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EXECUTIVE SUMMARY

Percutaneous valve therapy is said to be the last frontieemvaemtional cardiology. Over
the past few years, the work of decades has come to fruition. The first peocistaoetic valve
placement was performed in 2002 using an antegrade approach in a patient witlaortica
stenosis. The antegrade approach allowed for a large venoussitxdast was limited by device
maneuverability, mitral valve compromise during guidewire manipulation, ati@quate
visualization of the native aortic valve. The first retrograde placemastbane in 2005. This
approach was technically more demanding due to native valve cioifi@and the need for large
bore arterial access, but overcame many previous limitations. The next igeneeatces are
focused on increased flexibility, miniaturization of access catheters, positrenable valves.
Attempts at percutaneous mitral valve repair are as vasidtegpathophysiologic mechanisms of
mitral regurgitation. These techniques are based on sound surgical concepts antesdehde
result in edge-to-edge repair, coronary sinus annuloplasty, direct annulaopliocatshortening
of the septal-to-lateral dimension of the mitral valve annulus or the left ventWtile problems
with anatomic variability and device malfunction have been encountered, progress imaeeg
Large scale trials comparing percutaneous valve replacement and répaungery are just
beginning.
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Introduction

The continual evolution of percutaneous techniques and the advancement of medical
therapies have enabled patients to live past their life expectancy. Wehsmgly complex
coronary lesions being intervened upon safely and effectively in théata surgery is now more
commonly reserved for those with severe, multi-vessel coronagsdisend those in need of valve
replacement or repair. However, these patients frequently have multiplebedmanditions that
impose an increased risk of complications both during and after surgery (1). Conseqsentl
many as 30% of critically ill patients with valvular hedidease are refused surgical intervention,
even in the setting of isolated aortic stenosis (AS) (2,3). kaailly, 200,000 patients per year are
diagnosed with mitral regurgitation, 50,000 of whom require surgearent. The desire for less
invasive therapies in this often high-risk and minimal option group has inspired thepegat
of techniques for percutaneous aortic valve replacement and non-surgicalahtealepair.

Aortic Valve Replacement

Antegrade Approach

Percutaneous valve replacement has been in development for over 20 yearseiostacl
overcome have included miniaturizing the profile while maintainmgdequate size valve with a
suitable effective orifice area, as well as providing easy delivesalzstturate positioning, and
optimal securement. The percutaneous valve must also be durable, nattdbstcoronary ostia,
and have good apposition against the annulus to prevent perivalvular regurgitation (Talbée 1). T
first percutaneous implantation of an aortic valve took place in 1992 in a porcine model (4
Refinements over the next 8 years reduced the valve profile, ensured longatastity,sand
perfected anti-coagulation strategies.

In 2000, Bonhoeffer et al. (5) implanted the first percutaneous valve (pulmonic) in a
clinical setting, and two years later Cribier et al. (&cpd the first percutaneous heart valve (PHV,
Percutaneous Valve Technologies, Fort Lee, NJ) in the aorticqrosita patient with critical AS
who was not a candidate for aortic valve surgery because tplawaomorbidities. The PHV was
made of bovine pericardium sewn into a radiopaque tubular, slotted, bakpandable, stainless
steel stent, 14 mm in length and 21-23 mm in diameter. It was placed by an antegreeigtal
approach through a 24F sheath in the femoral vein, and resulted in significant hemodynami
improvement.

Following this successful placement, Cribier et al. (7) repane86 high-risk, inoperable
patients who underwent attempted placement of the PHV as plagtleREVIVE (Initial Registry
of Endovascular Implantation of Valves in Europe) trial and the RECAST (Regfst
Endovascular Critical Aortic Stenosis Treatment) trial. Twentyise¥¢hese placements were
successful (23 antegrade and 4 retrograde). Following the procedure, the hmrtarea
increased from an average of 0.6°¢m1.7 cnf (p < 0.0001) and the mean transvalvular gradient
decreased from 37 mmHg to 9 mmHg (p < 0.0001). Limited visualizatithre afative aortic valve
and annulus during implantation, perivalvular regurgitation, and antetial ralve leaflet injury
by the guidewire were all noted problems. However, there were no cases ofyBidiction,
secondary valve migration, or coronary occlusion. The patients in the RECASEdaaled the
second generation PHV (Cribier-Edwards Aortic Valve, Edwards Léesess, Irvine, CA) made
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of equine pericardium placed within a reinforced stent (Figure 1A). In addiiein procedures
were performed using only an antegrade approach which alloweddi@r crossing of the heavily
calcified native aortic valve, avoided large bore arterialeg;@nd had a higher success rate (85%
vs. 57% with the retrograde technique), but was technically more demanding. The 22% 30-d
mortality in this first-in-man cohort not only reflects the criticallyhigh-risk population
participating, but also exposes the learning curve associated with thisctewlogy.

Retrograde Approach

In 2005, Hanzel et al. (8) reported the first experience of ssiodiggplacing a PHV using
a retrograde as opposed to antegrade approach. The retrograde approacimptesi atfeer the
investigators encountered difficulties with the initial antegrade appragttieiing of the anterior
mitral valve leaflet). The iliac artery was accessed surgiealtl a 24F sheath was placed. Rapid
right ventricular pacing (200 beats per minute) was used to “freeze” theahddacilitate
accurate placement and securement.

Around the same time, Grube et al. (9) placed the first self-expandabtevabra
prosthesis (CoreValve Inc., Irvine, CA) (Figure 1B) using a retdegegoproach and partial
femoral-femoral cardiopulmonary bypass. This commercialized bovine phiaiczalve is
mounted and sutured in a self-expanding nitinol stent, which has three discrete sebingents
lower third provides radial strength to avoid recoil of the @ilycstenotic native valve, the middle
third is constrained to avoid the coronary ostia, and the upper third expands for fixaten in t
ascending aorta. Like the PHV, this valve cannot be retracted or moved oraepioiged. This
first generation device was used to treat 14 patients from July 2004-July 2005lGligicess in
this series was 40% and the in-hospital mortality was 45%. The second-generatiewadesvic
modified and miniaturized (21F), and 44 patients had implants with >80% clinical sacwks
~12% in-hospital deaths (10). The recently introduced third generation valve is placed tmoug
18F introducer sheath (CoreValve Revalving™ System, Generation 3) and will hegmadal
trials in mid 2006 by means of a phase Il protocol at up to 12 centers in Europe and Canada.

In early 2006, Webb et al. presented the results of 18 patients withsstud placement of
14 Cribier-Edwards percutaneous valves using the retrograde approach (11). Tingaboves
noted that diligent screening to assure adequate femoral and iliac arteaydipatency was
needed in order to minimize vascular access issues. In addition, the use of raqgdgpaci
deflectable delivery sheath, an option for a larger Cribier-Edw@flsxm vs. 23 mm) valve, and
other procedural and technical improvements shortened procedure timestddqiirtacedural
success, and decreased both complications and early mortality. At 2 months poseptathe
all-cause mortality remained low at 11.1%. Two trials are ongoing using timen26
Cribier-Edwards valve and a retrograde approach (the European REVIVE and REVINFAL
(Percutaneous Endovascular Implantation of Valves Trial)).

The future of aortic valve replacement is promising with many new devices in
development (Table 2). The AortTx (Palo Alto, CA) valve has aethpiged supporting ring with
rotational crimping to 18F and comes in sizes 19 — 27mm (Figure 1C). Sadra Medical, Inc
(Campbell, CA) has developed a self-expanding, retrievable, and repositionabl¢Ldlis
Valve) (Figure 1D). The Direct Flow valve (Direct Flow Meal, Santa Rosa, CA) is an inflatable
cuff support structure with equine leaflets (Figure 1E). Once proper positisreogfirmed, the
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inflation contrast material is replaced with a polymer thadéras in a short period of time creating
a valve similar to a surgical bioprosthesis. The design of these next generbtgsfoauses on
deliverability, with a smaller profile for insertion, as well as begtgevable and repositionable.

Mitral Valve Repair

The mitral valve is a complex apparatus and the pathophysiologic mechanismralof m
regurgitation (MR) are varied. These mechanisms were first caeddy Carpentier et al. in
1976 (12). His three tier classification system (Types |, Il, and lll)itabes annular size, leaflet
mobility, and coaptation, as well as papillary muscle function in determiningytiotusal
changes causing mitral regurgitation. Surgical repair attemptkitess these structural changes
and frequently combines approaches of leaflet revision with annuloplasty andpatigsi
edge-to-edge repair (Alfieri stitch). These surgical techniques leavedsas the foundation by
which multiple percutaneous approaches have been fashioned. They can be broamtiy@ateg
into leaflet (edge-to-edge) repair for patients with adequate leaflahptpxcoronary sinus
“annuloplasty” for the treatment of functional and ischemic MR, direct annudatiph
mimicking surgical annuloplasty, and shortening of the anterior-postegjotia(dateral)
dimension of the mitral valve annulus or the left ventricle (Table 3).

Edge-to-Edge Repair

The first human experience attempting percutaneous edge-to-edge rdipai ati
subvalvular mitral leaflet clip, MitraClip™ (Evalve, Inc., MenlorRaCA). The clip is placed via
an antegrade transeptal approach and creates a double orifadevatite, mimicking the result of
the surgically placed Alfieri stitch (Figure 2A). The clgualigned using transesophageal echo and
can be released and repositioned. Feldman et al published the ot first human experience
in 2005 (13). EVEREST | (Endovascular Valve Edge-to-Edge Repair Study) wiztyeesal
feasibility study of the Evalve system in patients with grade 3 (moderateei@}er grade 4
(severe) type Il MR. Of the 27 patients who underwent attempted percutaneous pailvede
had successful clip placement and 64% had less than 2+ MR after one month; 93% of these
patients continued to have < 2+ MR at 6 months follow-up. A 2:1 ran@apizotal clinical trial,
EVEREST II, is presently underway at 30 US centers and will compare qaeouls vs. surgical
repair.

Edwards Lifesciences (Irvine, CA) is currently beginning humaitston the Mobius 11™
device, which also creates a double mitral valve orifice, but thropghcataneously placed stitch
joining the middle of the anterior and posterior mitral valve leaflets (F@fByeThe leaflets are
grasped using a suction device and the suture is placed using transesophaggatiache.
While these devices attempt to mimic a surgical approach, the best swegidtd often combine
the Alfieri stitch with annuloplasty since a substantial number of patietitdMiR also have
evidence of annular dilatation leading to poor leaflet coaptation (14). Similgngrcataneous
approach has the potential to combine the edge-to-edge repair withidaraeshaping technique,
thus optimizing the reduction of MR.

Coronary Sinus Annuloplasty

Multiple companies are currently testing coronary sinus annuloplasty (@S#es.
Using the parallel location of the coronary sinus to the nmatmallus, these reinforcement devices
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are placed within the great cardiac vein (GCV) and the coromary €S), thereby shortening the
anterior-posterior dimension and decreasing MR. Cardiac Dimensiams®Klrkland, WA) and
Viacor, Inc. (Wilmington, MA) have both reported their experiences with setidedevice
placement within the CS in ovine models of ischemic MR (15,16). The Cardiac Dimens@ns, |
mitral annular constraint device (Figure 2C) resulted in a significant iedwaftMR and mean
pulmonary wedge pressure, as well as an improvement in cardiac output. The M@co
annuloplasty device (Figure 2D) significantly reduced the MR jet, the raitrallar
anterior-posterior dimension, and the mitral valve tenting area. Follow-up at 56edaised
encouraging, and there was no evidence of coronary sinus thrombosisusrascdiuman studies
with these devices are underway.

Webb et al. (17) recently published the first human experiencav®A device using the
percutaneous Viking device (Edwards Lifesciences, Irvine, CA). This deaga distal
self-expanding anchor, a middle spring-like “bridge”, and a proximal gpHeding anchor
(Figure 2E). The distal anchor is placed in the GCV and the prbaimohor in the CS. The bridge
has shape memory properties that result in shortening forces at body tenepdita¢ anchors
draw the CS and the GCV together while the bridge element tenses andestsigidirectly
displacing the posterior annulus anteriorly and reducing the mitral annulus diamtbe
anterior-posterior distance. This small pilot study showed some improvemenoimcddiR, but
one out of the five patients could not have the device successfullynieg)and three of the four
who did, had evidence of bridge separation or fracture during follow-up. A second-generation
device correcting these problems has been created and is currentlyelstdg t

While these devices are based on sound concepts, some early problems need to be
addressed. First, the coronary sinus is not always perféigtned with the mitral annulus, at times
residing atrially along its course. This will temper the overall impreardrm MR. Second, the
coronary sinus is thin and may be prone to perforation from device manipulation agmas se
one patient presented by Webb et al. Third, the left circumflex coronary Bigguently crosses
the coronary sinus at or near the level of the left fibrous trigone. Compression iof tineflex
coronary artery is a theoretical consideration and needs to be followed. Fosghje¢hees can
be bulky and with competition for the coronary sinus by electroplogasts becoming prevalent,
they may pose future obstacles to interventional therapy.

Direct Annular Plication

Direct annular plication devices are being developed by multiple companiesljrigc
Mitral Solutions, Inc., Fort Lauderdale, FL; QuantumCor, Inc., Lake Edgds Mitralign, Inc.,
Tewksbury, MA; Guided Delivery Systems, Inc., and St. Jude Medical, Inc., StMMduThese
devices attempt to mimic a true surgical annuloplasty by placing multipkealated anchors
within the posterior mitral annulus and then using these anchors to change the geothetry of
mitral apparatus, hence reducing MR (Figure 2F). Animal models are lmemgeated.

Shortening the Septal-to-Lateral Dimension of the Mitral Valve Annulus

Pathophysiologic studies have demonstrated that septal-to-lateral (SLasame
anterior-posterior) enlargement is the final common pathway inevel@oment of functional and
ischemic MR, and that shortening this dimension is critical in alleviatid@)tA recent
publication by Rogers et al. (19) demonstrated a novel way to amelioratefaheind possibly
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ischemic MR by directly shortening the SL diamgter of the mitral annulog adightening

bridge. The percutaneous septal sinus shortening §fsem (Ample Medical, Inc., Foster City,
CA) uses a series of magnetic catheters in order to creaiesecal connection between the GCV
behind the posterior mitral leaflet and the interatrial sepkigu(e 2G). A T-bar anchoring device
is placed within the CS/GCV and an attached suture (bridge element) is pulledhttimeleft
atrium and connected to a 35-mm Amplatzer PFO occluder (Goldexy\VEIN) already placed in
the interatrial septum. Once this connection is made between the GCV and theahse@tum,
tension can be applied to the bridge element, effectively shortening the SL diméysing an
ovine model, the investigators found that following device implantatioSlthdtameter decreased
by an average of 24% (p < 0.001) and MR was reduced to only trace amounts compared with
baseline (p < 0.001). At 30 days follow-up, the positive results were still prebentiévice has
shown early promise and a temporary device was recently implantedstria-fman study,
confirming efficacy in significantly reducing MR.

Shortening the Septal-to-Lateral Dimension of the Left Ventricle

Myocor®, Inc. (Maple Grove, MN) is attempting to alter mitegurgitation by “external”
means. Anchoring devices are placed on the outer left ventricular surfaceptalaclateral
configuration and are connected by a tethering or anchoring sutupadisas horizontally through
the left ventricle (Table 3). By applying tension to the anchoring suturegtimeegry of the
ventricle is changed. Likewise, the orientation of the mitrali#us is affected, ideally resulting in
proper leaflet coaptation. Animal studies are underway.

Conclusions

In the near future, as newer devices become available and refinement of cwiced de
occurs, we will see the advent of large clinical trials randomizing all psitieot just critically ill
ones, to either surgical or percutaneous aortic valve replacement andvatvealepair. These
trials will be burdened by trying to show equivalence between new techniques and
well-established surgical approaches. Patience, collaboration, and visibe wdkded to allow
the promise of these percutaneous methods to be fully realized.
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Table 1. Desirable Features of Percutaneous Aortic Valves

1. Functional

Large effective orifice area
Tight seal/good apposition

2. Deliverable
Low profile
Flexible
Accurate positioning
Repositionable

3. Secure

4. Retrievable

5. Durable

Table 2. Future Aortic Valve Devices

Company

Device

Advance Bioprosthetic Surface

Nitinol Cardiac Valve

AorTech International

Elast-Eon Valve

AorTx

Expandable Anchors Aortic Valve

Direct Flow Medical

Serial Annular Inflation Aortic Valve

Endoluminal Technology Resear

chunique Geometrical Design

University of Kiel

Lutter Valve

Sadra Medical

Lotus Repositionable Aortic Valve

Jena CardioTech

Aortic Valve Project

The Sorin Group

Percutaneous Valve Project

Heart Leaflet Technology

Aortic Valve Project
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Table 3. Techniques for Mitral Valve Repair

.; 1 Téc;hnology

Edge-to-Edge
E Valve
Edwards

Coronary Sinus

Edwards Viacor
Cardiac Dimensions Viking

Annulus Plication

Mitralign
Guided Delivery Systems

LV Dimension Change

Myocor
Mitralign

Septal-Lateral Shortening

Ample Medical, Inc.

Approach Status
Double Clinical
Orifice

CS .
Reshaping Clinical
Posterior '~ "¢ Pre-Clinical
Reshaping ./

External Clinical/
LA/LV Pre-Clinical
Internal - %

S-L Shortening M

Pre-Clinical
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Figure 1. Percutaneous Aortic Valves. A: Cribier-Edwards Aortic Valve; B: @ahee Aortic
Valve; C: AorTx Aortic Valve; D: Sadra Medical Aortic Vahe Direct Flow Aortic Valve.
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Figure 2. Mitral Valve Repair. A: MitraClip™ Pre- and Post-implantation; B: Mohid¥ Pre
and Post-implantation; C: Cardiac Dimensions®, Inc. Mitral Annular Constrawit®, D:
Viacor, Inc. Transcoronary Sinus Device; E: Viking Percutaneous Mitdae\ennuloplasty
Device; F: Mitralign Annular Plication Device; G: Percutaneous S&tais Shortening (PS3)
Device Implant Mode
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