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FIGURE 7. Mean flow rate (A) and regurgitation rate (B) at every 10 bpm from 70 to 120 bpm.

robust because the tissues were originally formed as a con-
duit. The burst strength of the leaflets of the stent-biovalve
was over 7600 mmHg, which was about 2 times larger than
that of canine pulmonary valve leaflets (3600 *+ 780 mmHg)
and over that of aortic valve leaflets (6200 = 1400
mmHg).*® In addition, elastic modulus of the leaflets of the
stent-biovalve was 2.6 = 1.1 MPa, which was over 2 times
larger than that of goat aortic valve leaflets (1.1 = 0.4 MPa).
The cells in the leaflet tissue of the stent-biovalve were rare
as shown in Figure 5. Therefore, it was considered that
there was little influence of cells in the biomechanics. The
connective strength between biovalve leaflet and stent was
comparable to native aortic valve and conduit. Therefore,
we believe strongly that the robust properties of valve leaf-
lets of the stent-biovalve were demonstrated by these
mechanical results.

To facilitate the use of the stent-biovalve in TAVI, a self-
expandable nitinol stent was chosen in this study, which is
typically used for TAVI (CoreValve, Medtronic, MN). For
transcatheter implantation, the CoreValve is crimped into a
sheathed catheter under low temperature conditions.*® The
valve leaflet for TAVI thus requires adequate durability and
a strong tissue connection with the stent for successful
crimping into the sheathed catheter. The stent-biovalves
constructed in this study showed favorable valve function
even after eversion (inside out) under low temperature con-
ditions (iced water). This handling exposed the valve leaflets
to conditions that were more severe than crimping. Even
after turning the stent inside out, .the valve leaflets
remained strongly connected with the stent [Figure 1(D)],
which did not tear apart even by pulling with forceps, as
demonstrated in the type IV biovalve, which was strongly
attached to a scaffold material.** Therefore, it is highly
expected that the valve leaflets of the stent-biovalve would
have sufficient durability and a robust tissue connection
with the stent for crimping into a sheathed catheter for
TAVL

6 MIZUNO ET AL.

Because the biovalve is an engineered tissue, it will have
to maintain its function in living bodies, and the living body
would be the best environment for testing the biovalve.
Therefore, we believe that there is little value in examining
the long-term durability of the biovalve in an in vitro sys-
tem. However, in separate study, we evaluated the durability
of the biovalve in in-vitro pulsatile flow of saline.*® Even
after biovalve pulsated more than four million times (heart
rate =70 bpm; mean flow rate=5.0 L/min; mean aortic
pressure =92 mm Hg), stable continuous operation was
possible without excessive reduction of the flow rate or
bursting. However, in our recent report, postoperative echo-
cardiography showed smooth movement of the leaflets of
the biovalve with little regurgitation under systemic circula-
tion (2.6 = 1.1 L/min) at least for 2 months of implantation
to goat in an apico-aortic bypass model.'” Therefore, we
believe that the stent-biovalve has similar excellent durabil-
ity in in vitro and in vivo.

Recently, several studies reported that tissue engineered
valved stents were successfully implanted as pulmonic valve
in vivo.?°"?® These materials may overcome the limitations
of bioprosthetic heart valve prostheses and may be expected
further evolution to be applied to clinical use. However,
these tissue-engineered valved stents require complicated
cell management protocols with cell culture under strictly
sterile conditions, and also require decellularized allografts
or synthetic scaffold materials to seed autologous cells. In
this study, autologous heart valve with stent (stent-biovalve)
showed favorable valve function, without expensive facilities
or complicated manipulations. Stent-biovalve may overcome
the limitations of bioprosthetic heart valve prostheses and
have the advantage of other tissue engineered valved stents.

In this study, the pulsatile circuit was designed for
actual human aortic valve conditions {mean flow =5 L/min;
mean pressure = 100 mmHg; heart rate =70-100 bpm);
however, saline solution was selected as a working fluid.
The kinetic viscosity of blood is 4.4 X 10~% m?/s, which is
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~4 times that of saline solution (1.0 X 107° m?/s). Thus,
our circuit did not approximate the viscosity of blood; how-
ever, it was considered that the present design achieved an
adequate performance of valvular function for a future ani-
mal implantation study. We do not have any additional data
on the biomechanics of the tissue affected after long-term
stress. However, this is our near future research topics. We
are now planning implantation study of the stent-biovalve
to beagle dogs. However, we previously reported that in the
tissue of the biotube, which was also obtained by IBTA tech-
nology from rod molds, the elastic modulus value of the bio-
tube after implantation was 2X higher than that of the
native arteries. The biotube after implantation acquired fur-
ther robust property of maintenance of the preimplantation
elongation ability.

Based on the American College of Cardiology/American
Heart Association valvular guidelines 2006,% the regurgitant
fraction of the present stent-biovalve was much lower than
the “mild” classification, in fact being present at “trace” lev-
els. Yare et al. reported that 75% of bioprosthetic valves
used for TAVI showed trace to mild aortic regurgitation
(AR) after implantation; however, such AR did not affect LV
structure and function.®* Previous biovalves were demon-
strated to have favorable valve function and histological
changes when used as heart valves in a beagle model®®; fur-
ther, biotubes created by IBTA technology regenerated
arteries within 3 months of implantation.?® Therefore,
although this evaluation of the stent-biovalve was per-
formed in vitro, it is expected that this stent-biovalve with
autologous valve leaflets will show more favorable function
in vivo than in vitro. We expect that this stent-biovalve could
eventually be applied for TAVI, with favorable valve function
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Treatment of rabbit carotid aneurysms
by hybrid stents (microporous thin
polyurethane-covered stents):
Preservation of side-branches

Shogo Nishi', Yasuhide Nakayamaz, Hatsue Ishibashi-Ueda®,
Masato Yoshida® and Hiroshi Yonetani'

Abstract

Objective: We sought to determine the patency of normal arterial branches from the covered segments of an artery
after stenting.

Background: Most intracranial aneurysms occur at arterial branching points (bifurcations, side-branches, or perfor-
ators). The post-stenting patency of normal arterial branches from the covered segments of the artery is important. We
have previously developed a hybrid stent with micropores to prevent early parent artery occlusion by more early
endothelialization, and mid- to long-term parent artery stenosis by control of intimal hyperplasia after aneurysm
occlusion.

Methods: We created aneurysms in 10 rabbits by distal ligation and intraluminal incubation of elastase within an
endovascularly trapped proximal segment of the common carotid artery. All animals were treated with hybrid stents
having micropores. Four animals were observed for one month and three each for three and 12 months. The patency of
the side-branches of the subclavian artery was evaluated angiographically and in some cases, histologically.

Results: Aneurysms were completely occluded at all time points other than 12 months. The subclavian artery and
brachiocephalic artery were patent, without significant stenosis. All the side-branches of the subclavian artery detected
on the preoperative angiogram remained patent at the final assessment.

Conclusion: The use of hybrid stents for aneurysm repair and side-branch patency seems to be effective, as per the
long-term results obtained in an animal model.

Keywords
Aneurysm, intravascular stent, polyurethane, porosity, endothelium, intimal hyperplasia

Introduction aneurysms.’ Besides studying the occlusive effect of the

Most intracranial aneurysms occur at arterial branching  hybrid stents in the aneurysms, we examined the patency
points (bifurcations, side-branches, or perforators).

Simple covered stents are associated with the highest

rate of complete aneurysm occlusion. However, their
use in the human intracranial circulation is limited by
access issues and the possibility of occluding small per-
forating end-arteries. It is important to assess the
patency of normal arterial branches arising from the
covered segments of the artery after implantation of
simple covered stents. We established rabbit carotid
aneurysms by intraluminal incubation of elastase
within an endovascularly trapped segment of the prox-
imal common carotid artery (CCA),"? and we implanted
hybrid stents equipped with micropores in these
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of the side-branches arising from the right subclavian
artery (SA), both angiographically and histologically.

Materials and methods

All experiments were performed on Japanese white rab-
bits (3.5-4.2kg) and conducted in accordance with the
Principles of Laboratory Animal Care (formulated by
the National Society for Medical Research, Chicago,
IL) and the Guide for the Care and Use of
Laboratory Animals (NIH publication no. 86-23,
revised 1985; National Institute of Health, Bethesda,
MD). The research protocol (no. 12010) was approved
by the ethics committee of the National Cerebral and
Cardiovascular Center Research Institute.

The aneurysms were first created and then subjected
to stent implantation two to four weeks later under
general anesthesia, which was induced by the intramus-
cular injection of 0.2ml/kg ketamine chloride (10%)
and 0.3ml/kg xylazine, and additional dosage was
determined on the basis of the animal’s movements.

Fabrication of hybrid stents (Figure 1)

A stainless mold (diameter, 1 mm) was dipped in a
tetrahydrofuran solution and allowed to dry.
Subsequently, a balloon-expandable coronary-artery
bare stent (Momo stent: diameter, 3mm; length,
20mm; Japan Stent Technology, Okayama, Japan)
was mounted on the cover film of the mold, and
again, it was dipped in the solution and dried. The
thickness of the cover film was restricted to approxi-
mately 30 um. Micropores were then made in the cover
film using a KrF excimer laser apparatus (L4500;
Hamamatsu Photonics, Shizuoka, Japan). Micropores
are circular, with a pore diameter and interpore dis-
tance of 100 pum and 250 pm, respectively, such that
they achieve an opening ratio of 23.6% (calculated)
after full expansion.® The uncoated stent was a bare

stent with an opening ratio of 86%. The outer surface
of the film of the microporous stent grafts was coated
with argatroban (500 pg/cm?), which was applied using
a methanol solution (1% w/v); the solvent was subse-
quently volatilized for physical adsorption. The fabri-
cated hybrid stent was then remounted on the delivery
balloon system (Thrill Slalom PTA dilatation balloon
catheter; diameter, 3mm; length, 2cm; Cordis, J & J,
Europa, N. V., Netherlands).

Preparation of aneurysms in rabbits (Figure 2(a))

Aneurysms were constructed in 10 female rabbits by
employing a previously described method,"* with a
few simple modifications. The right CCA was surgically
isolated, ligated distally, and controlled proximally
with 2.0 silk sutures before a 5-Fr detachable sheath
introducer (Medikit, Tokyo, Japan) was induced and
passed retrograde to the midportion of the CCA
(approximately 3cm cephalad to the origin of the
CCA). A hemostatic valve of the sheath (Medikit,
Tokyo, Japan) was detached, and a rotational and
hemostatic triple connecter was connected to the
sheath placed in the CCA. Through the sheath, an
occlusive microballoon (Naviballoon; Kaneka, Tokyo,
Japan) (Titan percutaneous transluminal coronal
angioplasty (PTCA) dilatation balloon catheter: diam-
eter, 4.0mm; length, 9mm; Cordis, J & J, Miami,
Florida, USA) and subsequently a microcatheter
(Excelsior SL10; Striker, Tokyo, Japan) were advanced
near the CCA origin (Figure 2(b)). Porcine elastase
(Sigma, Tokyo, Japan) was mixed with nonionic
contrast medium to obtain a 25% dilution. Elastase
(6.8 units/mg/0.25¢cc) was injected and incubated in
the isolated CCA for 20 min, while the balloon was
inflated at the origin of the right CCA. Next, the micro-
catheter and deflated microballoon were removed.
Angiography was performed to confirm the dilation
of the affected CCA. The CCA was ligated with

Figure 1. A hybrid stent is shown. Micropores (with a pore diameter and interpore distance of 100 pm and 250 pm, respectively, to
accomplish an opening ratio of 23.6% after full expansion) are placed in a polyurethane membrane of approximately 30-um thickness
on a bare coronary stent (a coronary Momo stent, Japan Stent Technology). (a) Macroscopic image and (b) scanning electron

microscopic image.
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a 2.0 silk thread after sheath removal, and the skin was
closed by discontinuous knots with a similar thread.

Endovascular technique

No drugs, such as antiplatelets, were administered
during the study. Endovascular treatment was per-
formed via the right femoral artery, at two to four
weeks after the creation of the aneurysm. The femoral
artery was exposed and ligated distally with a 2.0 silk
thread. After pharmacological dilation of the artery
with 8mg of papaverine chloride, a 19-G puncture
needle was used to introduce the 0.032” mandrel;
then, a 4-Fr 10-cm sheath (Clinical Supply, Tokyo,
Japan) was advanced into the right femoral artery
under fluoroscopic guidance.

The 4-Fr catheter was navigated into the brachioce-
phalic artery (BCA) with a 0.035” guidewire. Digital
subtraction angiography (DSA) showed the BCA, SA,
and aneurysm. A balloon catheter (Thrill Slalom PTA
dilatation balloon catheter; diameter, 3mm; length,
2 cm; Cordis, J & J, Europa, N.V., Netherlands) crimped
with our hybrid stent was passed through the sheath and
navigated into the BCA. Using fluoroscopy and road

b)

mapping, we advanced the hybrid stent over the balloon
catheter across the aneurysmal neck and inflated the bal-
loon. Post-procedural DSA was performed. The balloon
catheter was removed, leaving the hybrid stent in place.
Subsequently, the sheath introducer was carefully and
slowly pulled out. The femoral artery was ligated with
two sutures of a 2.0 silk thread previously placed around
the artery, and the skin was closed discontinuously with
a similar thread.

Final angiography and harvesting

After the observation period, angiography was per-
formed using a 4-Fr sheath placed at the left CCA in
all animals. The left CCA was exposed and ligated dis-
tally. A 19-G puncture needle was used to introduce the
0.032” mandrel; then, a 4-Fr, 10-cm long sheath
(Clinical Supply, Tokyo, Japan) was advanced to the
left proximal CCA under fluoroscopic guidance.
A DSA series was performed to evaluate the final
angiographic result. Occlusion of the aneurysms and
patency of preoperatively detected side-branches of
the artery was evaluated angiographically. Thereafter,
the animals were subjected to euthanasia by

 AGFrdetachable sheath

Figure 2. A schema of the aneurysm occlusion in the rabbit using a hybrid stent (arrows) implanted through the femoral artery.
Branches such as the vertebral artery, internal thoracic artery, and costocervical artery are indicated (a). Approach to the right CCA
via a rotational and hemostatic triple connector. A microcatheter and microballoon are inserted from each hemostatic valve (b).
Entrapment system in the right CCA. A microballoon and microcatheter through a 5-Fr detachable sheath (c). CCA: common carotid
artery; VA: vertebral artery; ITA: internal thoracic artery; SA: subclavian artery.
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intravenous injection of potassium chloride. The BCA,
the right SA, vertebral artery (VA), some other arterial
branches, and the treated aneurysm were resected en
bloc and placed directly in a 4% paraformaldehyde
phosphate-buffered saline solution for rapid fixation.
Some of the samples were evaluated histologically to
determine the patency of the branches.

Histology

Histological examination was performed in some

cases, by using a cross-sectional sample (hematoxylin
and eosin (H&E) stain) obtained from the stented por-
tion of the aneurysm to confirm the patency of the
side-branches.

Results

A balloon catheter crimped with our hybrid stent was
easily and smoothly passed through the sheath, navi-
gated into the BCA and right SA via the aorta, and
inflated at the neck of the aneurysm. The hybrid stent
covered and occluded the aneurysm instantly or after a
few minutes. All the side-branches of the right SA
observed preoperatively appeared patent (without any
significant stenosis) on the angiograms obtained at one,
six, and 12 months.

Stent graft and its remounting

The stent struts were completely embedded within the
cover film, thereby indicating that the luminal surface
of the stent graft was smooth and flat (Figure 1(a) and
(b)). It was possible to shrink the stent grafts by using a
hand-held crimping device, without any damage to the
cover film. Stenting procedures were performed using
standard endoscopic procedures without difficulty.>*

Fabrication of carotid aneurysms (Figure 2(c))

All aneurysms were systematically and easily created by
our modified method. A 5-Fr detachable sheath intro-
ducer, later connected thh a rotational and hemostatic
triple connector, was easﬂy inserted into the affected
CCA. An occlusive balloon and microcatheter were
navigated into the CCA origin without difficulty. The
size and shape of the aneurysms were variable,
although they were originally funnel-shaped.

Occlusion of the aneurysm (Table 1)

At 12 months, all aneurysms but one were completely
occluded, with four aneurysms being occluded at one
month; three, at three months (Figure 3(a) and (b));

Table 1. Results.
Aneurysm Branches
Months Numbers Occlusion Patency
| 4 4 AlP
3 3 3 AlP
12 3 2° AlP

All aneurysms but one were occluded at 12 months: four aneurysms at
one month; three at three months; and two at 12 months. At |12 months,

one aneurysm was patent because of distal movement of the stent graft

|tself from the aneurysm neck at the initial stent placement. Side-branches

were the right vertebral artery, internal thoracic artery, costocervical

artery, and other small branches. All side-branches drawn preoperatively

on the angiogram were visible after occlusion and before the rabbits were
euthanized.

*Vertebral artery, internal thorac|c artery, costocerwcal artery, etc.
®Open in one, due to stent migration.

and two, at 12 months (Figure 4(a) and (b)). At the
12-month follow-up, one aneurysm remained patent
because of distal movement of the hybrid stent itself
from the aneurysm neck.

Preservation of side-branches

The side-branches were the right VA, internal thoracic
artery, costocervical artery, and other small branches.
All the side-branches detected on the angiogram before
the operation were visible after the occlusion and before
the ‘rabbits were killed (Table 1; Figures 3(a,b) and
4(a,b)). H&E staining revealed that the orifice of the
branch from the nght SA was patent (Figure 4(c)).

Dlscussmn

: Although Gughelml detachable coil systems (GDC
coﬂs) have been w1dely accepted and used in the treat-

ment of mtracramal aneurysms pnmary stenting of
aneurysms by usmg porous stents® or stent grafts
and 1mplantat10n of coils after stenting’'* are emer-
ging techmques in endovascular treatment.

~ The development of stent grafts for intracranial
aneurysms is challenging. Most intracranial aneurysms
occur at branch points (blfurcatlon small side-

‘branches and perforating arteries). The maintenance

of the patency of normal arterial branches or1g1nat1ng
from the covered segment of the artery after stenting
across the lesion is a major concern. The salient issues
influencing the use of stent grafting for aneurysms in
humans include the delivery of the stent graft, degree of
cover porosity, configuration of the aneurysm, curva-
ture of the parent vessel, and presence: or absence of
perforating end-arteries.’

A simple bare stent has no efficacious occlusive effect
on aneurysms, although it raises a few concerns about
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(a) Before occlusion
Rt VA

Figure 3. At three months after occlusion, the aneurysm was still occluded (before (a) and after (b)). Side-branches, such as
the vertebral artery and costocervical artery, were patent. An arrow shows a stent graft placed a cross the aneurysmal neck
(b). CCA: common carotid artery; VA: vertebral artery; BCA: brachiocephalic artery; SA: subclavian artery.

(b) FAftE

Figure 4. At |2 months after occlusion, the aneurysm was completely occluded (pre (a) and post (b)), while the vertebral artery,
internal thoracic artery, and costocervical artery remained patent. An arrow shows a stent graft placed across the aneurysmal neck
(b). A cross-sectional specimen (H&E stain) showed that the origin of the branch (arrows) from the subclavian artery was patent at 12

months (c). CCA: common carotid artery; VA: vertebral artery; BCA: brachiocephalic artery; SA: subclavian artery; H&E stain:

hematoxylin and eosin stain.

the occlusion of side-branches. In contrast, a simple
covered stent has sufficient occlusive effect on the
aneurysms, but it can occlude the side-branches. To
compensate for the disadvantages of simple covered
stents, we have been developing a hybrid stent. This
hybrid stent consists of the commercially available bal-
loon-expandable coronary-artery stent with a thin SPU

film (by dip-coating method) on which micropores have
been created by the excimer laser ablation technique,
followed by coating with argatroban.* We have devel-
oped a hybrid stent with micropores to prevent early
parent artery occlusion by more early endothelializa-
tion and administration of argatroban, and mid- to
long-term parent artery stenosis by control of intimal
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hyperplasia after aneurysm occlusion, compared with
those in a simple covered stent.

In the current study, we established -elastase-
induced rabbit carotid aneurysms, all of which were
occluded by our hybrid stents until 12 months, and all
the small side-branches = detected preoperatively
remained patent without significant stenosis or occlu-
sion even after implantation of the hybrid stents. The
hybrid stent was smoothly navigated into the affected
BCA and SA from the femoral artery, as easily as the
bare stents. ,

Our microporous membrane induces early endothe-
lialization capable of secreting tissue plasminogen'’
within one week of stent graft implantation,® thereby
avoiding early thrombosis and controlling mid- to long-
term hyperplasia.'> Polyurethane has excellent elasto-
meric properties and is clinically used as a material for
manufacturing blood pumps and arterial grafts; it also
exhibits no toxicity or little biodegradation.'**?
Argatroban, an arginine-derived synthetic low-molecu-
lar-weight compound that binds to thrombin, competi-
tively inhibits fibrinogen cleavage and the platelet
activation stimulated by thrombin.'®!” It has been
used for preparing antithrombogenic surfaces in percu-
taneous transluminal angioplasty (PTA) devices,
including balloon catheters and stents.'®1°

In this study, cerebral thromboembolic events were
not evaluated using magnetic resonance imaging
(MRI). Less intimal hyperplasia of the parent artery
was focally noted in the group treated with hybrid
stents without antiplatelets. If this device is clinically
used, antiplatelet therapy with one or two drugs will
be necessary for approximately one to three months,
as per the conventional therapy after vascular stenting.

The aneurysms were created experimentally by intra-
luminal incubation of elastase within an endovascularly
trapped segment of the proximal portion of the CCA,
with slight modifications to the method. The CCA
branches from the BCA of the rabbit, and it was ligated
beyond the point of elastase incubation. Endoluminal
digestion of the internal elastic lamina, with spreading
of elastase up to the adventitia, results in a thin-walled
aneurysm, as observed in humans.”® Aneurysm forma-
tion occurred over a two-week period, after which the
animals were treated with the respective therapies. The
rabbit aneurysm model with elastase has some charac-
teristic features: (1) long-term patency in untreated ani-
mals, (2) simulating aneurysm morphologies that place
a high shear stress on the aneurysmal neck, (3) similar
size in aneurysm diameter and parent artery diameter,
(4) maintenance of the integrity of the endothelium of
the aneurysmal cavity, and (5) short construction time
and easy reproduction.?! The rabbit aneurysm is histo-
logically similar to the human saccular aneurysm and
was useful for the current study.

Mechanisms of branch occlusion by stents include the
longitudinal snow-plowing effect, stent jailing (early
stage), and in-stent neointimal growth (late stage)
during or after stent deployment.”? Cerebral vessels
with aneurysms tended to be minimally atherosclerotic.
Radial force in the stent strut might be less than that in
the intracranial PTA stent, which reduced the longitu-
dinal redistribution of the plaque. Our hybrid stent had a
porosity appropriate for the regulation of the in-stent
neointima growth even at 12 months (personal commu-
nication). The arteriovenous pressure gradient is the
driving force of the blood flow through the branches
and  perforators under. -~ normal  conditions.
Additionally, long-term remodeling of the artery and
its lumen, in response to the presence of the intraluminal
prosthesis, is less likely to result in complete occlusion of
the jailed branch.?* Experimental evidence in dogs
showed that vessels (small muscular branches from the
VA) comparable to human perforators tend to remain
patent if less than 50% of the ostial diameter is covered
with the stent strut.?® If the diameter of struts is 100 pm,
complete occlusion of the perforators may not occur,
but the exposed stent wire covering the perforators will
remain a potential source of thromboembolic complica-
tions in canine carotid aneurysm models.* The diameter
of stent struts in our hybrid stent was less than 50 pm.
Fibrotic tissue growth around the filaments extended
into the origin of the branches (external arteries) without
narrowing them significantly.

Intracranial self-expanding stents generate a radial
force too weak to require coverage with cover mater-
ials, although some of them, such as Neuroform or
Enterprise, are recommended. Therefore, we selected
balloon-expandable coronary-artery stents for the
preparation of hybrid stents.

The branch originating from the aneurysm sac,
which is treated with a flow diverter (pipeline emboliza-
tion device), is kept patent in the presence of a flow
demand through it.*> The significant shrinkage of the
aneurysm gives the branch an “infundibular-like”
appearance at its origin, or the branch is represented
by a tortuous takeoff from the parent artery in place of
the initial aneurysm. A slow occlusion process for the
treatment of ruptured aneurysms is yet to be developed.

The stent developed by us is a hybrid of a bare stent
and a simple covered stent; this hybrid nature helps
regulate the porosity and enables early intraluminal
endothelialization and late inhibition of the intimal
hyperplasia. Experimentally fabricated canine carotid
aneurysms were occluded with the placement of our
hybrid, self-expanding, stent grafts at one,* six, and
12 months (personal communication). A porosity of
23.6% was found to be suitable in the presence of less
neointimal hyperplasia.* On the basis of the porosity
and demand of the blood flow by vessels, side-branches
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or perforating arteries can be protected if the stenotic
area generated by the hybrid stents is less than 50%.%

In this study, the patency of all the side-branches
was maintained, along with the occlusion of the aneur-
ysms, although the side-branches were not as narrow as
the intracranial perforators. If the use of hybrid stents
for aneurysmal occlusion is planned, the number of
associated perforators should be less to ensure safety.

In the examined aneurysmal model using stent
grafts, all small side-branches of the patent artery
were patent without significant stenosis. Thus, our
hybrid stent represents a step forward in the clinical
management of aneurysms.

Conclusion

The long-term results obtained in an animal model indi-
cate that hybrid stents may be effective for aneurysm
repair while maintaining side-branch patency.
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CCA Common carotid artery
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Abstract: In-body tissue architecture—a novel and practical
regeneration medicine technology—can be used to prepare a
completely autologous heart valve, based on the shape of a
mold. In this study, a three-dimensional (3D) printer was
used to produce the molds. A 3D printer can easily reproduce
the 3D-shape and size of native heart valves within several
processing hours. For a tri-leaflet, valved conduit with a sinus
of Valsalva (Biovalve type VIl), the mold was assembled
using two conduit parts and three sinus parts produced by
the 3D printer. Biovalves were generated from completely
autologous connective tissue, containing collagen and fibro-
blasts, within 2 months following the subcutaneous embed-
ding of the molds (success rate, 27/30). In vitro evaluation,
using a pulsatile circulation circuit, showed excellent valvular
function with a durability of at least 10 days. Interposed

between two expanded polytetrafluoroethylene grafts, the
Biovalves (N =3) were implanted in goats through an apico-
aortic bypass procedure. Postoperative echocardiography
showed smooth movement of the leaflets with minimai
regurgitation under systemic circulation. After 7 month of
implantation, smooth white leaflets were observed with mini-
mal thrombus formation. Functional, autologous, 3D-shaped
heart valves with clinical application potential were formed
following in-body embedding of specially designed molds
that were created within several hours by 3D printer. © 2014
Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater
00B:000~000, 2014.

Key Words: tissue engineering, heart valve, 3D printer, con-
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INTRODUCTION

Surgical alternatives for end-stage valvular heart disease con-
sist of the application of either mechanical or biological pros-
theses, both of which have significant limitations." Although
mechanical valves have a functional life span of at least 25
years, they are associated with the need for life-long anticoa-
gulation and the concomitant risks of thromboembolism and
bleeding. Biological prostheses, generally, have better hemo-
dynamic characteristics and do not require long-term anti-
coagulation, but are associated with progressive tissue
deterioration. Therefore, tissue-engineering techniques may
play a prominent role in the future development of heart
valve replacements. Much of the research designed to create
in vitro tissue-engineered heart valves has focused on the
scaffold materials, culturing of cells, and the use of appropri-
ate seeding and preconditioning protocols.>® However, the
mechanical integrity of the replacement valves and their abil-

Correspondence to: Y. Nakayama (e-mail: ny@ncvc.go.jp)

ity to withstand systemic pressures depends on the neo-
tissue. Therefore, the clinical utility of these autologous
tissue-engineered heart valves is limited, particularly in grow-
ing children.

The medical and engineering relevance of computer-
based three-dimensional (3D) procedures—known as 3D
printing—is increasing, which increases the potential of
rapid prototyping techniques.*® The technology presented
in this paper is based on the principle of building 3D mod-
els, layer by layer, and enables the direct manufacturing of
precise, complex-shaped implants using biocompatible or
biodegradable materials from computerized data in several
medical areas.5™®

As a feasible, regenerative medicine approach, we devel-
oped completely autologous valved conduits, named Bio-
valves,'°~*2 without any artificial scaffolds, through the use of
“in-body tissue architecture” technology. This autologous
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FIGURE 1. (A) Schematic diagram of the assembly process of seven parts (three hemisphere-like parts, two tubular parts, rod-like center part
and latch part) for the mold in three steps. (B) Photo of the aperture (between red arrows) for leaflet formation. (C) Photo of the assembled
mold. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

method is based on the phenomenon of tissue encapsulation
of foreign materials implanted in living bodies.*® The technol-
ogy offers the following advantages: the developed tissue
prostheses are non-toxic, particularly non-carcinogenic, and
can be fabricated in a wide range of shapes and sizes to suit
the needs of individual recipients. In addition, the prostheses,
without any artificial materials, possess the characteristics of
their natural counterparts, including anticoagulation, self-
repair, tissue regeneration, and growth adaptability. These
prostheses do not require complex in vitro cell management
procedures or exceptionally clean laboratory facilities, both of
which are expensive and labor-intensive over long periods.

In an early development stage, Biovalves were prepared
in small size animal models such as rats or beagle dogs,
which are less relevant for heart valve testing. In the pres-
ent paper, we used a 3D printer to produce a Biovalve
mold. The clinical feasibility of the Biovalves obtained from
the mold was evaluated by implanting the aortic Biovalve in
a big size animal using a goat model for estimation of aortic
valuvalar performance in a human systemic circulation con-
dition, after evaluating their function and durability in vitro.

MATERIALS AND METHODS

Animal studies

The animal studies were performed in accordance with the
“Guide for the Care and Use of Laboratory Animals,” pub-
lished by the United States National Institutes of Health
(NIH Publication No. 85-23, revised 1996) under a protocol
approved by the National (Japan) Cerebral and Cardiovascu-
lar Center Research Institute Committee (No. 12002).

2 NAKAYAMA ET AL.

Mold preparation

Seven fine plastic parts [Figure 1(A)], produced using a 3D
digital printer (Projet HD3000, 3D Systems, Rock Hill, SC),
were assembled to create the molds [Figure 1(C)]. First,
three small hemispherical parts (Figure 2) for the sinus of
the Valsalva were fastened between the two tubular parts of
the conduit (diameter, 16 mm), with a small, 1-mm aperture
between the three hemispherical parts and the tubular part
[steps I and II in Figure 1(A)]. Second, the combined parts
(height, 5 cm) were fixed with a central rod and a latch to
obtain the final mold (step III). The mold was based on the
geometry of a goat aortic valve and was designed for the
formation of the leaflets that are separated from each other
in the open position.

Biovalve preparation

A total of 30 molds were placed into dorsal subcutaneous
pouches in 10 goats (age, 1-2 years; body weight, 40-50 kg),
under general anesthesia induced with 10 mg/kg of ketamine
and maintained with 1-3% isoflurane. The leaflet formation
at the three apertures was non-invasively observed using a
capsule endoscope’* (EC Type 1, Olympus, Tokyo, Japan),
present in one of the tubular parts of the mold [Figure 3(A)].
Two months later, after complete encapsulation with connec-
tive tissue, the structures were harvested [Figure 3(B)]. Bio-
valves, with three protrusions resembling the sinuses of
Valsalva [Figure 3(E)], were obtained by removing all of the
parts from the ends of the developed tubular tissue. The three
membranous leaflets had formed in the open position inside
the conduit. Each leaflet had an area of 2.4 cm?, with a height
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FIGURE 2. Projection drawings of the hemisphere-like parts used in the preparation of the leaflets and the sinus of Valsalva (A, front view; B,
side view; C, top view).

Leaflet tissue

FIGURE 3. Photos of the preparation mold, impregnated with a capsule endoscope, (A) before and (B) after encapsulation. (C) The leaflet forma-
tion process at the aperture of the mold observed using a capsule endoscope non-invasively. Photos of (D) the luminal surface of the Biovalve
and (E) the closed form with three protrusions resembling the sinus of Valsalva. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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FIGURE 4. (A) Photo and (B) schematic diagram of the pulsatile circulation circuit connected with the Biovalve in a 37°C water bath. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

of 1.7 cm. Of the 27 successfully constructed Biovalves, we
randomly selected five for in vitro evaluations of their valve
functions, five for elastic modulus measurements, and three
for transplantation into the goat model.

Elastic modulus

The tensile strengths of the Biovalve tissues were measured
using a uniaxial tensile-testing apparatus (Rheoner II, Yama-
den, Tokyo, Japan). Each sample was cut into rectangular
strips (5-mm wide) and fixed to the upper and lower grips
(initial length, 5 mm). A tensile load was applied by moving
the lower grip at a rate of 0.05 mm/s until failure, that is,
tissue rupture. The maximum elastic modulus before rup-
ture was obtained from the slope of the stress-strain curve.

In vitro functionality tests

Biovalves were connected to a pulsatile circulation circuit
(LaboHeart NCVC, IWAKI, Tokyo, Japan; Figure 4). The val-
vular functions of the Biovalves were examined at 37°C,
under pulsatile conditions designed to simulate human sys-
temic circulation (pressure, 49-129 mmHg; beat rate, 70-

4 NAKAYAMA ET AL.

120 beats/min). The mean regurgitation was calculated
from 10 beat cycles. The degree of regurgitation (Re) was
defined according to the following equation.

Re (%) = amount of the reverse flow/amount of the for-
ward flow X 100

Biovalve implantation

Biovalves were implanted into the previously used goats
(N = 3), which were premedicated with ketamine (10 mg/
kg), intubated, and anesthetized with isoflurane (1-3%).
Each animal’s heart was exposed through a left thoracotomy
at the fifth subcostal region. Both ends of the Biovalve con-
duit were anastomosed to expanded polytetrafluoroethylene
(ePTFE) grafts (internal diameter, 14 mm X 20 cm; GORE-
TEX, W. L. Gore & Associates, Newark, DE).

After systemic heparinization (200 U/kg), the distal end
of each composite graft was anastomosed to the descending
aorta in an end-to-side manner under a partially occluding
clamp. A felt cuff was sewn to the left ventricular apex. The
apex was cored with a 19-mm, custom-made, ventricular
coring device. Thereafter, an apical-left ventricle connector,
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composed of a custom-made, stainless steel conduit and a
14-mm ePTFE graft, were inserted through the felt cuff into

the apex and tied to the felt cuff. To complete the bypass,
the grafted part of the connector was sewn, in an end-to-
end manner, to the proximal end of the composite graft,

thus interposing the Biovalve. Finally, the descending aorta

was ligated, with vessel tape, at the proximal portipn of the
anastomosis to ensure that the blood flow to the abdominal

aorta was completely supplied via the apico-aortic bypass

.that incorporated the Biovalve. Postoperative systemic anti-
coagulation was mamtamed with oral administration of war-
farin sodium (3 mg/day) and aspirin (81 mg/day) for
1 month.

In vivo functionality tests
Immediately after 1mp1antat10n anglography ‘was used to

evaluate the valvular function; weekly transthoracxc Doppler
echocardiography was utilized thereafter. Bypass flow was

continuously monitored using electromagnetic and ultra-
sonic flow meters; the probes were attached around the
ePTFE grafts.

Tissue analyses

The tissue compositions of the Biovalves, before and after
implantation, were assessed by hlstologlcal examination.
Samples were fixed in phosphate-buffered: formalin and
embedded in paraffin;: 5-um, longitudinally sliced sections
were examined for general tissue morphology (hematoxy-
lin—eosin stain) and the presence of collagen (Masson tri-
chrome stain) and elastin (Elastica-van Gieson stain).

Statistics
Quantitative data are presented as
deviation.

means = standard

RESULTS

Preparation of biovalves

Figure 1 shows schematic diagram of the assembly pro-
cess of the fine plastic mold parts. All parts, including
the complex-shaped hemispherical components (Figure 2),
were precisely produced by 3D printer within several
hours [Figure 1(A)]. The hemispherical parts were used
for the formation of the leaflets and the sinus of Valsalva.
These were placed on a tubular section prepared by con-
necting the two rod-like parts [steps I and I in Figure
1(A)] with a small aperture for' leaflet formation [Figure
1(B)]. The combined components were fixed with a rod-
like part and a latch [step III'in Figure 1{A)]. The result-
ant molds [Figure 1(C)] were completely encapsulated
with' autologous” connective tissues during the preparation
process - [Figure ' 3(B)]. The molds, impregnated in the
developed tissue, were easily removed: by separating the
assembled parts without ‘any resultant tissue damage.
Thin membranous - tissues developed. at the three aper-
tures between the tubular part and the three hemispheri-
cal parts, forming three leaflets inside the conduit tissue
[Figure 3(D)]. When the leaflet tissues were: blown, a
closed Biovalve was obtained [Figure 3(E)].
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FIGURE 5. Pulsatile flow waveforms of Biovalves with a pulsatile flow
rate of (A) 70 beats/min and (B) 120 beats/min. {C) Regurgitation ratio
change under different heart rate from 70 to 120 bpm. (D} Averaged
flow change up to 10 days.

Observation of the leaflet formation, using a capsule
endoscope [Figure 3(A)], revealed that tissue ingrowth into
the apertures occurred gradually, with concurrent capillary
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Valsalva

Leaflet

FIGURE 6. (A) Schematic picture of the implantation model via an apico-aortic bypass method. (B) Photo of the Biovalve implanted by interpos-
ing between artificial garfts. (C) Intraoperative angiography immediately after implantation. Leaflet observation at circumferential section (D) and
flow measurement (E) by transthoracic doppler echocardiography. Macroscopic photos of Biovalves after 1 month of implantation: views from
the aortic side (F) and the ventricular side (G). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

formation [Figure 3(C)]. After being implanted for 49 days,
the apertures were completely replaced by autologous con-
nective tissues to form leaflet tissues in the molds. The suc-
cess rate of Biovalve preparation using this method was
90% (27/30). In two molds collapse of the hemispherical
parts in the molds occurred, possibly due to the lack of
strength of the mold material. In 1 mold, inflammation was
observed due to infection. The 27 usable Biovalves had
well-formed, tubular-shapes, with three protrusions resem-
bling the sinus of Valsalva; the quality of the Biovalves
appeared to be almost identical [Figure 3(E)]. Inside the
conduit, three separate membranous leaflets were present
and were connected at the commissure without an aperture.

6 NAKAYAMA ET AL.

The maximum elastic modulus of the leaflet part of Bio-
valves was 1083 * 288 kPa, which was very close to that of
a natural goat leaflet (1097 = 389 kPa). The conduit part
of each Biovalve was significantly more robust (2800 * 610
kPa)—approximately six-times that of the goat aorta
(494 = 169 kPa).

In vitro valve function

Valvular functioning of Biovalves was examined using a pul-
satile circuit (Figure 4). Figures 5A, B indicate the typical
flow waveforms, compared at 70 and 120 beats/min,
respectively, with a mean flow rate of 5.0 L/min and an aor-
tic pressure of 129-49 (mean, 82.2) mmHg For all
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Before implantation

FIGURE 7. Tissue morphology of Biovalves (A-D) before and (E-H)
after 1 month of implatation. A, B, E, and F; hematoxylin and eosin
staining, C and G; Masson’s trichrome stain; D and H; Elastica-van
Gieson stain. The upper portion is the distal side and the lower por-
tion is the proximal side in all the images. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Biovalves (N =75), regurgitation during the diastolic phase
was <3% [Figure 5(C)]. In addition, the mean flow rate (4.9
L/min) was maintained for at least for 10 days in a saline
solution at 37°C [Figure 5(D)].

In vivo application

During interposed implantation of the Biovalve into an
apico-aortic bypass via end-to-end anastomosis with ePTFE
grafts [Figure 6(A)], the surgical handling of Biovalves was
found to be equivalent to that of native tissues. After
declamping, the connected Biovalve pulsated with minimal
bleeding [Figure 6(B)]. Intraoperative angiography of the
bypass circuit after implantation, revealed protrusions, simi-
lar to those of the sinus of Valsalva, with leaflets that
opened and closed smoothly; moreover, there was good
blood flow and minimal regurgitation [Figure 6(C)]. Up to 1
month after implantation, transthoracic echocardiographic
examinations revealed protrusions similar to those of the
sinus of Valsalva [Figure 6(D)]. Doppler echocardiography
did not yield substantial evidence of stenosis or regurgita-
tion. The Biovalves showed good forward flow during the
systolic phase and trivial regurgitation during the diastolic
phase [Figure 6(E)]. Bypass flow was maintained at
2.6 = 1.1 L/min throughout the implantation period.

The protrusions resembling those of the sinus of Val-
salva did not significantly change in size or shape within
the 1-month period after implantation [Figure 6(F)]. All
blood contact surfaces, including the luminal surface of the
conduit and leaflet surfaces, were white and had minimal
visible thrombus formation [Figures 6(F, G)]. The leaflets
did not show any evidence of structural damage.

Histological examination showed consistent wall thick-
nesses in the Biovalves, prior to implantation, at the conduit
(287.5 = 33.1 um) and leaflet parts (350.0 = 58.0 pm); how-
ever, the wall was slightly thinner at the sinus of Valsalva
(202.5 =31.1 pm) [Figure 7(A)]. The main component of
the Biovalves was collagen, which stains blue with Masson'’s
trichrome stain [Figure 7(E)], and a minimal amount of elas-
tic fiber [Figure 7(D)]; the cellular components were also
minimal [Figure 7(B)]. Both surfaces of the leaflets were
very smooth.

After implantation, the wall thickness of the leaflet mem-
brane was generally well maintained (332.3£82.5 um),
whereas the thickness at the sinus of Valsalva decreased
(<100 pm); however, at the sinus of Valsalva, there was a
thick lining of connective tissue that had migrated from the
surrounding tissue [Figure 7(E)]. The remaining tissues con-
sisted of extracellular matrix, which remained predominantly
collagenous [Figures 7(G, H)]. Minimal cell ingrowth was evi-
dent [Figure 7(F)].

DISCUSSION

The technology used in this report required several months
to produce the tissue prostheses. However, a management
process, including cell incubation, was not required for dur-
ing the tissue formation period. The implantable, autologous
tissues were naturally formed according to the shape of the
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TABLE I. Comparison of Several Types of Biovalves

Mold and Embedding Implantation Characteristics and
Type Its Materials Into Biovalve and lts Composition Into Problems References
| Sl rod covered with Rabbit AT crown- na Aortic valve replacement 11
PU sponge crown shaped PU type. Mechanical prop-
erties of Biovalve leaf-
lets were statistically
equivalent to those of
porcine ones. PU was
remained in Biovalve.
1l Assembly of concave Rabbit AT PU tube na Conduit type. PU was 18
Sl rod and convex remained in Biovalve.
AC rods (upper),
covered with PU
sponge tube
(lower)
1 AT connective tissue- Rabbit AT na Conduit type by com- 19
covered Sl rod pletely autologous tis-
partially rapped sue without any
with PU tubular artificial material.
sheet Two-times in-body tis-
sue architecture pro-
cess was needed.
v Assembly of concave Rabbit AT Tubular na Conduit type with the 20
and convex Sl rods PU mesh sinus of Valsalva. PU
(upper), covered was remained in
with PU mesh tube Biovalve.
(lower)
\ Concave and convex- Beagle dog AT Beagle dogs Completely autologous 10

shaped Sl rods
(upper) and their
assembly (lower)

as a pulmonary
valve (84 days)

conduit type tissue
with the sinus of Val-
salva.The three com-
missures had large
aperture depending on
the mold design.
Before implantation
suturing of the aper-
tures was needed to
avoid regurgitation.
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TABLE I. Continued

Mold and Embedding Implantation Characteristics and
Type Its Materials Into Biovalve and Its Composition Into Problems References
Vi Concave AC rod by Goat AT Goats as an Completely autologous 12 and 21
3D printer and s aortic valve conduit type tissue
convex Sl rod (2 months) with the sinus of val-
(upper), and their salva. Low regurgita-
assembly (lower) tion rate (12.7%) and
high opening ratio (ca.
50%) by leaflet forma-
tion at its open posi-
tion. The size of
Valsalva was limited
to low to avoid tissue
damage at mold
removing process.
Vil Assembly of AC parts Goat AT Goats as an Completely autologous 22
: by 3D printer aortic valve conduit type tissue
(upper) and with (1 month) with the sinus of val-

capsule endoscope
(lower)

salva similar to native
shape and size.
Extremely low regurgi-
tation rate (<3%). The
mold parts could be
removed by step-by-
step separation from
the formed Biovalve
without any tissue
damage.

Abbreviations: Sl, silicone; PU, polyurethane; AC, acrylate; AT, autologous tissue.
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