The Journal of
Thoracic and Cardiovascular Surgery

Transcatheter placement of a low-profile biodegradable pulmonary valve made
of small intestinal submucosa: A long-term study in a swine model
Carlos E. Ruiz, Motofumi lemura, Sibyl Medie, Peter Varga, William G. Van Alstine,
Susan Mack, Anna Deligio, Neal Fearnot, UIf H. Beier, Dusan Pavcnik, Ziyad M.
Hijazi and Matti Kiupel
J Thorac Cardiovasc Surg 2005;130:477-484

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://jtcs.ctsnetjournal s.org/cgi/content/full/130/2/477

The Journal of Thoracic and Cardiovascular Surgery isthe official publication of the American
Association for Thoracic Surgery and the Western Thoracic Surgical Association. Copyright ©
2005 American Association for Thoracic Surgery

Downloaded from jtcs.ctsnetjournals.org on February 13, 2012



http://jtcs.ctsnetjournals.org/cgi/content/full/130/2/477
http://jtcs.ctsnetjournals.org




Evolving Technology

Ruiz et al

Figure 1. A, Self-expanding square stent. B, SIS material attached to stent. C, SIS valve. D and E, SIS valve tube
model during extracorporeal cycling studies at systole (D) and diastole (E).

valve leaflets in a swine model. We hypothesized that por-
cine SIS tissue mounted on a self-expandable stent might
result in remodeled SIS, with similar properties and behav-
ior as native valvular tissue, when implanted near a native
cardiac valve.

Therefore, we investigated the percutaneous placement
of an SIS valve in 12 farm pigs with induced right ventric-
ular failure. The rationale for this approach was to document
the behavior of such an SIS-based valve by echocardiogra-
phy, postmortem extracorporeal cycling studies, and histo-
pathology, enabling further investigation toward a new ther-
apeutic valve based on SIS material in the future.

Methods

This investigation was approved by the University of Illinois at
Chicago’s Animal Care Committee and was in compliance with
the 1996 “Guide for the Care and Use of Laboratory Animals” and
the Animal Welfare Act.

Self-Expandable Valve

The pulmonary valve prostheses were constructed of square stents
with 4 barbs (Cook Inc, Bloomington, Ind) and a hydrated sheet of
SIS (Cook Biotech, Lafayette, Ind). In this study square stents

were made of stainless-steel wire (0.01905 mm in diameter), as
previously described.” The square stent is a simply constructed,
self-expanding device that has 4 corners bent into spring-like coils
to reduce stress and metal fatigue. The wire ends are extended 1
mm over the stent frame, forming barbs on opposing stent corners
to provide anchors for the stent during placement. Two more
anchoring barbs are added by attaching a wire to the contralateral
side of the stent frame. Two triangular pieces of SIS were sutured
with 7-0 Prolene monofilament (Ethicon, Inc, Somerville, NJ) to
the stent frame to form the valve. The layer of SIS sutured to the
metal frame had a flap about 2 mm wide, extending beyond the
frame (Figure 1).”"'* All valves were 17 mm in diameter. After
construction, the valves were lyophilized and gas sterilized. The
lyophilized SIS sheet was 100 to 120 wm thick. The valves were
then folded and front loaded into an 8F Teflon sheath 80 cm long
(Cook Inc) and delivered coaxially.”'* Extracorporeal cycling
studies were conducted by the manufacturer in advance of this
study.

Preparation of Animals With Right

Ventricular Failure

Twelve female farm pigs weighing 8 to 18 kg received sedation
with 0.05 mg/kg intramuscular atropine, 4.4 mg/kg intravenous
tetrazol, and 2.2 mg/kg xylazine. The animals were endotracheally

478 The Journal of Thoracic and Cardiov. aél egular Surgery » August 20

Downlo

from jtcs.ctshetjournals. org on February 13, 2012


http://jtcs.ctsnetjournals.org

Ruiz et al

Evolving Technology

intubated and mechanically ventilated, and the gas anesthesia was
maintained at stage III, planes 1 to 2, with 2% to 3% isoflurane
(Iso-thesia; Burns Veterinary Supply, Rockville Center, NY) in
oxygen. The animals then underwent cardiac catheterization for
stenting of the native pulmonary valve. Digital fluoroscopic im-
ages were obtained and stored with an OEC-9600 C-arm cardiac
mobile system (GE Medical Systems, Waukesha, Wis). The native
pulmonary valve, the distal part of the right ventricular outflow
tract, and the proximal third of the main pulmonary artery (PA)
were covered with 2 to 3 metallic stents (Cordis Corp, Miami
Lakes, Fla). The stents were mounted on a 14.0 mm X 3.0 cm, 7.0
mm X 2.0 mm BIB-balloon (NuMed, Hopkinton, NY) and de-
ployed under simultaneous digital fluoroscopy and transthoracic
echocardiographic (TTE) guidance. Moderate-to-severe pulmo-
nary regurgitation was documented by means of color flow Dopp-
ler scanning in all animals. The animals were returned to their
community cages for a 2- to 4-week period until significant right
ventricular dilatation was documented with TTE.

Percutaneous Valve Implantation

The animals underwent percutaneous access of the right internal
jugular vein after achievement of general anesthesia. By using a
multipurpose catheter, the stented native pulmonary valve was
crossed, and an extrastiff Amplatz wire (AGA Medical Corp,
Golden Valley, Md) was advanced to one of the distal PA
branches. The multipurpose catheter was exchanged for the 8F
delivery system, which was advanced over the guide wire into the
main PA just distal to the stented valve. The valve was deployed
under fluoroscopic and TTE guidance. After deployment, the valve
orifice was not crossed to prevent any dislodgement, and the guide
wire was pulled out. The intracardiac echocardiographic probe
(AcuNav; Acuson, Mountain View, Calif) was advanced to the
mid—superior vena cava to best visualize the newly implanted
valve. The pigs received 100 U/kg heparin at the beginning of the
procedure, and it was not reversed at the end of the procedure.

Serial Follow-up

All animals were started on 325 mg/d oral aspirin, but no antico-
agulants were used. The pigs underwent weekly TTE under seda-
tion for the first 4 weeks after valve implantation. Echocardio-
grams were obtained with an Acuson Sequoia (Acuson) and a
5-MHz transducer, and the images were digitally stored, as well as
videotape recorded. Four weeks after implantation, serial TTEs
were obtained every 2 weeks until animal death. The animals were
euthanized in the following order: 1 animal at both 24 hours and at
1 month and 3 animals at each of the 3-month, 6-month, and 1-year
end points. Euthanasia was performed after achievement of general
anesthesia with 100 mg/kg sodium pentobarbital. Before death, all
animals received 50,000 U of heparin intravenously to prevent any
postmortem clot formation and underwent diagnostic cardiac cath-
eterization, angiography, and intracardiac echocardiography.

Histology and Flow Evaluation

Immediately after death, the distal right ventricular outflow
tract-PA bifurcation was carefully dissected and removed. The
vessel was rinsed in saline and placed in a container with 0.9%
sterile iced saline with gentamicin. The container was then placed
on ice and sent to the histology laboratory. Before fixation and

histologic processing, video footage of valve function was ac-
quired. Unfixed valves were placed in tubing of appropriate size to
hold the valve in place. Blood flow was simulated with an electric
pump circulating 0.9% saline solution through the tubing contain-
ing the valve. An endoscope was placed close enough to the valve
to capture video images of its function. Afterward, the valves were
placed in 10% neutral-buffered formalin and allowed to fix for 24
to 48 hours. After fixation, the vessels were dehydrated and em-
bedded in methylmethacrylate plastic. After polymerization, the
samples were cut on a plane perpendicular to the orifice of the
valve. Longitudinal thick sections (approximately 50 wm) were cut
with a rotary saw microtome and stained with hematoxylin and
eosin. For immunohistochemical examination, sections of tissue
were deparaffinized and rehydrated. Antigen retrieval was accom-
plished by an antigen retrieval solution (Dako Cytomation, Carpin-
teria, Calif). Endogenous peroxidase was blocked for 15 minutes
with 3% hydrogen peroxide. Nonspecific immunoglobulin binding
was blocked by incubation of slides for 10 minutes with a protein-
blocking agent (Dako Cytomation) before application of the pri-
mary antibodies (all Dako Cytomation). Vimentin immunostain
was used to document mesenchymal differentiation, desmin and
smooth muscle actin were used for muscle cell differentiation, and
von Willebrand factor VIII and CD31 were used for angioforma-
tive differentiation. A labeled streptavidin-biotin-peroxidase com-
plex system (Dako Cytomation) was used to visualize all immune
reactions. The immunoreaction was visualized with 3,3'-diamino-
benzidine substrate (Dako Cytomation). Sections were counter-
stained with Mayer hematoxylin. Positive immunohistochemical
controls included lymph nodes and arteries from normal swine to
which the appropriate antisera were added. For negative controls,
the primary antibodies were replaced with homologous nonim-
mune sera.'> An independent board-certified pathologist experi-
enced in the evaluation of chronically implanted vascular stents
performed qualitative histopathologic evaluation of the stented
vessels. Slides were evaluated for remodeling of the valve material
and to assess potential adverse effects, with particular attention to
the interface between the implant and the vessel wall, as well as
signs of graft rejection.

Results

All 12 animals had their pulmonary valves stented success-
fully. One animal died of heart failure before valve implan-
tation. The SIS valve was percutaneously implanted in 11
pigs (median weight, 23.6 kg; range, 17.5-34.4 kg). In 10
animals the valves were implanted just distal to the distal
stent within the main PA. In 1 animal expected to survive
for 1 year, the valve was implanted at the origin of the right
PA to minimize the mismatching effects of somatic growth
between the valve and the vessel wall. There were no major
clinical complications from any of the procedures, and none
were observed during the follow-up period (ie, valve throm-
bosis and infective endocarditis).

One Day
Echocardiographic results. The presence of moderate
tricuspid regurgitation (TR) was observed after stent im-
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Figure 2. A, SIS valve 1 day after implantation, hematoxylin and eosin staining. Acellular SIS collagen fibers were
separated, resulting in marked leaflet thickening by serum, blood, minimal fibrin, and a few platelets. B, Three
months after implantation. Early remodeling shows thin neointima coating the valvular surface. C, Six months after
implantation. Ongoing remodeling demonstrates a continuous epithelial coating and host connective tissue inside
the valve interior. D, Twelve months after implantation. Advanced remodeling showing differentiated epithelial
lining; fibroblasts and smooth muscle cells are shown in the interior. E, Native pulmonary leaflet, hematoxylin and
eosin staining. F-H, SIS valve 12 months after implantation, antibody staining: F, subendothelial von Willebrand
factor VIII; G, interstitial smooth muscle cells; H, connective tissue vimentin.
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plantation in all animals, with an average velocity of 2.45
m/s. After valve implantation, the TR improved to trace, and
the TR velocity decreased to 1.40 m/s. There was a mod-
erate degree of perivalvular leak, but there was no valvular
regurgitation. Perivalvular leak was observed in all
implants.

Gross anatomy. The valve appeared well anchored to
the PA. The implant was attached to the vessel wall by the
hooks; however, there was no tissue attachment between the
leaflets and the arterial wall.

Histopathology. The valve leaflets were 17 mm in
length, and the diameter of the main PA was 13 mm,
resulting in a valve/PA ratio of 1.3. There were no infiltrat-
ing host cells. The SIS collagen fibers were separated,
resulting in marked edema of the leaflets by means of
infiltration of serum, blood cells, minimal fibrin, and a few
platelets. There were no signs of graft rejection (Figure 2).

One Month

Echocardiographic results. A trace of TR was still
present, and the TR average velocity was 1.08 m/s. There
was a trivial central jet of pulmonary insufficiency deter-
mined by means of color flow Doppler scanning, and the
perivalvular leak was still present in 3 of the 10 animals,
although it was significantly decreased.

Gross anatomy. The video recording of the prosthetic
valve within the PA in a pump simulator revealed very
pliable leaflets with complete coaptation. The base of the
leaflets was firmly adhered to the vessel wall. The valve/PA
ratio was 1.02.

Histopathology. The leaflets were infiltrated with host
fibroblasts and capillaries, but the SIS was still visible. A
thin neointima covered large portions of the leaflet. Endo-
thelium partially covered most of the leaflet, some areas
only sporadically. There were few lymphocytes and plasma
cells, which were not consistent with graft rejection in
number and appearance.

Three Months

Echocardiographic results. There was no change in the
amount of TR, and the mean velocity was 1.36 m/s. There
was still a trivial central jet pulmonary regurgitation deter-
mined by color flow Doppler scanning that had not changed
from the 1-month follow-up. There were no perivalvular
leaks in any of the 9 animals at 3 months.

Gross anatomy. The valve/PA ratio was 0.88. The valve
was well anchored to the PA. The prosthetic valve was well
incorporated and firmly adhered to the vessel wall. There
was a minimal progression of leaflet stiffening noted by in
vitro video recording, with an apparent increase in leaflet
thickness but with complete coaptation.

Histopathology. The valves were firmly adhered to the
vessel wall, and the leaflets were slightly shorter (mean,

15.6 mm). The base of the leaflets had a thin coating of
neointima (usually 20 wm thick), which extended to the
remainder of the leaflet as a neointimal coating 1 to 2 cells
thick. In the middle the leaflets were approximately 200 wm
thick and contained mostly dense collagen fibers, with few
capillaries and few infiltrating host cells (Figure 2). Endo-
thelium was present but occasionally sporadic. There were
no signs of graft rejection.

Six Months

Echocardiographic results. There was essentially un-
changed TR, with a mean velocity of 1.49 m/s. There was
no change in the amount of pulmonary regurgitation in any
of the animals, and there were no perivalvular leaks.

Gross anatomy. The valve/PA ratio was 0.78. All the
valves appeared well anchored to the PA. There was further
increase in stiffening and thickness of the leaflets, but they
still had complete coaptation.

Histopathology. The leaflets were slightly shorter
(mean, 14.4 mm) and thicker at the base and in the middle
of the leaflet. Neointima was usually 50 to 150 wm thick at
the base and tapered toward the tip of the leaflet. In the
middle the leaflets were usually 200 to 400 wm thick (one
up to 1200 wm thick) and fully infiltrated with spindle-
shaped host cells, capillaries, and arterioles and covered
with neointima 10 to 20 wm thick and endothelium (Figure
2). There were no signs of graft rejection.

One Year

Echocardiographic results. There was an increase in
the amount of TR caused by dilatation of the right ventricle
that progressed from the 10- and 11-month follow-ups in the
2 animals that had valves implanted in the main PA. By the
12th month, both animals had wide-open pulmonary regur-
gitation, and in both animals the valve stent was noted to be
broken and separated on one side from the PA wall. The
animal that had the valve implanted in the right PA had
trivial pulmonary regurgitation through the valve, and there
was no gradient across the valve. All 3 animals had signif-
icant pericardial and pleural effusion.

Gross anatomy. At autopsy, the 2 animals with im-
planted valves in the main PA had a dilated right ventricle
and right atrium, with large pericardial and pleural effusion.
The valve/PA ratio was 0.48. In one animal a fragment of
the stent was noted protruding through the main PA wall.
The prosthetic valves implanted in the main PA were both
fractured and separated on one side from the PA wall. The
valve leaflets were torn on one side, and there was a sig-
nificant mismatch between the valve stent frame diameter
(17 mm) and the size of the main PA (34.8 mm) at the time
of death. The animal that had the valve implanted at the
origin of the right PA had no fractures of the stent, and the
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Figure E1. A-C, CD3 antibody staining: A, CD3 control, 860d.arrow outlines lymphoid follicle.Dotted arrow
outlines T-cell rich region that stains strongly with CD3 antibody. B, CD3 on SIS leal3et at 6 months, 200x. Stellate
and spindle-shaped host stromal cells have low-grade staining (considered nonspecibc). Cells with morphology
of lymphocyteqarrows)did not stain. C, CD3 on SIS leal3et at 6 months, 400x. Stellate and spindle-shaped host
stromal cells have low-grade staining (considered nonspecibc). Cells with morphology of lympho@ytesvs)

did not stain. D-F, MAC 387 (myeloid) antibody staining: D, MAC 387 control A208teriole; double arrow,
lymphoid sheath without staining. Large dark-staining celfsnglehead arrowjpre positive macrophages. E, MAC

387 on SIS lealet at 6 months, 200x. Stel{dte#ted arrow)and spindle-shapedsolid arrows)host stromal cells

have no staining. Round-shaped cells that could represent macrophages were very rare and did not stain. F, MAC
387 on SIS lealRet at 6 months, 400x. Stellate and spindle-shaped host stromal cells have no staining. Round-shaped
cells that could represent macrophages were rare and did not stain.
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In the August 2005 issue of the Journal, in the article by Ruiz and associates titled, “Transcatheter
Placement of a Low-Profile Biodegradable Pulmonary Valve Made of Small Intestinal Submucosa: A
Long-Term Study in a Swine Model” (2005;130:477-84), references 7 and 14 are incorrect. They

should read as follows:

7. Pavenik D, Uchida B, Timmermans HA, Keller FS, and Rosch J. Square stent: a new
self-expandable endoluminal device and its applications. Cardiovasc Intervent Radiol. 2001;24:207-17.
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In the February 2005 issue of the Journal, in the article by Walther and associates titled, “A Novel
Adhesion Barrier Facilitates Reoperations in Complex Congenital Cardiac Surgery” (2005;129:359-
63), Figure 1 was omitted and Figure 2 was published twice. The correct version of Figure 1 is

provided herewith.
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