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alve-in-Valve Implantation Using a Novel
upravalvular Transcatheter Aortic Valve:
roof of Concept
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Background. Transcatheter valve implantation within
egenerated bioprostheses is a potentially promising

reatment for high-risk surgical patients. Clinical experi-
nce is limited; however, we have shown in vitro that
urrently available transcatheter aortic valve sizes did
ot provide acceptable hemodynamics in small biopros-

heses. The objective of this study was to develop a new
ranscatheter valve that would provide good hemody-
amics within degenerated bioprostheses.
Methods. Supravalvular transcatheter valves were cre-

ted using a Dacron covered stainless steel stent at the base
nd trileaflet pericardial leaflets in an open stent above the
ioprosthesis. The transcatheter valves were implanted
ithin 19-, 21-, and 23-mm Carpentier-Edwards Perimount
ioprostheses with simulated degeneration using BioGlue

o achieve a mean pressure gradient of 50 mm Hg. Hemo-
ynamics of valve-in-valve implantation were studied in a

ulse duplicator.
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Results. Supravalvular transcatheter valves successfully
elieved bioprosthetic stenosis. Acceptable hemodynamics
ere achieved with a significant reduction in mean
ressure gradient of 54.0 � 3.5 to 9.2 � 6.3 mm Hg in
3-mm bioprostheses (p < 0.001), from 49.3 � 3.1 to 14.4 �
.7 mmHg (p < 0.001) in 21 mm, and from 53.9 � 3.8 to
8.3 � 9.8 mm Hg (p � 0.013) in 19-mm bioprostheses.
ffective orifice area after valve-in-valve implantation

ncreased significantly and was comparable to rereplace-
ent with the same size bioprosthesis.
Conclusions. Valve-in-valve implantation was per-

ormed using a novel supravalvular transcatheter valve,
hich successfully relieved bioprosthetic stenosis. The
emodynamics were comparable with standard surgical
alve replacement. Further studies are required to assess
evice safety and efficacy in patients.

(Ann Thorac Surg 2009;88:1864–70)

© 2009 by The Society of Thoracic Surgeons
he feasibility of transcatheter aortic valve (TAV) im-
plantation within degenerated bioprostheses has

ecently been demonstrated [1–4]. Although valve-in-
alve (VIV) results are encouraging, clinical experience
emains limited [1–3]. We have previously shown hemo-
ynamic complications from implantation of currently
vailable TAVs within small-size normal bioprostheses
n in vitro experiments [5]. Successful VIV implantation
as achieved only when the TAV matched the biopros-

hetic size. The oversized TAV was constrained by the
igid bioprosthesis, resulting in TAV stenosis. The TAV
as anchored inside the bioprosthesis and could not be
ilated beyond the bioprosthetic annulus. Thus, one
oncern of using TAVs within small bioprostheses is that
he effective orifice area may be reduced significantly,
articularly when compared with surgical valve replace-
ent of equal size.
We hypothesized that a possible solution to achieve

etter hemodynamics of TAVs within bioprostheses is to
evelop a supravalvular TAV where the valve within the

ccepted for publication Aug 4, 2009.

ddress correspondence to Dr Tseng, Division of Cardiothoracic Surgery,
AV stent is situated above the bioprosthesis (Fig 1). As
result, the TAV is not constrained by the bioprosthesis

nd a larger valve can be deployed above the biopros-
hesis to enhance hemodynamics. The objective of this
tudy was to determine the feasibility and efficacy of
upravalvular TAVs in degenerated bioprostheses.

aterial and Methods

upravalvular TAVs
he custom designed supravalvular TAV consists of a
tainless steel stent covered with Dacron (DuPont, Wil-
ington, DE) that sits within the bioprosthesis and a

alve within an open stent situated above the biopros-
hetic posts (Fig 2). To study the efficacy of VIV implan-
ation, six 23-mm supravalvular TAVs were made for
mplantation within 19-, 21-, and 23-mm Carpentier-
dwards Perimount Magna (Edwards Lifesciences, Ir-
ine, CA) bioprostheses (n � 3 of each bioprosthetic size).
ach supravalvular TAV was reusable and functioned
ell after removal, recrimping, retesting hemodynamics,

nd reimplantation in a smaller bioprosthetic size.
Three trapezoidal-shaped leaflets (22.5- and 23.5-mm
arallel sides, and 15-mm height) were cut from a flat

0003-4975/09/$36.00
doi:10.1016/j.athoracsur.2009.08.004
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iece of bovine pericardium (Edwards Bovine Pericardial
atch, Edwards Lifesciences). The lateral sides of the 3

eaflets were sutured together to create commissures.
he base of the leaflets was sutured to a Dacron sheet

69 � 23 mm) at a height of 15 mm using 6-0 polypro-
ylene running suture. Thus, 15 mm of the base of the
acron sheet was below the valve.
A customized cylindrical stainless steel stent (W.L.
ore and Associates, Flagstaff, AZ), 30-mm height, was
ilated to an external diameter of 23 mm. The leaflets and
acron sheet were secured within the stent. The 3

ommissures were anchored at the top of the stent with
-0 polypropylene interrupted stitches. The Dacron cyl-
nder was attached to the stent at each metal intersection
sing 5-0 polypropylene interrupted stitches (Fig 2).

ig 1. Drawing shows a supravalvular transcatheter aortic valve
ithin a degenerated bioprosthesis.
egenerated Bioprosthetic Valves
cquiring explanted degenerated bioprostheses from
atients would be unpredictable with respect to pressure
radients as well as bioprosthetic valve sizes, and it
ould be difficult to achieve the quantity of each size

ufficient for statistical analyses at one institution. There-
ore, a reproducible model to simulate degeneration of
ormal bioprostheses was developed to investigate VIV
emodynamics. The model provided consistent transval-
ular pressure gradients and reflected the in vivo pathol-
gy of the calcified valve.
To simulate calcification, the most frequent mode of

ailure in pericardial bioprostheses, BioGlue (CryoLife,
nc, Kennesaw, GA) was applied to the leaflets of normal

ig 3. A 21-mm degenerated bioprosthesis in which BioGlue was
sed to simulate calcification.

Fig 2. Supravalvular transcatheter aortic
valves are shown in (A) top and (B) side
views.
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ioprostheses to stiffen the leaflets and imitate calcifica-
ion [6]. An additional sheet of pericardium was needed
o maintain BioGlue adherence and prevent dislodge-

ent during balloon predilatation of the bioprosthesis
efore TAV implantation. Although various epoxy and
ommercial glues were used, BioGlue was most effective
t simulating degeneration.
Three pieces of Edwards Bovine Pericardial Patch were

ut in half-circles with the same diameter as that of the
eaflet’s free edge. Each piece of pericardium was sutured
o 1 of the 3 leaflets of the bioprosthesis on the aortic side
y a polypropylene 6-0 running suture along the circular
art of the piece, from the bottom of the bioprosthesis
inus to the commissure. No sutures were made on the
ree edge of the leaflet bioprosthesis in order to create a
ocket for the BioGlue. Approximately 2 to 3 mL of
ioGlue was then injected into the pockets to reach the
esirable pressure gradient (Fig 3). A mean bioprosthetic
radient of 50 mm Hg was set as the goal based on
chocardiographic data of degenerated aortic biopros-
heses [7, 8]. The bioprosthetic degeneration model re-
roduced the hemodynamics of a patient with severe
ioprosthetic aortic stenosis.

ulse Duplicator System
n in vitro study provides a consistent and well-

ontrolled environment to examine VIV hemodynamics.
he valves were tested at room temperature in a custom-
uilt pulse duplicator system developed for TAV implan-

ation (Vivitro Systems Inc, Victoria, BC, Canada). This
ystem is a pulsatile-flow model of the left side of the
eart and systemic circulation. Heart rate, blood pres-
ure, and cardiac output were used as control variables
or the waveform generator controlling a servo pump.
ach stroke of the pump’s piston changed the pressure
urrounding a compliant silicone left ventricle, causing
jection through the aortic valve. A recirculating fluid of
6% by volume glycerin solution in normal saline solu-
ion was used as a blood analogue fluid, which mimicked
lood viscosity at 37°C when tested at room temperature.
he physiologic circulation was simulated through vis-
oelastic ventricular contraction, blood-simulating fluid,
nd control of local compliance and peripheral resistance
9–11]. Pulse duplicator input variables were used to

atch International Organization for Standardization
ISO) 5840 and Food and Drug Administration standards
or testing heart valves: heart rate of 70 beats/min, 35%
ystolic duration of cycle period, mean atrial and aortic
ressures of 10 and 100 mm Hg, and cardiac output 5
/min [12, 13]. These hemodynamic variables were main-

ained constant throughout the study.

emodynamic Measurements
alve hemodynamics were evaluated with three vari-
bles: effective orifice area, mean pressure gradient, and
egurgitant volume. Pressure was measured in the left
trium, left ventricle, left ventricular outflow tract, and
scending aorta with strain gauge pressure transducers
Cobe Laboratories Inc, Lakewood, CO). An electromag-

etic flowmeter (Carolina Medical Electronics Inc, Old- S
own, NC) was used to measure the aortic valve flow rate
nd the regurgitant volume. Effective orifice area within
he TAV was then calculated using the Gorlin equation.
egurgitant fraction was also calculated, defined as the
ortic retrograde flow divided by systolic ejection flow.
wo-dimensional echocardiography (ACUSON Sequoia
256, Siemens Medical Solutions USA, Inc, Malvern, PA)
as used to identify leakage and leakage location and to

ssess valve opening and closing processes.

ata Acquisition and Analyses
o study the efficacy of VIV implantation, the following
xperiments were conducted in the pulse duplicator:
irst, supravalvular TAVs were tested alone in the
ulse duplicator to determine the efficacy of the TAV
efore implantation. Data acquisition was run over 10
onsecutive cardiac cycles, and transvalvular pressure
radient, regurgitant volume, and effective orifice area
ere determined. Then, a normal Carpentier-Edwards
ERIMOUNT aortic bioprostheses was tested to obtain a
emodynamic baseline. Subsequently, the same sized
egenerated Carpentier-Edwards PERIMOUNT aortic
ioprostheses was tested in the pulse duplicator. Finally
fter balloon predilation of the degenerated bioprosthe-
is, the supravalvular TAV was implanted within the
ioprosthesis. Measurements were performed for three
ioprosthetic valve sizes (19, 21, and 23 mm; n � 3 of each
ioprosthetic size). Hemodynamic measurements were
ompared using a one-way analysis of variance
ANOVA). Reported values are quoted as mean � stan-
ard deviation and statistical analyses were performed
sing MATLAB 7.0 software (Natick, MA).

esults

he 23-mm supravalvular TAVs made in the laboratory
ad a mean pressure gradient of 5.2 � 3.7 mm Hg and an
ffective orifice area of 2.5 � 0.7 cm2 when tested alone
n the pulse duplicator. Normal Carpentier-Edwards
ERIMOUNT bioprostheses were tested in the pulse
uplicator to compare VIV hemodynamics with standard
urgical aortic valve replacement. A summary of hemo-
ynamic results from the normal Carpentier-Edwards
ERIMOUNT bioprostheses is presented in Table 1.
ioprostheses with simulated degeneration achieved the
esired gradient, mean pressure gradient was 53.9 � 3.8

able 1. Hemodynamic Characteristics of Normal
arpentier-Edwards PERIMOUNT Bioprosthesis

ormal
ERIMOUNT
ioprosthesis

Mean
Pressure
Gradient,
mm Hg

Effective
Orifice

Area, cm2
Regurgitation

Fraction, %

Mean � SD Mean � SD Mean � SD

9 mm 16.2 � 2.2 1.28 � 0.10 6.1 � 1.1
1 mm 11.8 � 1.9 1.52 � 0.13 8.2 � 2.0
3 mm 5.7 � 0.9 2.18 � 0.17 8.4 � 1.8
D � standard deviation.
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mHg in 19 mm, 49.3 � 3.1 mm Hg in 21 mm, and 54.0 �
.5 mm Hg in 23 mm valves (Fig 4A). The 23-mm
upravalvular TAV reduced mean pressure gradient sig-
ificantly for all degenerated bioprostheses (Fig 4A). In

he 23-mm degenerated bioprostheses, mean pressure
radient decreased significantly from 54.0 � 3.5 to 9.2 �
.3 mm Hg (p � 0.001). Furthermore, a significant reduc-
ion in the mean pressure gradient was observed after
3-mm supravalvular TAV implantation in the 21-mm
49.3 � 3.1 to 14.4 � 4.7 mm-Hg, p � 0.001) and in the
9-mm degenerated bioprostheses (53.9 � 3.8 to 28.3 �
.8 mm-Hg, p � 0.013).

The 23-mm supravalvular TAV significantly increased
he effective orifice area of all degenerated bioprostheses
Fig 4B). Effective orifice area increased from 0.70 � 0.02
o 1.87 � 0.55 (p � 0.021) in the 23-mm degenerated
ioprostheses, from 0.74 � 0.02 to 1.39 � 0.22 (p �0.007) in
1-mm, and from 0.70 � 0.02 to 1.00 � 0.14 (p � 0.024) in
9-mm degenerated bioprostheses.
However, regurgitant fraction also increased signifi-

antly in all bioprosthetic valves after 23-mm supraval-
ular TAV implantation (Fig 4C). Regurgitant fraction of
upravalvular TAVs at baseline was determined in the
ulse duplicator and found to be 12.58% � 0.77%. Two-
imensional echocardiography assessment of the valve
howed that the leakage was mainly paravalvular. After
IV implantation, regurgitant fraction increased signifi-

antly, from 4.34% � 1.36% to 17.09% � 1.65% (p � 0.001)
n 19-mm bioprosthesis, from 4.82% � 1.61% to 16.86% �
.35% in 21-mm bioprostheses (p � 0.020), and from
.87 � 1.81% to 20.58 � 3.51% (p �0.001) in 23-mm
ioprostheses.
VIV hemodynamics for each bioprosthetic size were

ompared with hemodynamics of normal Carpentier-
dwards PERIMOUNT bioprostheses to compare VIV

herapy with surgical rereplacement with equivalently
ized bioprostheses. Supravalvular TAV reduced mean
ressure gradient to 9.2 � 6.3 mm Hg in the 23-mm
egenerated bioprostheses, which was not significantly
ifferent than the mean pressure gradient of 5.7 � 0.9 mm
g (p � 0.422) for normal 23-mm PERIMOUNT biopros-

heses. Similarly, VIV mean transvalvular gradient of
4.4 � 4.7 mm Hg in 21-mm bioprostheses was not
ignificantly different than the 11.8 � 1.9 mm Hg (p �
.306) of normal 21-mm PERIMOUNT bioprostheses,
ven in 19-mm bioprostheses, although the obtained VIV
ean pressure gradient of 28.3 � 9.8 mm Hg was higher

han that of the normal 19-mm PERIMOUNT bioprosthe-
es (16.2 � 2.2 mm Hg), the difference was not statistically
ignificant (p � 0.056).

omment

his study describes a supravalvular TAV designed for
reatment of bioprosthetic degeneration. Although cur-
ent transcatheter aortic valves have demonstrated en-
ouraging results for a 21-mm PERIMOUNT and 23-mm

itralflow bioprosthesis, published clinical experience
emains limited [1–3]. We have previously shown that the

urrent Edwards SAPIEN intravalvular TAV design re- v
ulted in unacceptable hemodynamics within small nor-
al bioprostheses in in vitro studies, particularly the

9-mm size [5]. The fundamental principle of our supra-
alvular design is to move the valve leaflets above the
ioprosthesis to avoid constraining the size of the valve
y the bioprosthetic annulus and stent posts. A Dacron-
overed stainless stent within the degenerated biopros-
hesis would yield the maximum circular orifice area
chievable within the bioprosthesis and minimize para-

ig 4. (A) Mean transvalvular pressure gradient of bioprostheses
efore and after transcatheter aortic valve (TAV) implantation (*p �
.02). (B) Effective orifice area of bioprostheses before and after TAV
mplantation (*p � 0.025. (C) Regurgitant volume of bioprostheses
efore and after TAV implantation (*p � 0.02). Mean data are pre-
ented with the standard deviation (error bar).
alvular leakage, while the valve leaflets within the open
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tent above would allow flow into the coronary orifices.
n this study, we examined the hemodynamics of our
upravalvular TAV within pericardial bioprostheses de-
enerated using BioGlue in a pulse duplicator setup.
Hemodynamic performance of 23-mm supravalvular

AVs was studied within Carpentier-Edwards pericar-
ial bioprostheses. The supravalvular TAV successfully
elieved the bioprosthetic stenosis in all three biopros-
hetic sizes. The obtained VIV transvalvular gradients
ere comparable with standard surgical valve replace-
ent of equivalent size. For a 19-mm degenerated bio-

rosthesis, however, a lower pressure gradient can be
xpected from surgical aortic valve replacement with a
9-mm valve. The corresponding difference in effective
rifice area of 1.00 cm2 for VIV in a 19-mm bioprostheses
s 1.28 cm2 for rereplacement with a 19-mm bioprosthe-
is may or may not have significant clinical effect depend-
ng on the patient’s body surface area and comorbidities
hat affect the risk/benefit ratio of open and minimally
nvasive procedures.

VIV implantation in these circumstances could still
enefit nonsurgical and very high-risk patients. Careful
linical judgment regarding the surgical risks of reopera-
ive valve replacement and the severity of dysfunction of
he degenerated bioprosthesis should be taken into ac-
ount before decisions are made between an operation
nd VIV implantation in these instances. Overall, our
upravalvular TAVs demonstrated good hemodynamics
ithin small-sized degenerated bioprostheses and were

ffective in relieving bioprosthetic stenosis.
A potential complication not encountered with sur-

ical rereplacement with a bioprosthesis was the
ncrease in regurgitation with VIV implantation. Re-
urgitant volume increased significantly after implan-
ation of 23-mm supravalvular TAVs in all three bio-
rostheses. The leak was mainly paravalvular, which
as assessed using 2-dimensional echocardiography.

ntravalvular leak, which was caused by incomplete
oaptation of leaflets, was also observed in the 19-mm
ioprosthesis. The top portion of the supravalvular
AV could not be fully expanded in the 19-mm bio-
rosthesis because the lower portion was tightly con-
trained by the small size bioprosthesis. Therefore, the
AV leaflets were distorted because of an excess of

ig 5. (A) A 23-mm supravalvular transcathe-
er aortic valve (TAV) implanted within a
1-mm bioprosthesis. (B) A 23-mm supraval-
ular TAV implanted within a 19-mm
ioprosthesis.
ericardial tissue relative to the stent orifice area (Fig
). A more flexible stent design using a nitinol stent in
he supravalvular portion may facilitate the expansion
f the supravalvular TAV and improve hemodynamics.
aravalvular leak has similarly been a problem for
linical implantation of Edwards SAPIEN TAV within
ative stenosed aortic valves [14, 15].
The risks of reoperative valve procedures may have to

e weighed against an imperfect result with VIV, where
emodynamic stenosis is relieved with some degree of
ortic regurgitation. Owing to the irregularity of the
anding zone in both bioprosthetic and native aortic
tenosis, complete coaptation of the TAV stent to the
ioprosthesis or native annulus would not be expected
nd some degree of paravalvular leakage would be
xpected.
The VIV prostheses were stable and no TAV migration
as observed. Placing a larger valve above the biopros-

hesis helped to avoid any TAV displacement, especially
uring the diastolic phase where the dominant drag force
as applied to TAV [16, 17]. Furthermore, because the

ower portion of the stent was to hold the TAV within the
ioprosthesis and the valve was located above the bio-
rosthesis, no TAV leaflet distortion or traumatic injury

o the leaflets by calcification was observed within the 21-
nd 23-mm bioprostheses. Zegdi and colleagues [18]
escribed such leaflet distortion during TAV implanta-

ion within native aortic valves.
The next step for determining the effect of the supra-

alvular TAV on bioprosthetic stenosis is to document
he effect of this design on coronary flows after implan-
ation. It is unknown whether movement of the valve
bove the bioprosthesis improves hemodynamics but
dversely affects coronary flows. The height of the sup-
avalvular TAV in relation to the height of the aortic
inuses is crucial for successful implantation of the
3-mm supravalvular TAV. Ideally, the supravalvular
ortion remains within the sinus; however, if it extends

nto the ascending aorta, the diameter of the ascending
orta above the sinuses is also a critical variable. The
upravalvular TAV completely within the aortic sinus or
maller in diameter than the ascending aorta if extending
o the ascending aorta should not obstruct coronary flow
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ecause the open stent would allow blood flow through
he stent during valve closure.

In some patients, the coronaries reside close to the
owing cuff of the bioprosthesis or near the stent posts.
ecause the bioprosthetic cuff and stent posts constrain

he TAV expansion in this region, we hypothesize that
he covered Dacron stent would not obstruct the coro-
aries unless the degenerated bioprosthetic leaflets

hemselves had sufficient bulky calcification to obstruct
ow lying coronaries. The open valve stent of the TAV
bove the bioprosthesis expanded to full 23-mm size
ould allow flow into the sinus and coronaries during
iastole while maximizing orifice area, particularly in
mall sized bioprostheses.

The effect of this design in altering the amount of
oronary flow during diastole and pattern of flow should
e studied not only experimentally but computationally.
recise echocardiographic measurement is required to
etermine the size of the ascending aorta and sinuses
efore TAV implantation. Future in vitro pulse duplicator
nd in vivo animal studies are required to address the
ffect of supravalvular TAV on coronary flow before
afety trials in humans.

The primary limitation of the study is that the biopros-
hetic valves used in our experiments were not degener-
ted and we used BioGlue to simulate calcification. TAV
mplantation within degenerated bioprosthesis could be

ore complicated due to leaflet calcification, stent defor-
ation, or pannus. Although we cannot directly extrap-

late our results to clinical practice, our in vitro study
uggests that the 23-mm supravalvular TAV provides
cceptable hemodynamics in 19-, 21-, and 23-mm degen-
rated bioprostheses. The regurgitant volume for VIV
as higher than for a bioprosthesis, but the pressure
radient and effective orifice area were comparable with
urgical valve replacement. The paravalvular leakage
ay have arisen from various sources, such as the suture

ine between the leaflets and Dacron sheet of the TAV
tself, gaps between the tip of bioprosthetic leaflet and
he base of the supravalvular TAV leaflet, or gaps be-
ween the bioprosthesis and TAV stent. Nevertheless,
ower regurgitant volume is expected using blood instead
f the working fluid, which does not have any coagula-
ion properties.

In conclusion, we have developed a supravalvular
AV designed to treat bioprosthetic degeneration. This
ovel TAV consists of two components: a Dacron-
overed stainless steel stent that sits within the bio-
rosthesis and a valve situated above the bioprosthe-
is. Successful VIV implantation was performed using
his supravalvular TAV for treatment of bioprosthetic
tenosis. The 23-mm supravalvular TAV successfully
elieved bioprosthetic stenosis, and the obtained trans-
alvular pressure gradient was comparable with stan-
ard surgical valve replacement of equivalent size.
urther studies are mandatory to examine the effect of
he supravalvular TAV on coronary flows as well as

evice safety and efficacy in patients.
his work was supported by American Heart Association (AHA)
ostdoctoral fellowship, AHA Beginning Grant-in-Aid
565148Y, the Northern California Institute for Research and
ducation, and Fédération Française de Cardiologie/Société
rançaise de Cardiologie, Société Française de Chirurugie Tho-
acique et Cardio-Vasculaire. We thank Christine Frolich for
roviding us with normal Carpentier-Edwards PERIMOUNT
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