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Percutaneous approaches
to aortic valve replacement

Adam M. Brodsky, MD

Aortic valvular disease is a common disorder often affecting elderly patients
with multiple comorbidities. A percutaneous approach to aortic valve
replacement would allow tfreatment of high-risk patients without exposing
them to the risks associated with surgery and cardiopulmonary bypass. Per-
cutaneous aortic valve replacement presents several challenges due to the
valve’s proximity to the coronary ostia and mitral valve. To date, 20 patients
have received percutaneous aortic valve implants with follow-up periods
ranging from 2 weeks to 8 months. Further frials are ongoing.

The most common type of aortic
valvular disease today is senile
calcific aortic disease and may
result in either stenosi's, regurgitation, or a
mixture of these. A study in 2000 by Otto
and colleagues' documented calcific aor-
tic stenosis by echocardiography in 2.9%
of adultsolder than 65 years. Rheumatic
disease continues to account for alarge
proportion of acquired valvular disease,
though itsincidence is declining.? Con-
genital malformations, such as bicuspid
aortic valve, aswell asacquired insults,
such as endocarditis, myxomatous prolif-
eration, and trauma, also contribute to the
spectrum of aortic valvular diseese.

Medicd thergpy ishelpful but unlikely to
modify the course of the disease, epeciadly
oncesymptomsor |eft ventricular dysfunc-
tion become manifest. Percutaneous bal-
loon aortic valvotomy has only alimited
roleinthetregtment of aortic genod's asthe
resultsare not durable. Surgical valvere-
placement or repair remainsthemaingtay of
definitivetrestment for both aortic stenos's
and aortic regurgitation. While surgica
therapy iseffective, it entallstherisksand
morhidity associated with cardiopulmonary
bypassand median sternotomy.

In 1999, the Society of Thoracic Sur-
geonsreported an operative mortdity rate
from isolated aortic valve replacement
(AVR) of 4.3%in>26,000 patientsand up
to 8% in >22,000 patients undergoing
combined AVR with coronary artery
bypass grafting. A recent study of 2359
patients undergoing surgical aortic valve
replacement in Sweden documented a
5.9% mortality rate at 30 days.* Higher
operativemortdity ratesof 8%t020% are
observed in patientswith concomitant | eft
ventricular failure.® Theelderly have also
been shown to have higher operative mor-
tality from surgical aortic valve replace-
ment.*¢ Because aortic stenosis and
regurgitation are diseases of the elderly,
comorhidities areafrequent concern that
may render patientsinoperableduetothe
attendant comorbid risks. A percutaneous
approach to aortic valve replacement
would, therefore, beawelcome option for
many patients.

Percutaneous valve replacement was
first performed in the pulmonary circula-
tion of pediatric patients with congential
heart defects, such astetralogy of Fallot or
pulmonary atresia. Severa yearsafter ini-
tial surgical therapy, these patientsdevel-

oped either obstruction of theright ventri-
cle(RV) to pulmonary artery (PA) conduit
and/or severe pulmonary regurgitation. In
October 2000, Bonhoeffer and coworkers’
reported thefirst percutaneoudy implanted
valved stent in the pulmonic positionina
12-year-old boy with stenosisand insuffi-
ciency of an RV-to-PA conduit. In May
2002, Bonhoeffer and colleagues® pub-
lished aseries of 8 patientswith RV-to-PA
conduit obstruction and/or incompetence
inwhomasmilar valved sent wasinserted
percutaneoudy into the pulmonic position.
At amean follow-up of 10 months, echo-
cardiography documented that al the
implanted val veswere competent.

Challenges

This early experience with percuta-
neous pulmonary valve replacement
proved the concept of transcatheter valve
insertion to betechnically feasible. How-
ever, the anatomy of the aortic valve pre-
sents several unique challenges. The
positioning of any implanted valve must
be extremely precise, asthe aortic valve
liesin close proximity to both the mitral
vaveand the coronary odtia. If thevaveis
to be placed in theanatomic position, mal-
position of theprosthesisin either direction
could result in severeacute mitral dysfunc-
tion or severe acute ischemia. One must
also decide, therefore, if placement inthe
anatomic postionisindeed the most prac-
tical approach. An adternative strategy
would beto placethevalvein the ascend-
ing aorta, distal to the coronary ogtia. This
would avoid both themitral valve and the
coronaries but might decrease coronary
perfusionif the aortic pressure contiguous
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FIGURE 1. The bovine jugular valve is sewn inside the inner, platinum stent that is fastened along the valve commissures to the outer, self-expand-
ing nitinol stent. (A) The outer, self-expanding nitinol stent; (B) the entire valved-stent assembly; (C) longitudinal view of the valved-stent assembly
with the valve open; and (D) longitudinal view of the valved-stent assembly with the valve closed. (From Boudjemline Y, Bonhoeffer P: Percuta-
neous valve implantation: Past, present, and future. Heart Views. 2002,3(2):55-60. By permission of Gulf Heart Association, Qatar.”)

with the coronary ostia (and proximal to
thevalve prosthesis) weretoo low. If the
prosthesisisnot placed in the native posi-
tion, it may be hemodynamically possible
toleavearegurgitant native aortic valvein
place; however, a stenotic native aortic
vavewould il requiredilation, ablation,
or explantation. The stent must be ade-
quately fixed in place such that stent
migration or embalization does not occur
despite high systemic pressures. Therisk
of periprocedura emboli must be address-
edaswell.

Ddlivery of the prosthesisto the aortic
position is challenging, and appropriate
vascular access must be established.
Venous access would allow easier pas-
sage of large-profile valved stents but
would entail atransseptal approach with
passage through (and possible damage
to) the native mitral valve. A transseptal
approach would, however, allow ante-
grade crossing of the native aortic valve,
which, compared with retrograde cross-
ing, may allow easier and more precise
placement of the prosthesis due to less
motion of thelarge delivery system dur-

ing the cardiac cycle. Arterial access
would allow direct retrograde crossing of
the native aortic valve without the need
for transsepta puncture and would avoid
potential damageto themitral valve; how-
ever, it would requirealow-profile system
if surgical vascular accessand repair isto
beavoided.

Animal models

In 1992, Anderson and colleagues’
published the first reports of percuta
neoudy implanted aortic valvesin animal
modelsusing porcinevalvesin aporcine
model; and Pavcnik and colleagues®
reported using artificial ball-in-cage
valves in a canine model. The porcine
valveswere sutured inside stainless steel
stentsthat were placed successfully inall
cases; however, in 3 out of 7 pigs, the
coronary arteries were obstructed. The
ball-in-cage valves were placed success-
fullyinal cases, althoughin 3 of 12 cases,
the ball embolized through the cageinto
theascending aorta.

In 2001, Boudjemline and Bonhoeffer
described the implantation of aprosthetic

aorticvalveinto alamb. Thevalve pros-
thesis, initialy used for percutaneous pul-
monic vave replacement, was composed
of asection of bovine jugular vein con-
taining a native venous valve that was
sewn into a platinum stent. A section of
the venous wall was excised between
each of the commissureson theaortic Sde
of thevalveto alow room for coronary
perfusion. The stent was fashioned with
hooksto assure stahility oncein placeand
to decreasetherisk of stent migration. The
valved stent was placed retrograde from
the carotid artery into the native position
using a 20F delivery system. The im-
planted valve continued to function nor-
mally as documented by transesophagea
echocardiography at 2 weeks, and the
lamb remained healthy throughout the
4-week follow-up period.

In February 2002, Boudjemline and
Bonhoeffer’? described their techniquein
more detail in aseries of 12 lambs. This
wasashort-term study inwhich thelambs
werekilled and thevavesexplanted 1 hour
after implantation. Thelambsweredivided
into 3 groups with a different technique
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used in each group. Inthefirst group, the
valved stent was placed inthe descending
aorta after creating severe aortic insuffi-
ciency by piercing one of the native aortic
valveledfletswith atranseptal needleand
then dilating thelesflet with an 18-mm bal-
loon. Valve placement and function was
uniformly successful in this group, with
normal pressuresdista tothevalveand a
40 mm Hg gradient acrossthevaveduring
diastole. Inthe second group, thevavewas
implanted inthe native position. All lambs
died suddenly in thisgroup dueto malposi-
tion of the valve, which caused coronary
ischemiaor severe mitral regurgitation, or,
in one case, valve embolization into the
ascending aorta. In the third group, the
vavewasdsoimplanted inthe native pos-
tion, but a self-centering technique was
used to assure proper adignment of the new
valve commissures with the native com-
missures, thusavoiding coronary obstruc-
tion and assuring proper valve placement.
This was accomplished by placing the
vaved gent inside asel f-expanding nitinol
stent while securing the 2 stents together
only along the progthetic vave' scommis-
suresand not dongitslesflets. Thus, when
the self-expanding nitinol stent wasuncov-
ered invivo, the sectionsaong thelegflets
expanded whileleaving the sectionsaong
the commissures tethered to the unex-
panded platinum stent containing thevave
prosthesis. The sections of expanded niti-
nol stent were then positioned within the
sinusesof Vasava, assuring that the new
lesfletswere exactly digned with the native
leaflets. Then the inner valve-containing
stent was expanded, deploying thestent in
the native position. Theexcised sections of
venouswall would thenlieexactly inline
withthe coronary ogtia. The native aortic
valve ledflets were thus sandwiched
between the 2 stents and fixed against the
aorticsidewall (Figure 1®). Inthisgroup,
al valveswere deployed successfully and
angiography documented no mitral
impingement and no coronary obstruction.
Thecorrect positioning of thenitinol outer
stent and the platinum inner stent with
respect to the native aortic valve and coro-
nary arterieswasverified grosdy after the
lambs were killed and the valves were
explanted.

In April 2002, L utter and colleagues*
described 14 pigsinto which either cadav-
eric porcineaortic valvesor porcine peri-
cardid vaveswere placed percutaneoudly.
Thevalveswere sewn inside self-expand-
ing nitinol stents, and hookswere used to
anchor the stents in position. The stents
ranged in length from 21 to 28 mm. To
preserve coronary perfusion, the valved
stents were not positioned in the native
aortic position, but rather wereimplanted
in either asubcoronary positionin theleft
ventricular outflow tract, asupracoronary
position in the ascending aorta, or inthe
proximal descending aorta. Technicd fail-
ureoccurredin2 pigsduetotwisting of the
delivery assembly in the ascending aorta.
Ancther pig died from ventricular fibrilla-
tion during the procedure. Theremaining
11 pigs had successful implantations. The
pigs were observed for approximately
2.5 hours and were then killed and the
valves explanted. Minor paravavular
leakage was documented by echocardiog-
raphy in1animal in each group. Onevave
inthe supracoronary position was placed
too crania and wasfound to obstruct bra-
chiocephdic outflow; another migrated 2 to
3mmtoward the aortic arch after implanta-
tion. Onevaveinthesubcoronary position
wasfound at explantation to have throm-
bus present between the stent and the | eft
ventricular outflow tract. All valveswere
competent with normal pressures docu-
mented by angiographic and echocardio-
graphic measurements. Thisstudy high-
lighted the limitations of nonanatomic
positioning, including brachiocephalic
obstruction, stent migration, and stent mal-
gppositionleading to thrombusformation.

In July 2002, Boudjemlineand Bonho-
effer’s reported their results after they
placed abovinejugular valved stent into
the descending aortas of 8 lambs. The
lambs had aortic regurgitation induced by
transseptal puncture of a native aortic
vaveledflet followed by baloon dilation.
Half the group had severe regurgitation
induced using an 18-mm balloon and half
had mild regurgitation induced using a
10-mm balloon. All the animals with
severeaortic regurgitation died within the
first 24 hours. All valveswereimplanted
successfully and were found to be compe-

tent in early evaluation. The explanted
vavesfrom theanimalswith severe aortic
regurgitation werealso all found to func-
tion normally. Because the implanted
vaveswerefunctional, but located distal
tothe coronaries, the coronary perfusion
pressure, which wasinitially low dueto
the severe aortic insufficiency, likely
remained quitelow even after the compe-
tent prosthetic valvewasimplanted. This
acute and persistent drop in coronary per-
fusion pressure, while not measured in this
study, likely contributed to these early
deaths. The animalswith mild regurgita-
tion survived for the entire 3-month study
period and were noted to be asympto-
matic. Prosthetic valvular function was
normal at 1 and 2 months, asdocumented
by angiography. However, at 3months, the
native aortic valvelegflet had heded indl
of thelambswithinitially mild regurgite-
tion, and the prosthetic valves had all
becomeincompetent. The explanted pros-
thesesfrom these animal s showed intimal
proliferation that had impeded their func-
tion. The authors noted that they had
obtained similar resultsin the pulmonary
circulation.® They concluded that pros-
thetic valves that are hemodynamically
unnecessary and in which thereis not at
least minimal back flow during diastole
will become coveredin neointimal tissue,
eventually rendering them incompetent.**

Human trials

In December 2002, Cribier and col-
leagues'” described the first human
implantation of aprosthetic aortic valve.
The patient wasa57-year-old manwith a
history of chronic pancregtitis, lung can-
cer, ashestosis, and severe periphera arte-
rial disease who had presented in cardio-
genic shock dueto severe calcific aortic
stenosiswith abicuspid aortic vave. Bal-
loon aortic valvul oplasty was performed
initialy with transient improvement;
however, the patient deteriorated over the
next week. The reported gjection fraction
was <20%, and the systolic blood pres-
sure remained approximately 70 mm Hg,
despite multiple vasopressors. A pros-
thetic aortic val ve fashioned from bovine
pericardiumand sewninto astainlessstedl
stent was placed in the native position. In
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FIGURE 2. (A) Equine pericardial valve sewn inside stainless steel stent. (B) Deployment of the valved stent into native position. (C and D) Angiog-
raphy shows unobstructed coronaries. (E and F) Valve at autopsy showing unobstructed coronary ostia. Areas of stent wall nonapposition causing
perivalvular regurgitation may also be seen. RCA = right coronary artery; LM = left main coronary artery. (Images reprinted with permission from
Cribier A, Eltchaninoff H, Tron C, et al. Early experience with percutaneous transcatheter implantation of heart valve prosthesis for the treatment

of end-stage inoperable patients with calcific aortic stenosis. J Am Coll Cardiol. 2004,43:698-703.%)

contrast to the study by Lutter and col-
leagues* inwhich stentsranging in length
from 21 to 28 mm were used, Cribier
and colleagues” used a shorter 14-mm
stent to minimize the risk of coronary
obstruction while alowing placement of
the valved stent in the native position.
The patient’s severe peripheral arterial
disease precluded passage of the large
delivery system arterialy, therefore
femoral venous access was established
using a 24F sheath. A guidewire was
placed across the interatrial septum,
which was then dilated with a 10-mm
balloon, allowing antegrade crossing of
the native aortic valve. Femoral arterial
access was also established, and the
guidewire was snared and externalized
through the arterial sheath. Angiography
documented normal function of the
prosthesis and no coronary obstruction.
Transesophagea echocardiography re-
vead ed moderate perivalvular regurgita-
tion through an area of nonapposition

between the stent and one of the heavily
calcified native aortic commissures.
Follow-up transesophageal echocardi-
grams obtained at weeks 1, 4, 7, and
9 documented normal valve function
with stable paravalvular regurgitation.
The patient died 17 weeks after valveim-
plantation due to sepsis after an above-
the-knee amputation necessitated by
progressive peripheral ischemia

In February 2004, Cribier and col-
leagues'® reported a series of 6 additional
patients in whom percutaneous aortic
valve replacement was performed. The
patientsranged inagefrom 57 to 91 years,
had severe cdlcific aortic stenosis, had
been declined surgery due to multiple
comorbidities, and had New York Heart
Association functional class|V conges-
tive heart failure. Asin the patient from
the December 2002 report, thevave pros-
theses were implanted using a venous,
transseptal approach. Right ventricular
pacing was performed briefly at ratesup

to 220 beats per minute during balloon
inflation to temporarily reduce cardiac
output and allow for more stable and pre-
cise positioning of the valved stent. The
valve used in these patients was com-
posed of equine pericardium sewnintoa
gsainlesssted stent (Figure2*®). Therewas
1 procedural death dueto prematuredis-
lodgement of the valved stent from the
delivery system with embolization into
the ascending aorta. This patient had
undergone prior balloon valvuloplasty,
which was complicated by a valve tear
that caused severe aortic regurgitation. In
2 other patients, the guidewirewas unin-
tentionally straightened as it passed
through the mitral valve toward the left
ventricular outflow tract, causing damage
tothemitral valveand severemitral regur-
gitation. Inall cases, angiography showed
unobstructed coronaries and revealed an
average mean gradient acrossthe prosthe-
sis of only 5.6 mm Hg. Two patients
required transient cardiopulmonary resus-
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Table 1. Patient outcomes in Cribier study*®
Ejection
Mean gradient Aortic fraction (%)*
(mm Hg)* regurgitation™  Preimplant/
Patient Age(y) Sex Comorbidities  Pre/postimplant Pre/postimplant Follow-up Outcome
1 57 M Severe PAD, 35/8 0/1 10/22 Died at 18
lung cancer s/p weeks, after
left lobectomy, leg amputation
silicosis, chronic
pancreatitis
2 80 M Severe AR, — — — Died during
recent stroke, procedure
CRI, asbestosis,
prostate cancer
3 91 M Pacemaker, 56/6 2/3 29/40 Died at 4 weeks
decubitus ulcers of acute
abdominal
syndrome
4 63 M Rectal adeno- 30/4 0/1 28/42 Died at 2 weeks
carcinoma, severe of rectal
COPD, CRF hemorrhage
5 80 F HTN, breast cancer 38/6 1/1 34/53 Alive
with lung and bone
metastases, COPD,
kyphoscoliosis
6 7 M IMI, stroke, CRF 31/13 2/3 19/48 Alive
Table data from Cribier A, Eltchaninoff H, Tron C, et al. Early experience with percutaneous transcatheter implantation of heart valve prosthesis for the
treatment of end-stage inoperable patients with calcific aortic stenosis. J Am Coll Cardiol. 2004;43:698-703.*
* Follow-up measurement of mean gradient and ejection fraction performed at 2 weeks in patient 3 and at 4 weeks in patients 1, 4, 5, and 6.
T Post-implant assessment of AR performed immediately after implantation.
AR = aortic regurgitation; PAD = peripheral arterial disease; CRI = chronic renal insufficiency; COPD = chronic obstructive pulmonary disease;
CRF = chronic renal failure; HTN = hypertension; IMI = inferior myocardial infarction.

citation during balloon inflation. Three
patients died of noncardiac causes at
weeks 2, 4, and 18. Theremaining 2 pa-
tientswere reported to be alive and clini-
caly stable at 8 weeks. In al cases,
follow-up echocardiography showed nor-
mally functioning valve prostheses and
only mild interatrial shunting. Varying
degreesof perivalvular regurgitation were
observed indl cases(Table 1*). Theanti-
coagulation regimen consisted only of
aspirin and Plavix (Bristol-Myers Squibb/
Sanofi Pharmaceutica s Partnership, New
York, NY); heparin or low-molecular-
weight heparin were only used briefly
while patientswerein the hospital.

To date, areported total of 20 patients
have undergone percutaneous aortic valve
replacement with the equine pericardial
vaved stent. Thirteen valves have been
implanted using the transseptal, antegrade
approach, and 7 have been performed
using an arterial, retrograde approach.

Therehave been 3technical failures utiliz-
ing the retrograde approach. Two proce-
dure-rel ated deaths have been reported in
addition to the 1 deeth reported in the Feb-
ruary 2004 article. All reported nonproce-
durd deaths have been dueto noncardiac
causesat timesranging from 1to4 months.
Thelongest follow-up to dateis8 months®®

Future directions

Further tridsare ongoing, including the
single-center I-REVIVE tria, which
hopesto study short- and long-term clini-
ca outcomes of percutaneous aortic valve
replacement in patientswho are not surgi-
cal candidates.® Bonhoeffer and col-
leagues® hopeto begin human triasinthe
United Statesin May 2005. In addition,
several companiesare developing valves
for percutaneous placement in the aortic
position, including NuMed Inc. and Pal-
maz/Bailey.? Core Vaveisaso develop-
ing apercutaneously delivered valvefor

the aortic position that will be mounted
inside aself-expanding stent. Core Valve
has deployed thisstent in 21 anima sand
hopesto beginaninitid feasibility trid in
humans.” Percutaneous Valve Technol o-
gies, thecompany that initially developed
the equine pericardial valve used in the
studiesby Cribier and coworkers,**° was
recently acquired by Edwards Life-
sciences (Irvine, CA). They are continu-
ing development and hope to have a
Humanitarian Device Exemption from
the Food and Drug Administration (FDA)
by the end of 2005 and FDA approval by
late2007.

Conclusion

Several important lessons can be
learned from thefirst reported patientsand
from the preceding animal studies. First,
with ashort stent and with proper position-
ing, it is possible to avoid coronary and
mitral impingement. Second, the transsep-
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tal antegrade approach and the arterid ret-
rograde approach are both feasible, though
each has its own risks and limitations.
Third, full apposition of the stent within
the native eortic annulusisdifficult, if not
impossible, to achieve in a severely
stenotic aortic valve; therefore, some
degreeof perivavular regurgitation should
be expected. Fourth, native valves with
both severe senosisand severeregurgita
tion may carry ahighrisk of embolization
of the stent prior to balloon inflation dueto
theturbulent flow-reversal seenin severe
aortic regurgitation. Fifth, reduced coro-
nary perfusion pressure may mandate the
placement of valved stentsin the native
position below the coronary arteries, even
in cases of pure aortic regurgitation when
placing theimplant in an dternate location
and leaving the native regurgitant valve
intact might not otherwiseinterfere hemo-
dynamically with systemic perfusion.
Long-term follow-up dataregarding the
durability of thevalved stent, the optimal
antithrombotic regimen, and the possibil-
ity of late migration or embalization have
yet to bepublished.

Whiledtill far from mainstream practice,
percutaneous aortic vave replacement
appearsto be apromising new treatment
that may offer new hope to patients who
otherwisemight havefew options.
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