflets prior to release from the
clip delivery system (right).

The efficacy of the clip was evaluated in an acute in vivo model of MR. Regurgitation
was created by transecting primary chordae of the middle posterior leaflet scallop.
After successful placement of the clip, serial echocardiography demonstrated durable
resolution of MR in animals with chordal transaction. In addition, in one animal with
moderate intrinsic (i.e., functional MR), the regurgitation resolved with clip placement
and the animal remained free of MR at midterm follow-up. Subsequent pathological
examination confirmed a double-orifice valve and full tissue encapsulation of the clip.

EARLY HUMAN EXPERIENCE

Investigational Device Exemption (IDE) approval was obtained by Evalve, Inc. to pro-
ceed with a human Phase I safety and feasibility trial (EVEREST 1). The results for the
first 27 patients treated in this trial were recently reported (23). Mean patient age was 69
years, 59% were male, 44% were New York Heart Association class III or IV, and 41%
were in atrial fibrillation. The mitral regurgitation etiology was degenerative in 93% of
patients, and ishemic in 2 patients (7%).

A clip was implanted in 24 of 27 patients. The 3 patients in whom a clip was not was
placed were among the first 7 patients treated and represent an important part of the early
learning curve. Successful edge-to-edge leaflet coaptation with creation of a double ori-
fice could be performed in all 27 patients. Of the 24 in whom a clip was deployed, 67%
had resultant 2+ or less mitral regurgitation at discharge.

The primary endpoint of major adverse events was noted in only four patients. One
patient had a neurologic deficit classified as a stroke, with full recovery later. A clip
detached from one of the two mitral leaflets in three patients, without embolization in any
cases. There were no cases of cardiac surgery for failed clip, myocardial infarction, car-
diac tamponade. or septicemia. The echocardiography core lab evaluation of mitral
regurgitation in post roll-in patients showed a decrease of MR severity from 3.7 at base-
line to 1.6 at 30 d.

Among patients who required surgery after clip placement, a repair was performed in
83%. One patient underwent late valve replacement. It is of critical importance that the
option for surgical repair was preserved in all patients, even when surgery was performed for
inadequate control of the mitral regurgitation greater than 30 d after clip implantation.
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Fig. 5. Transthoracic echocardiographic four-chamber view on the left shows the clip in place attached
to the ventricular side of both mitral leaflets 24 h postprocedure. On the right, a gastric short-axis TEE
view of a clip not yet released in a different patient documents the double inlet opening of the mitral
valve (see video 2 for real-time movie).

For purposes of illustration, we describe the technique and results in the first patient
(worldwide case number 3) treated at the Hospital of the University of Pennsylvania.
This 55-yr-old man had a remote history of cardiomyopathy, with predominant resolu-
tion of his left ventricular dysfunction (ejection fraction about 50%). Other medical prob-
lems included a history of mitral valve prolapse with mild MR, mild chronic obstructive
pulmonary disease (COPD) secondary to smoking, and insignificant coronary artery disease.
Three months prior to admission, the patient presented in respiratory distress with new-
onset, rapid atrial fibrillation. Echocardiography demonstrated moderate to severe (3+)
MR. After medical stabilization, anticoagulation, and rate control and having met EVER-
EST I eligibility requirements, the patient was offered percutaneous edge-to-edge valve
repair and signed informed consent.

On the day of his procedure, the patient underwent right and left heart catheterization,
transesophageal echocardiogram (TEE) evaluation, and DC cardioversion prior to percu-
taneous valve repair. Baseline hemodynamic data were notable for a mean pulmonary
capillary wedge pressure of 20 mm Hg, and echocardiography confirmed the presence
of moderate—severe MR (Fig. 5). The vena contracta diameter was 0.58 cm and the
peak systolic pulmonary venous flow was reduced to 30 cm/s.

The procedure was performed as described above utilizing a combination of echocar-
diographic and fluoroscopic imaging. Most of the initial positioning was done using TEE
with final clip orientation in a short-axis view from transthoracic echocardiogram (TTE).
In some patients, TTE short-axis views might be limited, requiring transgastric TEE or
intracardiac echocardiographic views. Multiple leaflet grasps were made before a final
position was deemed successful. The clip was then deployed, catheters removed, and
hemostasis obtained by manual compression.

Clinical follow-up, including transthoracic (TTE) echocardiography, is required prior
to hospital discharge and at 1 and 6 mo per protocol. The quantitative echocardiographic
measurements were improved at 1 mo, with an increase in peak systolic pulmonary
venous flow to 46 cm/s, mild to moderate MR by color-flow jet, and the patient remains
in NYHA class II. The patient remains improved with no change in the final grade of MR
at 6 mo follow-up. Representative images from this patient are shown in Figs. 4-6. Videos
depicting a grasp both angiographically (video 1) and on transesophageal echocardiocar-
diography (video 2) are shown on the accompanying CD-ROM.
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Fig. 6. Angiographic still frames depict the open clip (left) with the grippers down after a grasp just
before clip closure. The mitral leaflets are held between the grippers and the clip. On the right is shown
the final clip placement after closure and release.

THE FUTURE

The Endovascular Valve Edge-to-Edge Repair Study (EVEREST 1) is currently under-
way in the United States and will provide initial information on safety and feasibility of
the procedure. The EVEREST I trial inclusion criteria include symptomatic moderate to
severe or severe MR or asymptomatic subjects with compromised left ventricular func-
tion. All patients must be candidates for mitral valve surgery. Based on the early clinical
experience in this ongoing trial, percutaneous edge-to-edge mitral valve repair appears
safe, and the degree of mitral regurgitation can be significantly reduced in the majority of
treated patients. In several patients, MR was not sufficiently reduced. In these patients, it
was elected not to deploy a clip and it was safely removed. These patients subsequently
received mitral valve surgery on an elective basis. A future option for patients in whom a
single clip does not adequately resolve the MR would be the use of a second clip.

The clinical success and durability of the surgical edge-to-edge repair, both with and
without an annuloplasty ring, has been well documented (/8,79). Although a free-standing,
intention-to-treat edge-to-edge technique is rarely performed at the time of surgical repair,
the extensive Alfieri experience supports a clinical potential for this approach (/2). Multiple
endovascular indirect annuloplasty (“sinoplasty”) systems are in preclinical development
and could also offer adjunctive technology in situations of extreme pathology (20). A tech-
nique that facilitates valve repair without adjunctive annuloplasty potentially allows for
more physiologic ventricular contraction, as annular motion contributes significantly to
ventricular dynamics. By fastening the leaflets together, the edge-to-edge repair ensures a
fixed area of effective coaptation. With this technique, the remainder of the coaptation line
closes physiologically without disturbing subvalvular or annular architecture and function.
This might significantly impact left ventricular hemodynamics and avoid the compromise
in cardiac output frequently seen in patients after mitral valve replacement.

Improved postoperative functional status and overall freedom from reoperation for
surgical edge-to-edge repair has been reported to be 95% at 6 yr (9). Durability of the
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repair technique is supported by a mathematical model of mitral valve stresses and net
force, which are shown to be minimal at the point of leaflet coaptation (217). The greatest
stress on the leading edge of the leaflets, which is the point of apposition, occurs in dias-
tole when the transvalvular gradient is typically only several millimeters of mercury. In
this theoretical model, systolic forces applied to the valve by the left ventricle at the coap-
tation site are not only parallel to the annulus but the force on each leaflet is also sym-
metrical and opposite the force on the opposing leaflet. This favors minimal systolic
stress a the site of the edge-to-edge repair where theoretically normalized coaptation
occurs (22).

CONCLUSIONS

The surgical edge-to-edge repair has been shown to be an effective method for repair-
ing either structurally or functionally deficient mitral valves. The catheter-based Evalve
CVRS is the first successful percutaneous endovascular adaptation of this repair tech-
nique. While the initial data from the EVEREST I trial are compelling, the strategy for
application and indications for this procedure clearly remain to be determined. Based on
the success of the feasibility trial for the Evalve clip, the FDA has approved proceeding
with a pivotal Phase II trial. This will be a randomized comparison by intention to treat
of percutaneous mitral valve repair using the Evalve clip to standard surgical repair with
an estimated enrollment of over 250 patients. This and other future studies should help
to refine the technique and technology, and establish its clinical applicability. Future
studies are also indicated to evaluate the potential for adjunctive catheter-based annulo-
plasty systems. Given the significant potential for improvement in patient morbidity and
mortality, by avoidance of an open-chest incision, cardiac arrest, and cardiopulmonary
bypass, it is imperative to develop this and other catheter-based interventions for the
management of valvular heart disease. Future studies are also indicated to evaluate the
potential for adjunctive catheter-based annuloplasty systems. Given the significant
potential for improvement in patient morbidity and mortality, by avoidance of an open-
chest incision, cardiac arrest, and cardiopulmonary bypass, it is imperative to develop
this and other catheter-based interventions for the management of valvular heart disease.
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INTRODUCTION

In acquired aortic valve stenosis, aortic valve replacement (AVR) is the treatment of
choice, offering symptomatic relief and improving long-term survival of patients. Whereas
the rate of operative mortality ranges from 3% to 8% in the majority of cases (/-3), the oper-
ative risk is much higher in patients with emergency operation, very old age, advanced
NYHA functional classification, associated coronary bypass surgery, or severe left ventricu-
lar dysfunction (4-8). However, even in these complicated settings, surgery is known to
improve survival over no intervention (9—/2). Prolonged life expectancy has resulted in an
aging population and, consequently, in an increased number of patients requiring AVR.
Balloon aortic valvuloplasty (BAV), introduced in 1986 (13), has been shown to provide a
temporary improvement of valvular function and relief of symptoms in patients in whom
surgery is considered too high risk or contraindicated (/4-19). As a palliative treatment, its
use is currently limited to patients who are declined for AVR because of poor clinical condi-
tion or severe comorbidities, mainly elderly patients. Given the limited therapeutic options in
this subset of patients, there has been interest in the development of a percutaneous delivered
aortic valve.

Recently, the development of catheter-based heart valves has become a challenging and
fascinating area for research in interventional cardiology. From as early as 1965, several
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Fig. 1. Longitudinal postmortem view of a 14-cm-long Palmaz—Shatz stent in place within the aortic
annulus of a severely calcific aortic valve. In this position, the stent does not impede the coronary
ostia or the mitral valve insertion. CD = right coronary artery ostium; LM = left main coronary ostium;
AoV = aortic valve; MV = mitral valve insertion.

authors (20-23) have reported various catheter-based systems for the treatment of aortic
regurgitation that, however, could never lead to human application. Recent advances in
stent technology have opened a new way to the development of implantable balloon-
expandable valvular prosthesis. In 1992, Andersen et al. (24) reported the first animal trial
in which a porcine bioprosthesis attached to a wire-based stent was evaluated. This model
of percutaneous implantable valve could be successfully delivered at various aortic sites,
but despite encouraging experimental results, here again, technical limitations precluded
human application. Eight years later, in 2000, Bonhoeffer et al., using a prosthetic heart
valve made from bovine jugular vein mounted into a platinum—iridium stent, reported
their successful experience of percutaneous implantation into the native pulmonary valve
of a lamb (25), followed by the first human implantations of the device in right ventricle
to pulmonary artery conduits (26), with satisfactory short-term and midterm results.

In our group, the concept of percutaneous valve replacement emerged in the early 1990s,
as a potential option for the treatment of nonsurgical patients with end-stage calcific aortic
stenosis for whom BAV was the only therapeutic option. The goal was to improve the results
of BAV and to overcome the high restenosis rate associated with this technique (27-31).
Personal unpublished autopsy observations on fresh cadavers of patients with calcific aortic
stenosis showed that a stent, 23 mm in diameter, could effectively open the native diseased
valve, regardless of the amount of calcification, and strongly adhere within it, without
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impairing the coronary ostia and the mitral valve insertion (Fig. 1). A company interested in
the project was identified in 1999 (Percutaneous Valve Technologies, Fort, Lee, NJ, USA).
An original percutaneous heart valve (PHV) was developed, which was extensively tested
ex vivo and in more than 100 animals (32) before being successfully implanted for the first
time in a human in April 2002 (33). Since then, several improvements to the PHV device
have been made, and the clinical experience was enriched by seven additional patients with
end-stage aortic stenosis and multiple comorbidities, in whom the technique was applied on
a compassionate basis. The technique used for PHV implantation will be described, followed
by an overview of our early clinical experience.

TECHNIQUE OF PERCUTANEOUS VALVE IMPLANTATION

Device Description

The device consists of a PHV, a crimping tool, and a commercially available percuta-
neous valvuloplasty balloon catheter used for PHV delivery.

THE PHV

The PHV (Fig. 2) is a radio-opaque stainless-steel balloon-expandable stent with an inte-
grated unidirectional trileaflet tissue valve. Initially made of bovine pericardium, the tissue
valve is currently made of three equal sections of equine pericardium, preserved in a low-con-
centration solution of glutaraldeyhyde. The valve is firmly attached by sutures to the stent
frame. The stent is 14 mm in length, with a maximal diameter of 22 mm. The PHV durabil-
ity of this equine pericardial bioprosthesis passed 200 million cycles (5 yr) in bench testing.

CriMPING TOOL

The crimping tool (Fig. 3) is a reusable compression device that symmetrically
reduces the overall diameter of the PHV from its expanded size to its collapsed size. The
compression mechanism is manually closed by means of a rotary knob located on the
housing. The crimper comprises a check gage used to verify that the balloon assembly is
suitable to allow unimpeded introduction via a 24F sheath.

DELIVERY TRANSLUMINAL VALVULOPLASTY BALLOON CATHETER

This catheter is a Z-MED II (NuMed, Inc., Hopkinton, NY, USA) with a shaft size of
9F, a length of 120 cm, with a balloon size of 30 mm in length and 22 mm in diameter at
full inflation.

Preprocedural Evaluation

Within a week preceding PHV implantation, baseline transthoracic (TTE) and trans-
esophageal (TEE) echocardiography, cardiac catheterization with hemodynamic measure-
ments, left ventricular and aortic angiograms, and coronary arteriography are obtained to
assess the type and severity of aortic stenosis, the amount and distribution of valvular calci-
fication, the aortic annulus diameter, the left ventricular function, and the association of other
valvular, coronary, and peripheral artery diseases. These data, together with the patient’s
clinical status, are crucial for the therapeutic decision.

Procedure of PHV Implantation

The technique is performed under local anesthesia and mild sedation. Aspirin
(160 mg) and clopidogrel (300 mg) are administered 24 h before the procedure. The PHV
is implanted using the antegrade transseptal approach.
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Fig. 2. Upper view of the three-leaflet equine pericardial valve inserted within the stainless-steel stent.

BASELINE MEASUREMENTS

The procedure of PHV implantation starts with a reassessment of some baseline param-
eters. Through an 8F sheath in the left femoral vein, a 7F Swan—Ganz catheter is advanced
to the pulmonary artery and used to measure the right-side pressures and the cardiac output
by thermodilution. Through a 6F sheath in the right femoral artery, a 6F pigtail catheter is
advanced in the ascending aorta. One or several supraaortic angiograms are performed in
order to select the optimal view on which the aortic valvular apparatus projects perpendic-
ular to the screen and the coronary ostia are clearly visible. The antero-posterior view is
generally selected and a frame, frozen on another screen, will be used as one marker at the
time of PHV implantation. This pigtail catheter will be left in place in the ascending aorta
during the entire procedure and used for continuous aortic blood pressure monitoring and
post-PHV implantation angiographies. Blood samples are obtained from the aorta and the
right cardiac cavities for measurement of oxygen saturation. Finally, through a 6F sheath
in the left femoral vein, a SF pacemaker lead is advanced into the right ventricle. The stim-
ulation parameters are controlled and the pacemaker set on demand at 80 beats/min.
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Fig. 3. The crimping tool allows a symmetrical reduction of the overall PHV’s diameter from its
expanded size to its collapsed size.

TRANSSEPTAL CATHETERIZATION

The regular technique of transseptal catheterization is required, using an 8F Mullins
sheath and Brockenbrough needle through the right femoral vein (RFV). We prefer cross-
ing the septum in the 90° left lateral view, at the distal third of a virtual line connecting
the aortic valve (showed by the valvular calcification and the distal tip of the pigtail
catheter) to the posterior border of the heart (Fig. 4). After completion of the transseptal
puncture, heparin, 5000 IU, is administered intravenously.

Through the Mullins sheath in the left atrium, in the right anterior oblique (RAO) 40°
position, a 7F Swan—Ganz catheter (Edwards Lifesciences, Irvine, CA, USA) is advanced
and used to cross the mitral valve. The transaortic valvular gradient is recorded, using the
pressures obtained with the Swan—Ganz catheter and the pigtail catheter in the aorta. The
aortic valve area is calculated using the Gorlin formula.

GUIDE WIRE PLACEMENT

The Swan—Ganz catheter with its balloon inflated is advanced inside the left ventricle
in such a way that its distal tip faces the native aortic valve. A 0.035-in. straight guide
wire is advanced through it and used to cross the aortic valve (Fig. 5A). The Swan—-Ganz
catheter with its balloon deflated is pushed over the wire into the ascending aorta and the
balloon reinflated. The guide wire is then removed.

A 0.035-in. 360-cm-long stiff guide wire (Amplatz, Extra Stiff, COOK, Bjaeverskov,
Denmark) is advanced through the Swan—Ganz catheter within the descending aorta
(Fig. 5B) and its distal tip positioned at the level of the onset of iliac arteries. The Swan—Ganz
catheter with its balloon deflated is then removed, leaving the guide wire in place.
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Fig. 4. Technique of transseptal puncture. In the lateral view, the septum is crossed at the distal third
of a virtual line traced between the aortic valve and the edge of the heart. MS = Mullins sheath.

Through an 8F sheath in the left femoral artery, a catheter snare (Microvena, Amplatz
Goose Neck, GN 2500, White Bear Lake, MN, USA) is used to externalize the long guide
wire through the femoral artery (Fig. 5C). During this maneuver, attention must be given
to maintain a large guide-wire loop inside the left ventricle in order to avoid any traction
of the anterior mitral valve leaflet with the guide wire. Straightening the guide-wire
between the mitral valve and the aortic valve might lead to severe mitral regurgitation
and subsequent hemodynamic collapse. Thus, the second investigator must push forward
the wire from the right femoral vein while the first investigator pulls it out from the left
femoral artery. This maneuver should be performed with continuous fluoroscopic control
of the intraventricular guide wire loop. The externalized parts of the wire should be
equivalent on both sides (about 100 cm).

DILATATION OF THE INTERATRIAL SEPTUM

A 10-mm balloon septostomy catheter (Owens, Boston-Scientific Scimed, Inc, Maple
Grove, MN, USA) is advanced over the stiff guide wire through a 10F sheath in the
right femoral vein and positioned within the interatrial septum. A 30 : 70 contrast
media/saline solution in a 10-mL syringe is used for balloon inflation (Fig. 5D). At
least two balloon inflations are performed and held for 30 s. The balloon catheter is
then removed.

BALLOON AORTIC PREDILATATION

In the 40° right anterior oblique view, a 23-mm balloon valvuloplasty catheter (Z-Med I,
NuMED Canada, Inc, Cornwall, Ontario, Canada) is prepared, purged of air, and advanced
over the stiff guide wire through a 14F sheath (COOK, Bjaeverskov, Denmark) in the
right femoral vein and positioned across the native aortic valve. During this maneuver,
the intraventricular guide wire loop has to be maintained.

With the aortic blood pressure monitored and using a 10 : 90 contrast media/saline
solution in a 20-mL syringe, the balloon is fully inflated and deflated (Fig. 6). Two to
three balloon inflations are generally performed. The balloon is then deflated and
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Fig. 5. (A) Position of the distal tip of the Swan—Ganz (SG) catheter before crossing the aortic valve with
the 0.035-in. straight guidewire. (B) The 0.035-in. extra-stiff 360-cm-long guidewire is pushed through
the Swan—Ganz catheter in the descending aorta. (C) The extra-stiff guide wire (ES wire) is externalized
through the left femoral artery using a lasso. (D) Transatrial septum dilatation using a 10-cm-diameter bal-
loon dilatation catheter.

withdrawn. While withdrawing the catheter, the coinvestigator must push forward the
guide wire from the right femoral artery in order to maintain the guide-wire loop
unchanged in the left ventricle. Of note, the persistence of a notable waist at full balloon
inflation would be an exclusion criteria for PHV implantation.

PHYV IMPLANTATION

After a meticulous rinsing procedure, the PHV is crimped over the delivery balloon
catheter. The balloon is inflated with a 10 : 90 contrast media/saline solution and care-
fully purged of air. Using a 20-mL syringe, the amount of solution able to obtain a 22-
mm balloon diameter at full inflation is determined, using a specially designed 22-mm
measuring ring. The balloon is then totally deflated and the PHV crimped over it.
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Fig. 6. Predilatation of the native aortic valve using a 23-mm-diameter balloon catheter advanced over
the extra-stiff guide wire through the right femoral vein.

Before use, it is checked that the PHV-balloon assembly slides smoothly inside the
24F measuring gage.

From the left femoral artery, A 7F Sones (B-type) catheter is advanced over the stiff
360-cm-long, 0.035-in. guide wire until its distal tip is positioned in the aortic arch, about
2 cm above the aortic valve. The 14F introducer is removed from the right femoral vein
and replaced by a 24F introducer (COOK, Bjaeverskov, Denmark). The PHV-balloon
assembly is then introduced inside the 24F catheter over the guide wire and advanced
across the interatrial septum, through the left atrium, across the mitral valve, and into the
left ventricle until its distal tip faces the native aortic valve.

The PHV-balloon assembly is carefully positioned across the native diseased valve.
Accurate positioning is facilitated by the use of the Sones catheter inserted on the same
wire through the left femoral artery and in contact with the distal end of the delivery
balloon catheter. The Sones catheter prevents any uncontrolled ejection of the device
in the ascending aorta and is used to push the device backward if necessary (pulling
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Fig. 7. (A) Position of the PHV at the mid-part of the calcifications of the diseased native aortic valve
before delivery; (B) balloon inflation for PHV delivery; (C) the PHV in place within the native aortic
valve in the antero-posterior view; (D) right anterior oblique cranial view of the PHV confirming the
circular shape of the stent frame.

back the device by a traction exerted on the delivery balloon catheter could lead to loss
of the large catheter loop in the left ventricle, with the subsequent risk of massive mitral
regurgitation and collapse). Using the calcification of the native valve on fluoroscopy and
the frozen selected frame of the supra-aortic angiogram as markers, the PHV is accu-
rately positioned at the mid-part of the native valve (Fig. 7A).

Immediately prior to balloon inflation for PHV delivery, rapid (220 beats/min) right
ventricular pacing is initiated (Fig. 8). The marked decrease in cardiac output/transaortic
blood flow induced by the tachycardia allows for stable balloon inflation across the
aortic valve. This fast pacing is interrupted immediately after PHV release and its total
duration does not exceed a few seconds. PHV deployment is obtained by balloon infla-
tion using the entire amount of contrast media solution prepared in the syringe and
immediately deflated (Fig. 7B). After PHV delivery, the deflated balloon is withdrawn,
leaving the guide wire in place across the PHV. A 6F pigtail catheter is pushed over the
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220b/min

W\

Fig. 8. Aortic blood pressure recording during the PHV delivery phase showing the effect of a 220-
beats/min fast right ventricular pacing. The transitory fast-pacing-induced decrease in blood flow
allows optimal balloon stabilization at the time of PHV delivery.

Balloon inflation

guide wire, through the 24F introducer in the right femoral vein and advanced to mid-left
ventricle. The 360-cm-long guide wire is then removed by traction from the left femoral
vein (Figs. 7C and 7D). The goal of the pigtail catheter is to prevent any injury to the
mitral valve apparatus (leaflets and chordaes) by the stiff wire at the time of withdrawal.

ASSESSMENT OF VALVULAR FUNCTION AFTER PHV IMPLANTATION

Using the pigtail catheter in the left ventricle and one of the two catheters in place in
the ascending aorta (pigtail or Sones catheters), the trans-PHV systolic pressure gradient
is measured (Fig. 9). A Swan—Ganz catheter is advanced through the 24F sheath and used
for cardiac output measurement and calculation of the PHV aortic valve area by the Gorlin
formula. A supra-aortic angiogram is performed to assess any residual aortic regurgitation
(Fig. 10A). A left ventricular angiogram is performed using the pigtail catheter in the left
ventricle to assess the ventricular function and the degree of any mitral regurgitation.

The Sones catheter is removed and replaced sequentially by a left and a right coronary
Judkins catheter to perform a selective coronary arteriography and assess the patency of
the coronary arteries and the position of the coronary ostia with regard to the PHV’s
upper limits (Fig. 10B and 10C).

END OF PROCEDURE

Before removing all of the catheters, blood samples are obtained from the right and
left cavities for measurement of oxygen saturation and assessment of transatrial shunting.
All of the catheters are removed. The arterial entry sites are closed with puncture closing
devices (Angio-Seal; St. Jude Medical Europe, Zaventem, Belgium). The venous entry
sites are closed by manual compression.
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Fig. 9. Normalization of the simultaneous left ventricular and aortic pressures tracing after PHV delivery.
The absence of any residual gradient after PHV implantation was observed in all cases.

Clinical and Echocardiographic Follow-up

The patients are closely monitored during follow-up, with clinical assessment and TTE,
TEE and Doppler examinations at d1. TTE and Doppler will be repeated at d7 and every
month thereafter. Postprocedural treatment includes aspirin (160 mg) and clopidogrel
(75 mg) daily. Subcutaneous low-molecular-weight heparin is administered during the
hospitalization stay. Oral anticoagulants are given only in patients with chronic atrial
fibrillation and started 2d before discharge.
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Fig. 10. Post-PHV implantation supra-aortic angiogram showing mild residual aortic regurgitation.
(B,C) The selective left and right coronary angiographies, respectively, performed after PHV delivery,
confirming the patency of the coronary ostia.

CLINICAL EXPERIENCE

Patients

The patients were highly selected on the basis of severely symptomatic calcific aortic
stenosis that could benefit from aortic valve replacement, but with an extremely high risk
for open heart surgery, and declined by cardiac surgeons. The operative risk was assessed
on the association of cardiac and noncardiac factors, including advanced age, severe left
ventricular dysfunction, severe associated coronary artery disease, recent stroke or myocar-
dial infarction, and coexisting conditions, including chronic obstructive pulmonary dis-
ease, renal failure, cancer, prior cardiac surgery, or other severe comorbidities. The
operative risk was also scored according to standard surgical practice and/or surgical risk
scoring systems such as the Parsonnet’s Score (34).

Exclusion criteria included native aortic annulus <19 mm and >25 mm on baseline
echocardiography, patients in whom a 23-mm-balloon inflation could not be fully inflated
or displayed a notable waist during the native aortic valve predilatation procedure, throm-
bus in the left atrium or the left ventricle, pre-existing mitral prosthetic heart valve, evi-
dence of endocarditis, unstented left main coronary artery disease, severe vascular disease
preventing vascular access, and severe coagulopathy.

Approval of our Ethical Committee for compassionate PHV was obtained for each
case and all patients and their relatives gave informed consent.

Results

Our early experience is based on eight patients, mean age 77 = 12 yr (57-91 yr) five
males and three females, with end-stage severely symptomatic calcific aortic stenosis and
multiple potentially lethal comorbidities. Three of these patients were in cardiogenic shock
and all were in NYHA functional Class IV. The aortic valve was tricuspid in all but one
patient on TEE. Aortic insufficiency was associated with aortic stenosis in three patients,
moderate in two, and massive in one. Two patients had associated coronary artery disease
with previous stent implantation. Seven patients had previously been treated with BAV,
but either restenosed or had a procedure-related complication.

The PHV could be successfully implanted in all but one patient who presented in car-
diogenic shock with recurrent aortic stenosis and massive aortic regurgitation 1 mo after a
failed BAV complicated by aortic valve rupture and stroke. In this case, the PHV—balloon
assembly was ejected in the ascending aorta at full balloon inflation and the patient died
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shortly thereafter. In all other cases, the PHV could be accurately delivered within the
native aortic valve and remained securely anchored. Hemodynamic collapse occurred dur-
ing the procedure in three patients, requiring temporary cardiac massage and assisted ven-
tilation in two. This complication was consistently associated with the loss of the large
catheter loop in the left ventricle with subsequent massive mitral regurgitation. In all three
cases, hemodynamics normalized immediately after PHV implantation. There was no other
complication. No residual gradient was observed after PHV implantation on hemodynamic
recordings. A post-PHV implantation supra-aortic angiogram demonstrated severe aortic
regurgitation in two patients and mild regurgitation in six. In all cases, the coronary ostia
were above the upper margin of the PHV. PHV function was dramatically improved on
postprocedure echocardiographic evaluation with an increase in mean valve area from 0.52
+0.09 to 1.69 £ 0.07 cm? (p < 0.028) and a decrease in mean transvalvular gradient from
44 £ 13 to 5+ 3 mm Hg (p < 0.002). These results remained unchanged during follow-up
with thin and flexible leaflets and cylindrical frame shape (Fig. 7D). Aortic regurgitation
was paravalvular in all cases and remained unchanged on sequential echocardiographic
controls. Mild transatrial shunting was observed in all cases. The mean duration of the pro-
cedure was 138 £ 24 min and the mean fluoroscopy time was 29 + 16 min.

An immediate and dramatic clinical improvement was observed in all patients follow-
ing PHV implantation with marked reduction of signs of heart failure. This clinical
improvement was associated with a clear-cut increase in left ventricular ejection fraction,
which improved from 35 + 21 to 47 £ 17 (p = 0.03), from baseline to last echocardio-
graphic control performed 15 d to 2 mo after PHV implantation.

Two patients with pre-existing chronic renal failure developed acute renal failure after
the procedure and required short-term (few than three sessions) hemodialysis with recov-
ery of the baseline renal status. The first three patients died at 18, 2, and 4 wk, respec-
tively, of noncardiac causes. The other patients are alive with no sign of heart failure at
8 wk (two patients) and 4 wk (two patients).

The anticoagulant regimen was limited in these patients to antiplatelet therapy, with
aspirin (life-long) and clopidogrel (for 1 mo). This treatment was given in order to limit
the risk of platelet aggregation on the bioprosthesis stent frame. No oral anticoagulant
was prescribed during the hospitalization stay but prophylactic anticoagulation with hep-
arin in the first two cases or subcutaneous heparin thereafter. However, in addition to
antiplatelet treatment, oral anticoagulation was administered after discharge in patients
with chronic atrial fibrillation.

TECHNICAL CONSIDERATIONS

In this first series of patients, the transseptal antegrade approach was used to reach the aor-
tic valve and deliver the PHV because it seemed to offer several advantages over the more
commonly used retrograde route. The antegrade approach allows the large 24F-size sheath
to be introduced and removed without surgery, under local anesthesia. Insertion of the
introducer in the femoral vein eliminates the risks of arterial complications that might be
feared in elderly patients with fragile and often diseased femoro-iliac arteries. The PHV
crosses the native aortic valve through the less diseased surface of the aortic leaflets and
in a direction coincident with blood flow, offering more predictable valve delivery. The
transatrial puncture site dilatation with a 10-mm-diameter balloon did not result in any
significant residual shunting. However, the retrograde route might be used in the future
in patients with suitable femoral arteries and might be faster and easier to manage. The
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retrograde approach would also eliminate the risk of periprocedural collapse because of
the traction exerted on the mitral valve by the stiff guide wire or the delivery catheter, in
the case of loss of the intraventricular loop during the catheterization maneuvers.

Accurate PHV positioning within the native diseased aortic valve, in the subcoronary
position, could be obtained in all cases. The aortic valvular calcifications in the antero-
posterior view were used as the primordial marker for positioning the device. PHV was
delivered with the calcification located at the midpart of the stent frame. The Sones
catheter advanced retrogradely from the left femoral artery over the same guide wire
appeared very useful to accurately deliver the PHV at the desired site. Furthermore, the
brief period of rapid cardiac pacing and subsequent impairment of cardiac output con-
siderably facilitated PHV delivery by optimal stabilization of the PHV-balloon assembly
across the aortic valve. This technique is routinely used in our center for BAV and found
to be safe and efficient.

In all cases but one, some degree of paravalvular regurgitation was noted after PHV
implantation. The paravalvular leak was mild in six patients and severe in two. Even in
these two last cases, regurgitation did not prevent improvement of left ventricular function
and clinical status. However, severe paravalvular regurgitation might impair the long-term
results after PHV implantation. As assessed by TEE, and confirmed on one postmortem
observation of a patient with severe aortic regurgitation who died of noncardiac cause
(acute abdominal syndrome), the regurgitation is related to imperfect apposition of the stent
frame against the native valvular structures, more particularly at the site of valvular com-
missures or of calcific nodules. Ongoing refinements in stent design and use of a larger
stent diameter might decrease the incidence and severity of paravalvular leaks in the future.

FUTURE OF THE PROCEDURE

This preliminary clinical experience confirms the feasibility of implanting a percuta-
neous bioprosthesis within the native valve of patients with end-stage severely calcific
aortic stenosis, using conventional cardiac catheterization techniques, under local anes-
thesia and sedation, even under life-threatening circumstances. Satisfactory valvular
function was achieved, which remained unchanged during follow-up, and was associated
with striking clinical and hemodynamic improvement. The superiority of PHV implanta-
tion over BAV—the only available palliative therapeutic option in this subset of patients—
is already confirmed. With PHV implantation, an orifice valve area of approx 1.7 cm? is
consistently obtained, with minimal residual transvalvular gradient, which represents a
more than threefold increase from baseline valve area. This instantaneous valvular function
improvement is associated with marked early and lasting clinical benefit. In comparison, the
valve area obtained with balloon valvuloplasty is rarely over 0.8 cm? (35) and early resteno-
sis is frequently observed (36—39). If the stability of PHV function is confirmed on midterm
and long-term follow-up, as might be expected from ex vivo studies that indicate several
years of valve durability, PHV implantation might become an optimal therapeutic option
for this subset of patients.

An ongoing pilot study in our center (I-REVIVE study) has been designed to further
assess the technical aspects of the procedure and the long-term outcome. Other pilot trials
are expected to start in the near future in European and American centers. If the beneficial
effect of PHV implantation is confirmed in long-term follow-up, pivotal multicenter trials
would be required to determine the role of this promising new therapeutic approach in
patients with aortic stenosis and not amenable for surgical valve replacement.
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INTRODUCTION

Patent foramen ovale (PFO) and atrial-septal aneurysm (ASA) are congenital cardiac
abnormalities that are highly prevalent in the general population. Observational studies
have found an association between these anomalies and several neurologic diseases,
including stroke, decompression sickness from SCUBA diving, migraine, and others. In
this chapter, we will discuss the diagnosis of PFO and ASA, review the data that impli-
cate them as causes of neurologic disorders—particularly cryptogenic stroke in the
young—and assess the available treatment options.

BACKGROUND

The foramen ovale, first described in 1564 by Italian surgeon Leonardi Botali, is an open-
ing in the fossa ovalis created by the overlap of the atrial septum primum and secundum.
During fetal development, resistance in the pulmonary circulation leads to higher pressure
in the right atrium relative to the left, allowing oxygenated blood arriving from the
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umbilical vein to cross through the foramen ovale into the systemic circulation.
Following birth, increased blood flow through the pulmonary circulation leads to a relative
increase in left atrial pressure pushing the septum primum against the septum secundum
and functionally closing the foramen ovale. In most cases, fibrous adhesions result in a
permanent anatomical closure of the flap. However, in a significant proportion of the
population, adhesions fail to seal the septum, allowing the persistence of the communi-
cation between the right and left atria of the heart.

Patent foramen ovale is a common finding in the general population: three autopsy
series have reported an overall prevalence of 17%, 27%, and 29%, respectively (1-3).
One of the studies observed that the prevalence of PFO declines as the age of the popu-
lation sampled increases, implying that anatomical closure can occur in adulthood as well
(1). Most echocardiographic studies have demonstrated lower prevalences for PFO
(3.2-18%), reflecting the difficulty of detecting a shunt that is potentially but not contin-
uously open (4-7). However, the SPARC (Stroke Prevention: Assessment of Risk in a
Community) study, a population-based prospective study of stroke risk factors, evaluated
581 patients by transesophageal echocardiography and agitated saline contrast and found a
PFO prevalence of 25.6%, comparable to the autopsy studies (8).

An ASA is present when redundant tissue in the region of the fossa ovalis results in
excessive septal wall motion during respiration. ASA is not commonly found in isolation;
71-83% also have a PFO present (9—11). The prevalence of ASA has been estimated to
be 1-8% in unselected populations (/2,13). The SPARC study reported a prevalence of
2.2% (8).

DIAGNOSIS OF PFO AND ASA

Atrial-septal abnormalities are most often diagnosed by transthoracic echocardiogram
(TTE) or transesophageal echocardiogram (TEE) with agitated saline contrast injected
into an antecubital vein. TEE is considered the standard for PFO diagnosis, as it permits
optimal visualization of the interatrial septum and maximal sensitivity for detection of
saline contrast in the left atrium if a shunt is present (/4,15). A study of 100 patients
undergoing endovascular closure found that two-dimensional TEE measurements were
strongly correlated with direct invasive balloon sizing (> = 0.8; p < 0.0001) (16).
Although the antecubital vein is preferable for injection of saline contrast because of its
ease of access, femoral injection might be a more reliable method. The degree of right to
left shunting after injecting agitated saline into the femoral vein has been highly corre-
lated with balloon sizing (> = 0.7; p < 0.0001), whereas there was no correlation when
the injection was given through an antecubital vein (/6). Provocative maneuvers have
also been shown to increase the sensitivity of these studies. The Valsalva maneuver was
the most reliable way to produce a significant right-to-left pressure gradient compared to
inspiration, expiration, or cough (17).

Diagnosis of ASA is made by measuring the total excursion of the septal wall into the
left and right atrium throughout the respiratory cycle. There is no clear consensus on the
degree of motion that is considered excessive, although most studies have chosen a cut-
off of 10-15 mm. As noted, visualization of the interatrial septum is best accomplished
with TEE.

There is significant variability in the identification of atrial abnormalities on echocar-
diogram. Two blinded sonographers reviewed 581 TEEs that were performed for the
French PFO/ASA study, a large prospective analysis of cryptogenic stroke patients. They
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disagreed on the presence of PFO in 14% of cases and on the degree of right-to-left shunt
in 26% of cases (18). There was slightly better concordance for the detection of ASA, with
disagreement on its presence in 6.6% of cases and on the size of the ASA in 10% of
cases. In addition, three sonographers reviewed the first 100 TEEs twice and found a mean-
ingful degree of variability in determining the degree of right-to-left shunting (interobserver
K =0.77, intraobserver Kk = 0.82) (19).

Transcranial Doppler (TCD) also has a role in the diagnosis and quantification of
right-to-left intracardiac shunting. TCD can monitor blood flow through one or both
middle cerebral arteries to identify and quantify high-intensity transient signals (HITS)
when agitated saline is injected into a vein during a Valsalva maneuver. A study of 308
patients found that a shower pattern of HITS (defined as bubbles too numerous to count)
was more likely to be seen by contrast TCD in patients with a stroke compared to controls
(odds ratio [OR] = 3.5; 95% confidence interval [CI] = 1.29-9.87). There was an even
stronger association with cryptogenic stroke patients (OR = 12.4; 95% CI = 4.08-38.09)
(20). Compared with contrast-enhanced TEE, TCD had a sensitivity of 91% and a speci-
ficity of 88% (21). TCD complements TEE. TCD cannot differentiate a PFO from an
atrial-septal defect (ASD) nor can it characterize the specific morphologic or functional
features of a PFO, such as an associated ASA.

PFO, STROKE, AND TRANSIENT ISCHEMIC ATTACK

In 1877, Cohnheim proposed that venous thromboemboli could paradoxically cross
through a PFO and result in arterial stroke (22). There is some evidence to support alter-
native potential mechanisms of stroke in PFO patients including cardiac in sifu thrombus
formation and atrial arrhythmias (/0,12,23-27). However, Cohnheim’s original hypoth-
esis of paradoxical emboli is generally thought to be the most likely mechanism by which
PFO could be linked to stroke.

Numerous studies have found epidemiological associations between cryptogenic
stroke and PFO in young patients. The etiology of a cerebrovascular event is considered
to be cryptogenic if the diagnostic evaluation is negative, with no identified high-risk car-
dioembolic or large-vessel source, and the stroke is in a distribution not consistent with
small-vessel disease. Among patients less than 55 yr of age, as many as 40% of strokes
are cryptogenic (28,29). Recent series, which have relied more heavily upon magnetic
resonance imaging (MRI) and TEE, report a cryptogenic stroke rate of about 34% for
patients under the age of 45 (30,31).

Lechat and colleagues were the first to demonstrate that PFO was more prevalent in a
cohort of young stroke patients (with a mean age of 36 = 10 yr) than in control patients
(40% vs 10%, p < 0.001) (5). Soon after, there was another report of ischemic stroke
patients under the age of 40 who had a significantly increased prevalence of PFO com-
pared to age-matched controls (50% vs 15%, p < 0.001) (32). It was also reported that
patients with cryptogenic stroke were significantly more likely to have PFO than patients
with a known stroke etiology (33). This finding was true for patients who were less than
55 yr of age as well as for those patients who were greater than 55 yr of age. However,
in another study with a relatively older population (mean age = 66 yr), the incidence
of PFO was not significantly higher than age-matched controls for either cryptogenic or
noncryptogenic strokes, implying that the stroke risk related to the presence of a PFO might
not be as high in the elderly population (34). As seen in Table 1, compared to both normal
healthy volunteers (3.2-18%) and to patients who have had stroke resulting from known
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Table 1
Prevalence of PFO in Stroke Patients
Stroke of Stroke of

Study Controls known etiology unknown etiology
Steiner et al., 1998 (36) — 19/42 (23%) 12/53 (45%)
Cabanes et al., 1993 (24) 9/50 (18%) 43/100 (43%) 36/64 (56%)
Lechat et al., 1988 (5) 10/100 (10%) 4/19 (21%) 20/41 (49%)
Petty et al., 1997 (35) — 15/61 (25%) 22/55 (40%)
Lamy et al., 2002 (18) — — 267/581 (46%)
Cujec et al., 1999 (37) — — 52/90 (58%)
Homma et al., 1994 (38) — 7/38 (18%) 16/36 (44%)

etiology (21-43%), the prevalence of PFO is higher in patients who have had stroke of
unknown origin (40-56%) (9,18,28,35—-38). Finally, a comprehensive meta-analysis of
case-control studies comparing ischemic stroke patients under 55 yr of age to control
groups of nonstroke patients reported an increased prevalence of PFO (OR = 3.1; 95%
CI=2.3-4.2) (39).

Many retrospective case-control studies were able to define specific morphologic and
functional characteristics of PFO that were associated with an increased risk of stroke.
Both increased PFO size (measured as the separation between the septum primum and
secundum) and greater degree of right-to-left shunt (usually determined by quantification
of microbubbles seen in the two-dimensional imaging plane during provocative maneu-
vers) have been associated with increased risk of stroke (20,36,40-42). A prospective
cohort trial found that right-to-left shunt at rest (in the absence of any provocative
maneuvers) in combination with increased septal wall motion (defined as >6.5 mm) was
associated with higher risk of recurrent stroke (43). In this cohort of patients with PFO and
cryptogenic stroke, the risk of stroke or transient ischemic attack (TIA) recurrence at 3 yr
of follow-up was 4.3% (95% CI = 0-10.2) for those with only one or neither of the
two high-risk characteristics and 12.5% (95% CI = 0-26.1) for those with both high-risk
characteristics (p = 0.05).

A similar association has been found between ASA and the risk of stroke. There was
a significantly higher prevalence of ASA in patients referred for TEE to determine the
source of a cerebral or systemic embolism than in patients referred for other reasons
(15% vs 4%) (11). Table 2 demonstrates the increased prevalence of ASA in patients with
a cryptogenic stroke (11-39%) when compared to either patients who have had an ischemic
event with a known etiology (6-28%) or to patients who did not have an antecedent event
(2-11%). Finally, as in PFO, a meta-analysis of case-control studies comparing stroke
patients less than 55 yr of age to control groups of nonstroke patients found an increased
likelihood of finding an ASA (OR =6.1; 95% CI =2.5-15.2) (39).

Taken together, these observational studies implicate PFO and ASA as a risk factor for
stroke. However, there are very little prospective data regarding the risk of a first stroke in
people with one of these atrial-septal abnormalities. A single study has described a prospec-
tive population-based cohort of people with PFO. In the study, 1102 stroke-free patients
underwent TTE with agitated saline contrast and 164 (14.9%) were found to have a PFO.
They were followed for a mean of 54.0 + 22.1 mo during which time the incidence of
ischemic stroke was 1.10/100 person-years in subjects with PFO and 0.97/100 person-years
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Table 2
Prevalence of ASA in Stroke Patients
Stroke of Stroke of

Study Controls known etiology unknown etiology
Cabanes et al., 1993 (24) 4/50 (8%) 28/100 (28%) 25/64 (39%)
Hanna et al., 1994 (6) 3/35 (8%) 2/23 (10%) 6/16 (38%)
Agmon et al., 1999 (13) 8/363 (2%) — —

Lamy et al., 2002 (18) — — 61/581 (11%)
Mattioli et al., 2001 (44) 36/316 (11%) 68/245 (28%) —

Lucas et al., 1994 (45) — 6/100 (6%) 10/48 (21%)

in those without PFO (7). In patients less than 60 yr of age, the incidence of stroke was
only 0.52% over the entire follow-up period. Given these low rates, asymptomatic patients
are unlikely to benefit from primary prevention.

The clinical problem most often faced by physicians is how to manage patients who
are found to have a PFO after they have had an otherwise cryptogenic stroke or TIA. No
randomized clinical trial has addressed this issue to date and only three studies have
prospectively evaluated the long-term prognosis of PFO patients following a stroke or
TIA. All three studies found that medically treated patients with a PFO were not at
increased risk of recurrent stroke or death when compared to other cryptogenic stroke
patients (43,46,47). The average annual risk of stroke in these studies for patients with
cryptogenic stroke and PFO ranged from 1.5% to 7.2%. Combining these three studies
results in a pooled relative risk of 0.95 (95% CI = 0.62—-1.44) when comparing crypto-
genic stroke patients with PFO to those without. Thus, among patients who have had a
cryptogenic stroke, PFO alone does not appear to portend an increased risk of subsequent
stroke or death.

There are inadequate data in any of these studies to make conclusions about patients with
isolated ASA. However, the combination of PFO and ASA bears a much more compelling
relationship with stroke. Although the interaction between PFO and ASA is not well under-
stood, the presence of ASA is associated with a larger separation between the septum
primum and secundum, a prominent eustachian valve, right atrial fibrous strands, and a
larger right-to-left shunt in association with PFO, providing an anatomical substrate for an
increased risk of stroke recurrence (46,48,49). In general, the data do suggest an increased
risk of stroke recurrence for patients with both PFO and ASA, although an increased risk
has not been found across all studies. The French PFO/ASA study demonstrated that cryp-
togenic stroke patients had increased risk of stroke recurrence if they have both PFO and
ASA (3.8% vs 1.1% per year; relative risk [RR] =2.98; 95% CI = 1.17-7.58), although there
was only a trend for combined stroke and death (3.8% vs 1.8% per year; RR =2.10; 95%
CI =0.86-5.06) (46). In contrast, the PFO in the cryptogenic stroke study (PICSS) did not
show an increased risk of stroke or death in patients with both PFO and ASA in the overall
cohort (8.0% vs 7.7%; RR = 1.04; 95% CI = 0.51-2.12). Unfortunately, PICSS did not
provide separate data for the cyptogenic stroke population (47).

The conflicting findings in these two studies regarding patients with both PFO and
ASA might be because they were evaluating disparate patient populations. Compared to
patients in the French PFO/ASA study, patients in the PICSS study were older (59.0 yr
vs 42.5 yr) and, consequently, they had a higher stroke recurrence rate (7.6 vs 1.6%).
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Although both studies found that patients with PFO were less likely to have traditional
stroke risk factors than other cryptogenic stroke patients, the patients in PICSS had high-
er rates of hypertension and diabetes compared to the French PFO/ASA study. Thus, atri-
al abnormalities are less likely to have been responsible for the primary event and also
less likely to result in an increased risk of recurrence.

STROKE PREVENTION IN PATIENTS
WITH CRYPTOGENIC STROKE AND PFO

Although it appears that PFO alone is not associated with an increased risk of stroke
recurrence or death compared to other cryptogenic stroke patients, it might still be pos-
sible to lower the recurrent stroke risk in this group. There are no natural history studies
that have followed cryptogenic stroke patients with PFO or ASA, because all have
received some form of treatment. However, multiple studies have followed these patients
after initiating medical therapy with antiplatelet agents or anticoagulation with or with-
out PFO closure either via surgery or an endovascular device. The annual risk of recur-
rent stroke or TIA has varied widely in these reports, from 0% to 19% (37,46,50-58).
Furthermore, there have been very few studies that have compared different therapies and
no randomized controlled trials have demonstrated superior efficacy of any therapy.
Thus, despite a multitude of reports the optimal management of PFO patients with cryp-
togenic TIA or stroke remains controversial.

Medical Management of PFO

A combined meta-analysis of five retrospective cohort studies comparing at least two
different treatment options found that warfarin was superior to antiplatelet therapy in pre-
venting recurrent stroke or TIA among patients with PFO (OR =0.37; 95% CI = 0.23-0.60)
(59). Further, a meta-analysis of four retrospective cohort studies found that surgical PFO
closure was comparable to warfarin treatment (OR = 1.19; 95% CI = 0.62-2.27) (59).
However, it is important to emphasize that retrospective or nonrandomized treatment
studies have tremendous potential for selection bias that significantly degrades their
validity. For example, it is likely that the largest PFOs would be considered for closure
or warfarin therapy, whereas the smallest PFOs would be treated with aspirin, resulting
in confounding by indication.

Although warfarin might be considered by some to be a conventional medical therapy for
patients with PFO and TIA or stroke, there are little prospective data to support its routine
use and associated risk of bleeding. The PFO in Cryptogenic Stroke Study (PICSS) is the
only prospective randomized trial that evaluated therapy in cryptogenic stroke patients with
PFO (47). Patients were randomized to aspirin or warfarin and followed for 2 yr. The aver-
age annual rate of stroke or death for those given warfarin compared to those who received
aspirin was 4.75% vs 8.95% (RR = 0.53; 95% CI = 0.18-1.58). Although the point estimate
of the relative risk suggests that warfarin might be superior, the confidence interval was
extremely wide and does not rule out the opposite conclusion of a net benefit for aspirin.
Thus, PICSS was unable to conclude that warfarin or aspirin is the superior medication.
However, PICSS was primarily designed as a prognostic study and was inadequately pow-
ered to find a difference between the treatments. Nonetheless, PICSS has raised questions
about the routine use of warfarin in patients with PFO and cryptogenic TIA or stroke.

There are situations in which anticoagulation is clearly indicated for cryptogenic
stroke patients with PFO. In the setting of concomitant deep-vein thrombosis (DVT)
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or pulmonary embolism (PE), current anticoagulation recommendations for venous
thromboembolism should guide therapy. The American College of Chest Physicians
(ACCP) guidelines recommend at least 3 mo of oral anticoagulation therapy for DVT or
PE (60). Of 140 consecutive patients with stroke and PFO in the Lausanne Stroke
Registry, only 6 patients (5.5%) had clinical evidence of a DVT (61/). The question of
whether to screen all cryptogenic stroke patients for DVT is controversial as the yield has
been variable, ranging from 10% to 57% using a highly sensitive nuclear medicine scan
(62,63).

PFO Closure

Many physicians have advocated permanently closing the PFO with surgery or,
increasingly, a transcatheter occlusion device in order to prevent recurrent paradoxical
emboli. A number of case series have presented outcome data for patients who have had
surgical PFO closure. A series of 30 patients with stroke and PFO who were considered
to be at high risk for recurrence underwent surgical closure and then were followed for
recurrent events (64). There were no reported significant complications from the surgery
and there were no reported recurrent TIAs or strokes at a mean of 2 yr of follow-up. T