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” Summary of New Energy and Industrial Technology Development 
Organization Entrusted R&D Report for FY 1996

Date of preparation December 31, 1996

Field /
Project number

Field: No. E-041
Medical and walfare Support Technology

Research
organization

Yokohama City University

Post of the research
coordinator

Assistant Professor Yokohama City University School of Medicine

Name of the
research coordinator

(signature)
Yasuharu Noishik, ,

Title of the project A new technology of artificial organ materials which can induce host 
biocompatibility

Duration of the 
project

January 16, 1996 ~ December 31 , 1996

Purpose of the 
project

The aim of this project is to produce a highly biocompatible materials 
for next generation's artificial organs using the following methods:
1, Micromodification of polymr materials. 2, Biocompatible 
treatment for biological materials. 3, Application of bioabsorbable 
materials. 4, Bioactive substance immobilization, and 5, Use of 
autologous tissue as artificial organ materials.

Summary of the
results

As a synthetic polymer material, microporous polyurethane was 
used for a small diameter vascular prosthesis. The graft with this 
technology was successfully implanted in rat abdomical aortic 
position. The graft of 1.5 mm in internal diameter and 10 cm in 
length showed excellent patency with nice endothelialization. As a 
biological material, microfibers of collagen was used for a sealing 
substance of vascular prothesis. The microfibers absorbed a large 
amount of water, which could prevent blood leakage from the graft 
wall. The graft showed non-thrombogenic property and excellent 
host cell affinity, resulted in rapid neointima formation. As to 
autologous tissue, bone marrow was used, since marrow cells can 
differentiate into any mesenchimal cells with synthesis of growth 
factors. Marrow cell transplanted vascular prothesis showed rapid 
capillary ingrowth. These results indicated that the newly designed 
materials had suitable properties for materials of next generation's 
artificial organs.

Publication, patents,
etc.

We represented these results in the 5th World Biomaterial Congress 
and The Annual Meeting of the Americal Society for Artificial 
Internal Organs. Now, we are considering the patent application for 
some of these findings.

Future plans We are planning to apply these technology to develop new artificial 
organs, especially in the field of vascular prostheses.
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2) Development of a growable vascular graft

3) Rapid endothelialization of vascular prostheses by seeding autologous venous tissue fragments
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slow heparin release collagen and natural tissue compliance
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6) Development of a soft, pliable, slow heparin release venous graft
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8) Long-term evaluation of a growable graft
9) Evaluation of a new vascular graft prosthesis fabricated from ultrafine polyester fiber
10) New concepts and development of vascular graft prostheses
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adipose tissue fragmented vascular prosthesis

16) Healing process of vascular prosthesis and a method to accelerate the neointima formation by 

transplantation of autologous tissue fragments

17) Neointima formation of fabric vascular prosthesis and a method to accerelate the healing 

process by transplantation of venous tissue fragments
18) Healing process of a vascular prosthesis transplanted with venous tissue fragments
19) A functional neointima with regularly arranged smooth muscle cells in a fabric vascular 

prosthesis transplanted with autologous venous tissue fragments
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Abstract

A fabric vascular prosthesis sealed with succinylated collagen (SC graft) was developed as 

an A-V shunt graft for hemodialysis. The SC graft was soft, pliable, flexible, and puncturable 

with quick hemostasis. A needle puncture made a smaller hole in the SC graft wall than in a 

control e-PTFE graft such as is usually used for an A-V shunt. The SC graft was extremely 

hydrous since it is sealed with water which is absorbed into the intermolecular spaces of 

negatively charged collagen. Succinylated collagen suspension was injected with pressure into a 

knitted fabric vascular prosthesis wall (water permeability: 1200ml) so as to become entangled in 

the Dacron network. Then the graft was lyophilized and thermally crosslinked. Water leakage 

from 6 holes created by a 18 G needle puncture in vitro under water pressure of 120 mmHg was 

34.5 ± 29.9 ml/min. in the SC-graft and 169.9 ± 38.5 ml/min. in the control e-PTFE graft. 

Hemostatic time at six 18G needle puncture sites on grafts implanted in the abdomen of 12 dogs 

was 4.5 ± 2.5 min. in the SC graft and 34.2 ± 11.5 min. in the controls. After implantation, the 

luminal surface of the SC grafts had a thinner thrombus layer than the control grafts. After one 

week, a thin thrombus layer covered the luminal surface of the SC grafts, and puncture sites 

were recognized as small dots under it, but in the controls, the thrombus layer was thick and the 

puncture sites could not be seen. These results suggest that the SC graft is less thrombogenic 

and has less blood leakage from the puncture sites than the control.

Introduction

Various kinds of vascular grafts such as autologous vein grafts, autologous subcutaneous 

connective tisue tubes, glutaraldehyde crosslinked bovine grafts, glutaraldehyde crosslinked 

umblical cord vein grafts, e-PTFE grafts, fabric grafts, polyurethane coated grafts, and spun 

Corethane (a polyarbonate-urethane formulated for enhanced biodegradation resistance over 

conventional polyurethanes) fibers-Dacron composite prosthescs have been tried and used as an 

A-V shunt blood access for hemodialysis . Today, e-PTFE grafts are the most frequently 

used in this field because of their high patency rate and easy puncturabilityl >7,8,9) Fabric 

grafts are, however, the most frequently used in reconstructive surgery for occlusive peripheral
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arterial diseases such as occlusion of femoral arteries due to arterioscrelosis, since e-PTFE grafts 

more often develop intimal hyperplasia at distal anastomotic sites than fabric grafts. In the field 

of blood access, the intimal hyperplasia problem with e-PTFE grafts has also been discussed for 

some time 1). Other disadvantages of e-PTFE grafts are excessive bleeding after needle 

puncture, perigraft hematoma formation, seroma formation, and aneurysmal dilatation after 

repeated punctures by a hemodialysis needle^-12) Qn the other hand, knitted fabric vascular 

prostheses are not used due to their low patency rate caused by the thrombogenic properties of 

Dacron fabric, even though the fabric grafts have other properties that make them superior to e- 

PTFE grafts, such as elasticity, softness, easy suturing, flexibility, easy punctureability, and 

quick hemostasis^).

The most frequent problems with the e-PTFE graft for blood access are prolonged 

bleeding after puncture and the intimal hyperplasia at the distal anastomotic sites after long-term 

implantation 1). In this communication, we report a new fabric vascular prosthesis coated with 

negatively charged collagen which can absorb a large amount of water. The graft is extremely 

hydrous compared with the hydrophobic properties of the control e-PTFE graft, but is expected 

to be non-thrombogenic and to have quick hemostasis at needle puncture sites when used for 

blood access. Because the observation period of the current experiment was short, we could not 

assess intimal hyperplasia, but we present an evaluation of puncture tests and hemostasis.

Materials and methods

1. graft preparation

Aseptically purified and succinyated atelocollagen 14,15) (Koken Co. Ltd., Tokyo, Japan) 

was used as a sealant, dispersed in distilled water at 40 °C, pH 7.0, to make a collagen 

suspension.

A porous Dacron fabric vascular prosthesis (MICRON, InterVascular S.A., Clearwater, 

Florida, U.S.A., 6 mm ID, water permeability: 1200 ml / min. at 120 mmHg) was used as a 

framework of the graft. It was enveloped in a vinyl chloride bag and connected with a syringe 

containing the succinylated collagen suspension, by a three-way stopcock and a connecting tube

02%
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to make a closed circulation system ^.1 "Collagen suspension was sieved through the prosthetic 

wall by pressurized injection from the syringe. The suspension that passed through the wall 

was injected again with the syringe. After repeating the procedure several times, the interstices 

of the Dacron fibers of the prosthesis were impregnated with collagen. Then the prosthesis was 

lyophilized and thermally crosslinked^,18) at 130 °C for 40 hours, simultaneously sterilizing 

the graft. With this procedure, a prosthesis impregnated with succinylated collagen (SC graft) 

was prepared.

An e-PTFE graft (Gore-Tex graft, W.LGore & Associates, Inc. Flagstaff, Arizona,

U.S.A.) was used as a control.

2. Analysis of the SC graft

Water leakage from holes created by an 18 G needle puncture in vitro under water pressure 

of 120 mmHg was measured at 6 puncture sites according to the water permeability test for 

vascular prostheses 19). Under internal water pressure of 120 mmHg, the graft was punctured 

with anl8 G needle at a 30 ° angle to the graft external surface. One minute after the puncture, 

the needle was withdrawn. Amount of water leakage through the needle hole was measured, and 

the average leakage of water through the 6 puncture holes was calculated. The same procedure 

was performed with the control e-PTFE graft.

3. Implantation of the prostheses

Adult mongrel dogs of both sexes, weighing 8 to 18 kg, were anesthetized with an initial 

dose of 40 to 75mg of ketamine hydrochloride (Sankyo Pharmacy Co. Ltd., Osaka, Japan) 

intramuscularly and 8 to 15 ml of pentobarbital (2.5 % solution) intravenously. Supplemental 

doses were given when required. The dogs were intubated and supported with a respirator at 20 

cycles per minute and a tidal volume of 150 to 250 ml of 20 % oxygen. The peritoneal cavity 

was entered via a midline incision at the center of the abdomen. The abdominal aorta was 

exposed and mobilized by severing two pairs of lumber arteries and the inferior mesenteric 

artery . Five cm of the aorta was resected and replaced by the SC-graft (internal diameter, 6 

mm; length, 5.5 to 6 cm). Continuous suturing with a 5-0 polyester multifilament suture (Nihon 

Shoji Co. Ltd., Osaka, Japan) was used. During the operation, an antibiotic (1 gm
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Cephalosporin, Fujisawa Pharmacy, Osaka, Japan) was administered into the peritoneal cavity, 

but no anticoagulants were used at any time. The control grafts were also implanted in the same 

manner.

The time required to establish hemostasis at the puncture sites was measured at 6 sites on 6 

SC grafts and 6 control grafts. The implanted graft was punctured with an 18 G needle at a 30 ° 

angle to the graft external surface. After 1 minute, the needle was withdrawn. Digital pressure 

was applied to the puncture hole, and every half minute the finger was slightly lifted to observe 

the coagulation at the puncture hole, and the time required to establish hemostasis at each 

puncture hole was recorded. The mean time at the 6 puncture sites was calculated.

After the hemostasis test, both the SC grafts and the controls were left in the abdominal 

aortic position in order to observe the healing process at the puncture site and the whole luminal 

surface.

All animal care was in compliance with the "Principles of Laboratory Animal Care" 

formulated by the National Society for Medical Research and the "Guide for the Care and Use of 

Laboratory Animals" prepared by the National Academy of Sciences and published by the 

National Institutes of Health (NIH publication No. 80-23, revised 1985).

4. Explantation of the prostheses

Six specimens were removed at 1 hour, and 6 at 1 week after implantation from both the 

SC graft groups and the control groups. Before harvesting, heparin sodium (lOOIU/kg) was 

administered intravenously to prevent clotting. All the retrieved specimens were rinsed with 

saline solution to remove excess intraluminal blood and examined macroscopically.

5. Histological examination

For light and scanning electron microscopic observations, 4 mm sections of the prostheses 

were cut longitudinally from the proximal to the distal anastomoses. Each sample was cut into 

seven pieces, and identifying marks were placed from the proximal to the distal area to observe 

the entire length of the graft in sequence. The specimens were fixed with 10 % formaldehyde in 

phosphate buffer 0.2 mol/L, pH 7.4. Tissue for light microscopic examination was embedded 

in hydrophilic resin^O). Sections were stained with hematoxylin and eosin, with the PAP
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method for the staining of factor VIII of endothelial cells, and with Von Kossa staining for 

detection of calcification.

Sections for scanning electron microscopic observation were stained with a 1 % osmium 

tetroxide solution, dehydrated in a graded series of ethanol and amyl acetate, and then critical- 

point dried with carbon dioxide and sputter-coated with gold palladium. Examination was 

performed with a S-800 scanning electron microscopy (Hitachi, Tokyo, Japan; accelerating 

voltage; 15kV).

Results

1. Preparation of the SC grafts

Impregnation of the prosthetic wall with collagen was easy. After several repeated 

injections of the collagen suspension through the prosthetic wall, the collagen was trapped in the 

interstices of Dacron fibers of the prosthesis. After lyophylization, the graft become completely 

white. Thermal treatment made the coated collagen insoluble from the graft wall.

2. Prepared SC graft

The SC grafts were slightly rigid, white, and porous-looking when dry. However, once a 

graft dipped into saline solution, it absorbed water quickly and became soft and pliable (Fig. la, 

lb).

3. Puncture test in vitro

Figure 1 showed an 18 G needle puncture on an SC graft and on an control. Fig. lb 

shows both grafts after the needle removal. The hole on the SC graft was approximately 0.3 

mm in diameter, but the hole on the control was approximately 1.2 mm. There was no 

remarkable resistance to the needle puncture on either graft. Water leakage through the holes 

was measured under pressure of 120 mm Hg at 6 puncture sites, and was 34.5 ± 29.9 ml/min. in 

the SC graft and 169.9 ± 38.5 ml/min. in the control e-PTFE graft.

4. Scanning electron microscopy

Holes created by the 18 G needle on the SC graft and on the control are shown in Figures 

2a and 2b. Both photographs were taken at the same magnification. The control graft has a
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large, round hole approximately 1.2 mm in diameter in it. The thickness of the graft wall was 

approximately 0.4 mm. The entire cut edge of the graft wall with a smooth surface is seen 

through the hole. In the SC graft, there was a small tear of 0.2 to 0.6 mm in width with a rough 

edge of cut and frayed Dacron fibers with broken collagen. The luminal surface of the control 

was composed of the ordinary expanded PTFE structure with numerous nodules and micro

fibrils. The luminal surface of the SC-graft was Dacron fibers coated with collagen with many 

holes of various sizes, i.e. the lumen was porous and rough (Fig. 2b).

5. Graft implantation and puncture test in vivo

Implantation of both the SC graft and the control graft was easy without any problems.

The SC graft wall was soft and pliable, and easy to suture. There was no bleeding through the 

graft wall or the suture holes in the SC-graft. The control graft also showed no bleeding 

through the graft wall, But, there was a little bleeding through the suture holes just after 

implantation. This was controlled within two minutes without any treatment.

Average hemostatic time at 6 puncture sites on each SC-graft was 4.5 ± 2.5. In the 

control grafts, the average time was 34.2 ± 11.5 min.

6. Graft retrieval

After the puncture test, there was no bleeding problem at the puncture sites or the suture 

lines on either SC grafts or the control grafts. A small thrombus adhered to each puncture site 

on the graft outer surface (Fig. 3a). The luminal surface of the SC grafts at one hour was 

completely covered with a thin red thrombus layer. The puncture sites observed from the 

luminal surface were seen as small irregular spots, but there was almost no difference from the 

surrounding areas (Fig. 4a). The control grafts, a thick red thrombus layer covered the whole 

luminal surface, and the puncture sites could not be seen. (Fig. 4b).

One week after implantation and puncture, the luminal surface of the SC grafts was 

covered with a thin fibrin layer. A small thrombus at each puncture site was seen from the 

luminal surface through a thin thrombus layer, but not all the puncture sites could be seen (Fig. 

4c). In the control grafts, the luminal surface was covered with a thick thrombus layer, and the 

puncture sites underneath the thrombus layer could not be seen (Fig. 4d).
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7. Microscopical observation

One hour after puncture, the luminal surface of the SC grafts was covered with a thrombus 

layer approximately 0.1 mm thick. Needle holes at the puncture sites were completely occupied 

by fresh thrombus composed of fibrin, platelets, erythrocytes, and leukocytes (Fig. 5a). The 

coated collagen was present on the luminal surface, on the outer surface, and in the interstices of 

the Dacron fibers, i.e., inside the graft wall. But there were many vacant spaces in the collagen 

layer, i.e., it had numerous pores. In the control grafts, the luminal surface at one hour was 

covered with a thick thrombus layer approximately 1.2 mm thick. The puncture hole was also 

completely occupied fresh thrombus (Fig. 5b).

After one week, the SC grafts were enveloped by loose connective tissue from the outer 

surface. There was no peri graft hematoma, granuloma, scar, seroma, induration, or other 

unusual reaction around the grafts. The luminal surface of the SC grafts was covered with a 

thin fibrin layer 0.2 mm thick which contained a small number of erythrocytes. Small numbers 

of fibroblasts had already migrated into the interstices of the Dacron fibers. The luminal 

surface was composed of a fibrin layer without endothelial cells. There was no capillary 

ingrowth inside the graft wall. The puncture site had no foreign body reaction. At the 

anastomotic site, endothelial cell lining from the host aortic wall could be seen continuously 

beyond the suture line. Some fibroblasts had migrated underneath the endothelial cell layer. 

The coated collagen was thin and had started to be absorbed at one week. In the control groups, 

three out of 6 grafts had perigraft hematoma. There was no adhesion between the graft and the 

surrounding connective tissue. The luminal surface was still covered with a fresh thrombus 

layer 0.5 mm thick. There was no fibroblast migration inside the graft wall. At the puncture 

site, the needle holes were occupied by a fresh thrombus which contained a small number of 

fibroblasts, but no capillaries.

Discussion

Compared with the controls, it was evident from the results that the greatest advantage of 

the SC graft was the small tear-like hole created by the needle puncture, followed by quick
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hemostasis at the site. Another characteristic property of the SC graft was that its luminal 

surface was less thrombogenic.

The time required to achieve hemostasis after the needle puncture on the SC grafts was 

approximately one-eighth of that on the controls. This was due to the difference in the shape, 

size, morphological structure, and materials of the hole and its wall. It has already been 

pointed out that a needle puncture makes a large hole on an e-PTFE graftal). The raw 

material of the e-PTFE graft is easily deformed. Therefore, the hole retained its original size 

after the punccture. On the other hand, in the SC graft, the fabric structure was soft and pliable 

because the collagen sealant retained a large amount of water22). The collagen network as 

shown in the SEM photographs would accelerate hemostasis, since collagen fibrils can easily 

accumulate platelets. The three-dimensional structure of native collagen is thrombogenic due 

to aggregation of platelets23-25) The hydrous, collagen network produced by negatively

charged collagen made the coating substrate soft and pliable. Therefore, the needle enters the 

collagen network by expanding it, resulting in a small hole after the needle removal due to re

swelling of the collagen network and flexibility of the Dacron fibers. The hole created by the 

needle puncture become a small tear after the needle puncture and had irregular edges composed 

of polyester fibers and collagen fibers. The small tear with the irregular edge would be 

effective to shorten the time of hemostasis.

The luminal surfaces of both the SC graft and the controls at one hour and one week after 

implantation were completely different. The SC grafts were less thrombogenic than the 

controls. In general, collagen induces platelet aggregation because platelets are negatively 

charged. However, the modified collagen is less thrombogenic^). Collagen fibers in the SC 

grafts were negatively charged and modified by succinylation. The collagen layer on the SC 

grafts had less opportunity to be exposed to the blood stream since the luminal surface was 

hydrous because of the water trapped around the collagen fibers. Water does not enhance 

platelet aggregation nor fibrin deposition. Consequently, the hydrous surface of the prosthesis 

can prevent platelet aggregation and fibrin deposition. The hydrous surface on the SC grafts 

was non-thrombogenic, effectively preventing excessive thrombus adhesion after implantation.
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Fabric vascular prostheses without collagen coating have not been used as A-V shunt grafts 

because of their thrombogenicity. In the present experiments, the hydrophilic collagen coating 

showed the possibility of overcoming the problems with fabric vascular prostheses for A-V 

shunt grafts.

The e-PTFE grafts used as controls have been reported to have less thrombus 9,27) due to 

the non-adhesiveness22,29) 0f the original raw material. Thrombus forming on an e-PTFE 

graft surface is expected to detach itself from the surface, maintainaning the graft patency. 

However, the surface has numerous cracks, nodules, and microfibrils to give the graft flexibility 

by expanding. These provide anchoring sites for the thrombus on the luminal surface. The 

thick thrombus layer on the luminal surface at one hour in the present study supports this 

hypothesis. On the other hands, the walls of the puncture hole were relatively smooth, as 

shown in the SEM photographs, due to the plasticity of the PTFE. The thrombus inside the hole 

needs anchoring sites for hemostasis. But there were almost no anchoring sites on the walls of 

the hole, as shown in Fig. 2b. The thrombus inside the hole is not stable.

During clinical hemodialysis, heparin is usually used systemically to prevent thrombus 

formation in the hemodialyser. A 14 or 16 G needle is used for the puncture. A thrombus 

layer does not form on the graft luminal surface or inside the needle hole. A certain period of 

time after implantation, however, new adventitial tissue composed of fibroblasts and collagen 

fibers with microcapilaries is created around the graft. This tissue forms thrombus at puncture 

sites, resulting in hemostasis. Therefore, in general, ePTFE grafts are not allowed to be 

punctured for 2 weeks after implantation, during the term of adventitial formation, i.e., the term 

for encapsulation of the graft by the host tissue. This waiting time for e-PTFE grafts is also a 

problem for patients, especially in emergency cases. Even if new adventitial tissue is formed 

after a time, the excessive bleeding may cause a perigraft hematoma.

In conclusion, the newly developed fabric prosthesis with a negatively charged collagen 

coating has been shown to be an improved A-V shunt for blood access. The intimal hyperplasia 

at the distal anastomotic sites has not been studied in the present workdue to the short
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observation period. We are presently evaluate long-term patency and internal hyperplasia at

the distal anastomotic sites of the SC graft.
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Figure legend

Fig. 1. Puncture of SC graft (top) and ePTFE graft (bottom) with an 18 G needle(left), and 

after the puncture (right).

Fig. 2. Scanning electron microscopical observations of the puncture sites in SC graft (left) 

and ePTFE graft (right).

Fig. 3. Outer surfaces of SC graft (left) and ePTFE graft (right) 1 hour after puncture.

Fig. 4. Luminal aspects of SC grafts (left top and left bottom) and ePTFE grafts (right top 

and right bottom) 1 hour (left top and right top) and 1 week (left bottom and right bottom) after 

puncture.

Fig. 5. Photomicrographies of cross section of SC graft (left) and ePTFE graft (right) one 

hour after puncture. Thin thrombus covered the luminal surface on SC graft (left). In the 

puncture hole, small numbers of the Dacron fibers trapps the thrombus. Thick thrombus forms 

on the luminal surface and inside the puncture hole on ePTFE graft (right)
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aboT, #(7)f^"C^^#:A$##li. %<D$m&&&TZJ£Z>tzib, ttz^^t 

^r#m $fuTv^±#a5^##, mu \tr^ <D^mftt f\i mv 9 - )v

-£&!£> M£ i> tz-££.fcmx<D£1t%WCBtt}Xtti£titzJ&B%W^fX £ tza Lfr
f(OXA^LT, -ffub(7)m^(7)##^#^ibfL&o a%2W:!fub<7Xb 

#mwkL. ^#A*####-(7)m#%^^9o

"CL^9o .1(7)9 -bmm##Kov^T(i^:g|7 V'/f A#(7)^/<tf;i/#:^t:Z6#m^

2 Af##& ^ $ fimu- -c # 19, Z.tl\Z£'i TS± ,* &1\ t tz

L^L, 'L'fl!#<7>I 9 i:fii;il^atWfl^v^^| Lv^z 9

AZ6^m, L

< ^\/^o

t ^ H1 <7)m(im^^ (7)#%%^^#t 6 B %"e^(7)%#^J(7)##^^# L A:o
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1. Xtf* vi^ t (7)##

n 7 -y > ti ^ L T& 0 > lfflE<7)S® h
{r@oTv^<7)r. ^m##tLT##2fi,TV'ao L^'L, 39-y>^|gm##^

<7)E*>6, ^#:A-ec0^ttr6]±<7)EA^6, 3 7-y>y±#L7^##KW:, %#

fL-cv^^ y

)VjnV7)i'rK MAA&#9%#W2: Lt> *° v x *° ^ MiTB-W ^'i$ ti tz #B ^ ff o

-eititoiRSH£#\ vvfftM^ftTL^:

1 C 7to

1) Em
#C37-r'>mi: LfcEffl#tt£AIK&0*mi: LTSffl

L(fL(fet>^6o 37-y>(7)mim(7)v%

y;i/^7i/7;i/yEK(±,

llffl$t#C>MUJ2: < fflV'bftT£ D LXfctiX\i'Z>i)K y^? )\'7)l'71
K-C3 7- y& 2:. ##(DL^ 9 hv^ «

v'o -^> *6v ^^dr'X^zwti, ESES& h"-e& < ®bnrjs 0, @y 
"itiE$nTv^0 ##(:&#-^f 3(7)6<W&6o

ttz. *° V x*°* '>tix ^ y S £coT\ y;i/?;i/7;i/yk: KZ <9
E#&&cTV^6o ^Ux^^yfb^%^37-y>(0%#^J^L

2)

LT(7)x-7l/'y y V 3-;L/yyV '> >'y;VX~T;V (egde) , 
Rtf'*°V X-7 V > y V rz -;V'y y V -> >x- t 7V (PGDE-9,22) SrE^ &tf£0 Cfl% 
ti> h v^ftTv^S n o X(Di&(D*° V x*°^v<b-a^ £ l T >
yv *fen-;i/s^v y»j '>v';i/x-r;i/ (GPE) , #V y V -trn-;i/>t;V y'> y ;vx- r
7i/ (ppe) , 7 7i/trh-;i/^';y'; yyin-f^ (spe) yfflWc0

(#) (7)6(7)^emL7t:o

y;i/^;y7;pyk:K (GA) ,
> V y;y7^“h (HMDIC) ^E9 M'tz0 G A Rtf' HMDIC M<Di>(D£
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Ltzo

*1. stt*d©<fc#a;
Glutaraldehyde(GA) 

OHCCHiCHiCHiCHO

Hexamethylene Diisocyanate 
OCNCHi (CH,)4 CHzNCO(HMDIC)

Ethylene. Polyethylen Glycol 
Uiglycidyl Ether

:(EGDE,PGDE-9,PGDE-22)
! CHi—CH—CHi—O—(CH.—Cl!.—OXt—CH.—CM—Clfc

/ O

Glycerol Polygtycidyl Ether
(GPE)

CM.-- O -CH.—CH—CH. CH.—O—CH»—CJI—CH.0/ I OCH OH CH—O—CH.—CH—CH.
I o'CM, O CH.- CH—CH. CHi—O — CH. — CH — CH.

o o

PoIyKhccrol Polyglycidyl Ether £ppp> J 

CHr O-tCIU-CH CHi-OCM, CM CM, O). CM,
ch Ah o cii

1> CH.JHCH, a;0

Sorbitol Polyglycidyl Ether
(SPE)

Cl I, CH CH, O CH.CH Ah.CH-CII-CH, O-CH.-CH-CH,
o ! I Ah V

CH, CII CII, O O Ol.-Cl(Ctl.

II.

Bti, 0 B&v'o.oi % 7 ^ v > (PH7.0) *c#kS U
at,

itlto Ttuu y-Yyy^i
>£ 1 %?MTiS^L (pH3) , Tbn>7 ";vz.(D±.\Z Mt

OfFELto 7TD37-^^r/yli, l %7tn 

ESr^fD, XLtr b n 7 7 7 v a. (D±.K 5mm <DlW $ ’Cii L
(XmLto

ill. MS

GA RZftf V 10 % NaCl zK'MXli 50 % 7 ^ 7 — JWXiMtZSS
Ltemuto KS#t:mv^^&<7)-eo.oi-2o%o#ar^fb$
•tirto Mco pH (i 6~13 , iSJSli, 3 7 L J; ^ H 20 ~ 30
£-£t0 MS W 5^5^ e-nh2S£ tnbs &2) i t lea 0 $f,

K#5 — 10 mg Ktt), 4% NaHCOs £ 1ml, 1 % TNBS ( £> V ^7 ^ >
b VbA) e lmlini, 40r-e2#^K'$^6o 3ml £tiDx. llOlCe

1 <$iPS:, y’xf TNBS £ IS til LT^^? 345 nm <D
(3>bn-;p) A, f

tl?'ti<Dm^WR3t!g.Z B t Ltzt £, MS$U 1 (A-B) Za| X 100%^'^tto
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Z£
oto

(# w ? (+)
'?i (-H-) moi^#0)^#^a Qm^## K&<z^x

^ nmm^n ?##m# v?i (+) °%ma>
(+) ? (-) -f) (?)

sm Yi (-) \e^i^^9G9 (# - (-) "naerm## °3i^3&9*o 

#^Y#f^L^:i 9 - EM v frW 0(2 tAjxn iadd ‘ado ji'ftzz-aaod
Yj# Cl T^^^QW?df-a ^

vntetG>9MY"li-5H k T^-cH Kc&Diami? vo Yl$

YiY: Yi#?'

^-HQOd^ VO >#% Q Tif-a4 Yi^STO °«2r^

MS^WQIal ^ < cmt >«^KIr^OT Kvmm£u> vo
9r3>9ih^'ra Y #Y^Ci M-cH 'wmtm^zz
-aaod °YnS:u^^$^EXlr g 1 B#ti vo ;#% zz - aaod

$W^M vo ^ ^ (t ? <$& Hd f) vo v n g^ > Wyt ft zm<* Yi zz - aaod °y 
Hda>^OTc?vo^ zz-aaod Y^ °9^q=^?T

- %#o$gmozz-aaod ? aaoa Yt i m
^(E

nz,4^%oi "%imc)Zk:{#E9'i7'ri

gisira 'a
(Zi+n)

YiT^%
E^Ii£G9 «TOi/at aWm»!-lYl S9d M^MY °Yn^E3$®

miTT^ (%) 001X j 4- ( - ) t

Y#^:i (fiHd'sad) Yim^^nm^^#^

%% AI



$tlTUo^o EGDE, PGDE -22, GA X®M L 7t>L'!IS.(77 A )V A {±,

m%mL^x>K7e;(±, EGDE-maLt
K#Hi, PGDE-22^GA"emaL^K#Z()M^mv^fa]^^&o 

6LLL  ̂ &6«

i

0.1N NaOH,10*NaCl,30°C

2 5 4)

Time

OEGDE,0.02%
*EGDE,1%
^PGDE-22, 0.2% 
APGDE-22, 8%

01. ( st? '] ) if \s's?') 3-;uy/ij y y ;i/ x - -rn/OKJt'iPOt c swu^es)

• GA,0.1%
° PGDE-22,5%

02. ^ v xft% v =,—,i,y y u ■>ii*x-f;i<t?wfijif 
T't K®K£4»© pH^ft ( Kfid« )

£-nh2
group
reacted

(%)

tensile 
strength 
(kg/10rrana)

shrinkage
temperature

(°C)

control 0 10.5+0.4 .58.0
7 17.9+7.4 58.2

38 13.0+0.4 58.6
PGDE-22 62 9.4+1.9 64.1

95 2.0+0.7 85 <
11 12.5+5.0 71.4
41 10.0+3.0 72.0

GA 56 11.7+2.7 75.0
95 10.4+7.1 85 <

jj 2. .+• i) xf-u y *f '1 = —>^$7 y -yilA'X—-rA'Zk.tX:7';i/f 
b KTtoa L/=4mL'I&©3!3B9® • RffifiE

£-NHa
group
reacted

(%)

tensile
strength
(kg/lOmrf]

elongation

(%)
CONTROL 0 3.5 60
GA 48 5.2 53
HMDXC 50 4.5 49

EGDE 22 8.7 62

PGDE-9 53 13.3 60
PGDE-22 17 9.9 72

GPE 11 15.3 74

PPE 14 13.6 100

SPE 21 8.6 68

353. .-tf'J x* + yft-&fe /lU^^Tibf'b K 
yz? — HTtoa Vfc^'C.'IS®5l$®K • #y^
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4)##

v^^-eiio tv^o c ti\t, Z OX'kmnffl&tf&J&LXL$ o tztztb t
abfi&o e-7<
yw60%nrotMEfflltzx^k^zttffofrotz0 ttz, 7;vy
A^i/ft: 1/7^^ 7v7^- #U^$^#TLA

a?, ^ v j:#4r vf-r^m L 3 > h n - ^ R c % w ±0# m# & m

LTV'at&ambfi&o L^'L. )KVJ:^4ry
at. am

%K V J:#4-vfk^#-e^mtj: %Ch^^LTv^o

#c^#:#n#fLTv^o

6 iM $ T(7)^TC h A, t'Tnll

WWITI, tz0

5) $g#

1. < isj±$^*zt&Tz&o
2. C ktfft's'o
3. 3it&<nBM<D&lR%&WLtztt"C^#f SC<btfX#, WtoWfcfc'Ptt^o

XM.
(1) t #'^b£II£$cA£tt : rt 3 - ;w-\° y 7 v v h
(2) Wang, C.L., Miyata, T., Weksler, B., Rubin, A.L., Stenzel, K.H : Collagen - induced 

platelet aggregation and release. I, Biochim. Biophys. Acta. 544: 555, 1978
o)#-A. #m. ##,

Alflif? 9 (3): 678, 1980
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2. titcZimmzmafr t
i:# A & c

(GA) mm^tiX^tZo LfrLGkttm^ltftzm^t

AKfto-C,
immzmtt lt, mm$ axm£fF$l£0 am

#L<A##eKLTV'A:o W'&. 
A#om###^hmmLA:#m^##mLTv^o -A, GA^@L,

mv^##(7)'7hVv7^a'e(D#^

1) (i Ca&t:
A%m^mm#^LT. ^###, ####. (&

&#A u, ^^ ^ c
mzm'C^kL, AXm^^LT

fOiggcDlcl:, #

(GA) 4&a^#f6fLTV'&0 GA^mii,

tiu !kfcnx*<DftM,
<mv'GfiTV'&o L^L. #Xr(iGAm@CZ6$iJAhXA^@#LA:±"e, ^(DA

AZA#^^mLA:^o ##(iGAM$T9^7t:Be(7)j:9^%

W'WA#&metacbd?"C#ao ^<7)^(1. COA&"ef^LA: 
AXM^SmOTILAXSMAS^S±*^SAL, lfl« 

###^ACTV^C^e%ELA:o Com$(±%$(7)GAMm#"e(i^:LTA^^

2) ##^A&
I. AXA##fML £ <£ (f####

Wn^^tzhb^ ##%# (40 KHz , 1060 W, 20 #R) K TlUlS^^IU rz y
(mmm#) &#%<, ^^2

##em#^:&AL, 80~100mmHg (D^E-eSG ^-tiroo, fl Af£x ^ v #J ; 
Denacol EX 512, PGPGE (■f#*Hfcj£lH) , (5 % PGPGE CD 0.1 M NaaCos, 100 %x
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4)

GA##m<\ PGPGE#l±m#:#^6o GAW#*#

M#%&%CfTV'a PGPGE 60 ##(7)#,##?
m#(ie-e^6o M#(7)A&^m

l±, $lk'BtIMv6<0^:&Z>o rtUi, G A b PGPGE trabo T, m

PGPGE#l:(i,

&1-<&^o C(7)Z 9 ti1^iiv> K l Z>m&Kfc<VMtiJjK £Z>i><Dt&frti

mmmmii, A%m#me

it,

PGPGE #"TUG A#t:it"<, i&WjZt
#<7)mA^Ac, CM?. ?fm#mm?)#Aj3j:u^
TV^hmt»K6o Cl(7)Z^l:, ^(7)
#%^WkL, f fUcSCTm^KStmtbf

tZb~Q PGPGE £tt 3^###mm<7)E^J^-A&(7)A##K A h
#!:, g#^#^(7)A-C(d:m%(7)o^^v^#K'r^6o Z<7) 

Z9^mgat:z6^#<7)##mK(j:. ##ms#^,
L^ot, 'E-oE^h LXftk>tiZ>i)COt^W\-£tiZ>o

m.
tomMAj&A#/^ y; v 11-^r>^LT, 

Beii(7)Az&#^ ^A%m#^^z<^6fLTv^o

, 37-y>y;i/^-e^#t6^#^m^<7)##Kz^^K 
^,0 t&b*,, in-vitro t:j3tt^m^#t:Z6m##^(7)e!l"e&6o -^T, #%LZ^ 
bir&i"&ti, tenplate 5r ASS 

[Z'iy-fyyv LT\ template ^#(7)6 O

t £ K i (DfflX'h 6 U ttz Yamas 9) (7)3 y-X'yXtfy v> %&& skin template i> C 

<DW\iZ&Xl±tZ>i><DX$>&0 b.(DWi'k, template <D%#####C/FoT
AT^^,o ternplatem^<7)#^60##, @BMl:A#^^#e4A^o
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9 c. 9 K template ^ >t

III. ^\/<V
PGPGE#^G

A#Hj3V^Tt|W|#K, ^l^^-e90%^±<7)^/<V

PGPGE#^GA#hli#A36*#(7)^;<V
a 6^X0. 1 *R1£bzit90%£i±(D^^]) >\±Wl& Zti, 45 BBtMkzizmmcD&A

%CT.
% -e (D pgpge fiGAft?) ijfflMr S6 > $|fi KZ <7)^(1^ <, v h
V "j ? X(D‘&’tS.(DM^&$t & i><Vt j&fotl&o

5)

B%hf#rLv^#(0A

1 ooig&^f&#"C&6o

amcav'T, mw&Mtttct&wau

%m

1) T. Miyata, Y. Noishiki, K. Kodaira, Y. Furuse : New crosslinking method for collagenous 

biomaterials. 12th Annual Meeting Soc. Biomat., Minneapolice, Minnesota, U.S.A.,May, 1986
2) Y. Noishiki, T. Miyata, K. Kodaira: Heparin slow release collagenous small caliber vascular 

graft with natural tissue compliance by new crosslinking method. 32nd Annual Meeting 

A.S.A.I.O., Anaheim, Ca.,U.S.A. May, 1986.

3) D. Lagnoft, G. Warren : Determination of 2-Deoxy-2-Sulfoaminohexose content of 

mucopolysaccharides. Arch. Biochem. Biophys. 99 : 396-400, 1962

4) K. Hayashi, H. Handa, S. Nagasawa, A. Okumura, K. Moritake : Stiffness and elastic 

behavior of human intracranial and extranal arteries. J. Biomechanics, 13 :175-184, 1980

5) Y. Noishiki : Pattern of arrangement of smooth muscle cells in neointimae of synthetic 
vascular prostheses. J. Thorac. Cardiovasc. Surg. 75 : 894-901, 1987

6) W.A.D. Anderson, ed.: Pathology, P.56, The C.V. Mosby co. St. Louis, U.S.A. 1961
7) E. Bell, H. P. Ehrlich, D. J. Buttle, T. Nakatsu : Living tissue formed in vitro and accepted 

as skin-equivalent tissue of full thickness. Science, 211 :1052-1054, 1981
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8) C.B.Weinberg, E. Bell : A blood vessel model constructed from collagen and cultured 
vascular cells. Science, 231 : 397-400, 1986

9) I. V. Yannas, J. F. Burke, D. P. Orgill, E. M. Skrabut: Wound tissue can utilize a polymeric 

template to synthesize a functional extension of skin. Science, 215 :174-176, 1982

10) Y. Noishiki, T. Miyata: Successful animal study of small caliver heparin-protaimnecollagen 
vascular grafts. T. A. S. A. L. O., 31 : 102-106, 1985

11) S. A. Wesolowski: Evaluation of tissue and prosthetic vascular grafts. Charles, C. Thomas 
Co., Springfield, 111., 1962

12) Y. Noishiki : Alcohol-preserved homo-and heterologous connective tissue tube for arterial 

prostheses. Artif. Organs, 1 : 152-154, 1978
13) T. Miyata, Y. Noishiki, M. Matsumae, Y. Yamane : A new method to give an 

antithrombogenicity to biological materials and its successful application to vascular graft. 
T.A.S.A.I.O., 29 : 363-368, 1983
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at#

V^ ^ fLTv^ &#a ^##^A%m#$r ^ t A/ A T
La^(3f(o#^%6o

cficL /^yvvh#A%m^emtf 

£±K£wf *K 2 W:, Jt(D±KM:&B^M^y( bt> 4 >, MS^
&t'<D$jj%:£-tt & ^ 12, y;i/^-;i/7;i/'f t: K#«M

3 o
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iiE^M't47°'7X-r ^ y 7(D^ba@^) 6 o

##KtD & $ $ & V' C b L T^o 2 B m v^ % =MT w 6
#(D^< T6 6 C(7)Z^ ^r##

e^cm^##yv%T<v^^mv^ac ^-e#^^A%m^<7)m:tM#h^ao L
fri>, Z(Dtf]) 7 nMTZB.&'&fot Z. tK l ’O ,

ac ztutAxm&n&&8iffi£ iximi&w'frvlm

m±T?^a^A%m^mm#(±^a-e^#-e^a c h ^6. c 
av^M#$fi6o

Z<Z>]glt&ftfifrf#1£’77Z'9"y 7 t LT, *°ij x;*t;K£>—o“C*&ap (3HB - co 
-4HB) (3 - £ K D df '>BM (3HB) t 4- li Kn4r vS&Sfc (4HB)

Xs LT(Dfcm£J; (7ESAEStcffl v> 5M^ttE^ LTOS
m6ozo^%o^tfT^eifc/:o

&4b\ /M&Hf mt±t<D&m

<Djz¥Xft‘otzi><DX$>Z>o
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i. m#
1.1 BKj
i. 2
1. 3
1. 4 E%©iS£>A

2.
2.1 #m
2. 2 in vitro
2. 3 Ammmi#iwi#A^
2. 4
2. 5 AmmmAxmwaE^m
2. e
2. 7 a£ni>n- -y

3. &§%
3. 1 in vitroM ( I )
3. 2 AlilMl*! 1 Bf CD A- 1, 2]
3. 3 AmmmAzA#amm (i) cdb — i. 2-, s a mm#]
3.4 in vitro### ( E )
3. 5 A#mmA%m#aEKm (:) cdc-i, 2; samm#]
3. 6 ASMftAXStWim (I) CDD-l, 2, 3 ; 1 7~1 9 HTaliSE)
3 . 7 A^f/Cvx- y ( I ) (DE ; 2 8 BThISE)
3. 8 ASXvn- y ?-%%% ( n) CDF-1. 2; HHFIli)
3. 9 A^fvGvx- -y 3-m$L ( H) (DG-1, 2; 1 4 HfajilE)

4. ##
4. 1 Sa&AXlfoJf^OI&fflCMLT
4 . 2 ,C# • y LT
4. 3 A-t ;f*‘V xx^;i/©ESBti"0fflE%©£ £#>

5. Mtro

6. XiK
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1. fcfs 
1.1

S*'1] P (3HB-co-4HB) ( 3 - b K n
7 '>mWl ( 3 HB) i4-k (4 HB) ©£SMs 01 )

LT©BmtmT-?Ais%,

AMMESMtAFic!: ItOlSMC^ 01 P(3HB-co-4HB) ' 
^T^ftA <6.

1. 2 ±%##3$S§
Lx\t±t ltaxaw, >m • A#m/<y 5>*is. 

ax aw, /&# • v7#©A##m#6L-m±M v i^t*i
V 7 b 7 7;v*nj;euI/y*<OT$tLTV^. £?LB*' V 7 l77^ni 

7y y&Af&BtekS^fciB, AXAWmm^^^a&Bf^A
#&-6^ %#|*|# (7 ^ 7' V 7#©A##M#© 9 f ) OAIifi^CT^^y y

7A, ^ V %7 & NZi&F#©
7 y* V 7 7X7 <-‘^7^9. ©BBB&tt-^A-S.:: £&"5JEi?
&&*<, #A^I%±f %A%K:W?LB^/J^ <f##B, ^$RB£WA5 
6©^gKg%^^#^$A,T^%V\

AEgST v %%7;i/#mmm#0 7 y^ v y7'#B, #I#B - m^B^B^L, fr
-7, 5!$to&SEE AB£ W t Zbvtt&tzftiz, Jt$£$W?LB©ASV'*’V xx7;Hi 

7 A’ V xxr^l^-A 3 C ££±&{&ittlilli<J: LA. CtiCd; ^ 7*‘ V x
%7;p©#B-m#B, ^#=mWB, ^MB, ^JnxB^oBS^BirtsL

-mt:mLB0A#^AXA#a^mm0^A&:j;&#e%^m^$, 
&zth'$n£A/r&9, EHii© E A £ 0 L T /nA 7 7*V x%7;p^ML%^ < c^:A 
*), #?LB©A#t^V xXt^^Mc!: LTM««©Si^M$ti§ i

& A ^ T tiyxA 7*" V xx7-;P©M^MLTE^LT%l5]E%UTib'i9, 7A, 
z ©^ei? & a #%mA • ^ zttL
A.

ch3 g 0
-(-0-*CH-CH2-C At—(0-CHz-CHz-CH2-C Ay 

[3HB] [4HB]
________ (4HB = 4-hydroxybutyrate)

1. 3 iM*©E»j
*" V x xr^AiAf £3 5-7 y • -if 5 7 5 &B <
77MrfjE$ft AMi£7)UT©E%$&mTMB'? 
^77ym#L/^^^c:6, #mzm±0iB!m (wet
ft%^<, m#z@T^mL%ti}Km}0R9m<^&),

(mv'y %t) 0|EBSSB©rp1EW^™LTV^E^^$>5.2'3) ,C# - AW&X 
xxr^liin^-y'y^ML^Wfe^.4’ Lftb© 

3 5-77 • -if 5 7y&©&©T'ttBIIB;£{7¥1*£c:£«T'§&^. £A, -9^^##
v 7*v 3-jum. • ** v v

^{TftftTt^ A>

1. 4 E3S©J@%>^
#-&%^©^A^@mL%, z0^-e©mmM^ET$)&m^AzA# (ma

s mm jam A ©E%m@?#Amm^ t ^ L% A ^
< :££+£ LA. ZhlZ&nmh'&t LTi^A^fflt^ A*6|^7 7Lb£t&£L 

^7 ^ i t ^ {hi]®
AAL, WmEcbLTBmAXAWttAoMmS^A^^®^. A5i£*JiB© 

$>£$]£<!: LT&, ASAXAW (7T*^SISS© &3AXAW^S APAX©A & ©7-;v 
#(h LX/\X V x%7;p##fB L, 7X^n7T^y7T'fit5) , AXWHiitJf 
a#©ay +y bMAxA#

h'iZtthtz.
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2. i tm
MUnm P(3HB-co-80£4HB)«^i£#£Mnnn£l£Jl Ltz. 

fa (WJ>S^^B§|5) &£E6)EiB©;£&t;:Lfc;b^TlMlzfc. 7Kvti4©^‘r^bm $ 
wrvSt^ t't&ztte'kiQ tnofr^SEft"? mtvm^ £ %

2. 2 in vitro
ftB 5 mm • j|£ 7 cn(D-y)n-yfx~1 (g±WA%, 7rf37^i-7 SH No.5) ftE^/Wm?)!- 

(3wt/voi%,
##, — VmZu'yV {£jWj *JTj$:) l,z.X%ilSXtKfAfi-1£Ltz.

u, fi-7i*iK:^@±^7k^&AL, 
tz. m (h*6m, <?. m^2.5 kg)
, 3cnmmz&ALtz. (1-5^) im&, n-m
££«&7Kkt®U 2%m)\n7tf ymmz.'ZWfcLtz. BrnAm

to^iQ, ee&ei*:.
LaAm##±&mm?§m# (sem) • 1 <m t • $£&%*&&&%
Ltz.

2. 3 A#wft 1 ei5#A;m
^##^ft^3 mm • #$ 3cm©r7n>fi-7rtEfc:3“7r//U iiT"C^I113i)SlH^

jemma u aaa#7k&=
X&&&, 2%7M7)l7tb" 7k?SS^T@EU, m«ME^miM6E#CL/%S EMCZ 
ESLz/c.

2. 4 IlfflAIlf^
ft£13.5 mm, fH&4.5 mm®Al77)#m## (I?—>0 »;$ Hit t ©, W?LBA 

#^) %Mmnn T'MLTim^lfc. ;W#Vl^7ll' tikmtW&^^LXVt^tz : Q 
^-&3.0-3.5 rnrn©77D7f3-7&:/K#'m7& 7Dn*WM (3 wt/vol% , v\')y ##: •

a .)x l ~ 2 03-7o?-f a, (D3-7^fy>)Ltz77trzh-7© ±iz±i£©tfvn*
a, ®—5ffi^377 T'StbfcftS 5 mm(Dy')3->f 1-7 ft&:;W#'JI%7ll' m9> #

# (0.5 wt/vol%)£&Al'T&< , @d)Ji©^-7ft^(g)ii©77D7fi-7^£$ALz?S&§^^
# < if-3 , ®-#^WL/%W:377 (/MKifctt
xmyfx-1b^\^W.^x) StSSEUft£ AMIS^Et* a, ®$&E#y73-^i-7(m 77 
Mx-1) ( 2 ~ 4 cm) KWOT^ita.

2. 5 A#mftA%m#mm#:m
p©^&:

#mw&T$#<b%ack9K:%AL,;t.
mmt ( 5 ~ 1 9 H ) , ^^1

mzxmwy m, tFn*:/if)W7'jl/-F (Reichert- JungM HI STORES IN i^ffl),
m®J0E^57Dk-A (Reichert-Jung # 2055 AUT0CUT)£j£ffi LTJ?$5 vm(D9Jft£L, 
A7F+'>«J>. &&&&$> £ t,' ti:HHy'Z/lK&fe LTl.
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2. 6
(l);)i,Ji7T)HtIES+;W#,JiXT)t' 7-fR (16^^^-tirm)

mtrnn ^DDWii(2 wt/voi %)$hz. 
mmL/c015cm0^%yv-l/ ±T'«£}f mPtim
EL/c. ^’JlXrlt mm ?M(2 wt/vol %)40M&15cm©
£*S$£OTt$-frTj?3#j40itMii©7<ffr&L/c. C©7-fM© _tC;W*t?3-r<7? 
##^©-(ir±/i^e<^$x./c^m-C90'C^-774:T30^fammL//c#, 3 X 5crnt:mKr

WmT.rmffiluQfrmZM-timrn&lL’&t LJtE£/W#m5WM<!: Ltztm,
(1)7: % tz SitM SB 5 cm © 7MMCDM ^ T $ « 9 , JW^JlXrfl- 7/M^TK:

L-C7IKW±&:S& , 90‘C A - 7' y * T30#FbB@U&'ftLT7mv1l,Z$%£-£/:. •€:© 
±^;W#VI%7& v^#7 ## (1 wt/vol %) 7 ESKI-20 'C©m@%###©#
&:AW^$^/c©-6, SMISE LTM^#/:. WtfViXXll m')v (1 wt/vol %)
<Dh't>*ofc, $mwfy%MP)un ^^lt5 wt% #&7W#nm mry ## d wt/voi

/ (3)t-'m7)H»E^©WE^M#Vi/7)1#?L@ t L /cim
W-Z 1 ram© 7)1 i L LT 7 X 9 cm © S AS © S!#^ M L, W^'JiXt^ 3-5x7?

i$ES^15x 13cmX7'>X #H/- JSEiOE^ 1 mm©fBTO^7!§ % <k *3 mW^'JlX?)! 3-7^79 
LTX73VX SfP- ±tuEWc. mrs mWL (2 wt/vol %)

38mm±£\ E-6^-20 •C©SISI^EEF13©EtrAnS^$-ii:, 3x5

2 . 7 y f ^
A©£/l>S©-§B&ML&^ y Aim&iil: b V $ yf'LT 

(Diim^ ^hy#'JiX7)l xmllS, (2)1^7: &^?L®EtJ£, (3)imT-ti:}lBl00 ;/mgg 
©£?lmm (*^%m#K:±@i©m) zzn?tiM.mffiMizLxm&L, »l/c. m 
mmM (14-280^) ^^S^T^m^Ed-tir, mLTI^F^EJRL, AXSWilE^ 
liPlcmrMUc.
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3.
3.1 in vitrolfE ( I )

vitroEto©|5%, P(3HB-co-80%4HB)0E
^'J7$##:£A#:02.5-4Owt%^$-yraC(b^A^m: 

ac^Mm^c^, wt % w±aif a^-rc/f

3. 2 A#mmrnm-Aim(DA-i, 2)
M^'JlXr)! m® 1^4, \;W:/#g#&^#02.5 wt% VPJ7fg&££ft© 10 wt%#

i/tftft, »0ti’J7777(TECOFLEX EG80A)I,tF© 4 2EiU?)Ml/c.(il2 )
SEMES (M3 ) ©Mm, ®*V'M7(TEC0FLEX EG80A)(bjt^T^4I|s)^©Btm#%T&
ac^, A/:
l, zajjmizf%-7%gp©mmc & a mm©mm<A& ^ztbWbfrttz-otz.

3. 3 A#mmA%A#@wm(i) (DB-i, 2; ssmimm)
@W8AZA#©#I]&M4 . AXlfiLt'ft E^ £ Itl 20 // m ©/V#’JiM 7+HJ1

#*%gBKZE^L%mm&M5 . ^7^£#-#f agiK#l?A^j7^FH777ll-&: 
=k <0 %6$^,a c t, ;w#Ui%7)i HUMfriz *o g'lUkL'Zte<o MU 
mn l ©§;^&:\m'A%fofrftiv lx i ' a c tbfrttz^ tz.

MUnm #0 !3$4, \;Pi7$##£A#:©5 wt% #tr#^$4© 2 # 4 cm) £
m^%A2s&:4;^ 8 H^©m#^m£e-o^. mm£M6*>'cku;si db-i,db-2 c*
f. liW 11 41^1^0L%W:.

3.4 in vitrol^ffi ( E )
mJJl^T'©mm*^, ® 3 mgE]SO^lBW^©MliW#VlXr)l 0?>0 &IiU'

C t, ®Wj7St^©^H^f>VlX7)l 7-fW2®^%*<# <
<b^V7##:©%^K:+)^^#L„ gP# 

z> z tt,z£t) h%mW.<D$:l£ikfr^&tzz tZR^tiLtz. ZZT2, ;w# 
VlX7)l-vVrXf^-9PSP7f7%K^§tM'r a C ttL, znm-m i£LT in vitro s

£©mmc:©^T$)tl^^«j7tt^£^©20 wUi^t$-ii:T

3 . 5 AiMfiAXM-iimm ( E ) ( D C - I , 2 ; 5 Broffi)
QfiVlXWIf1©^-, ©^'JmiSW + Wti'JlM , ®li’JlX7)lSf- + Mii'JltfJl +1/77-720%, 

©ti'UXJIl/EW + ;W#‘JIX7)1 + 777720% + Wj7tl#;20% 0 4 ®©^4 (^fnl)-S$ 2 cm)
£m^%A2E^ckf9 5Biwj0mm^£e^^. mm£M7&<k#mi Dc-i.oc-2 t:
^t. ADC-2miEMW£ttiM.frgfr^tzfz^frbBE^ltt'C^tlLX^tzfr, & 
imti:®, ©, ®ti^mt)S^^ckOESUT</Ac©^MLz, ®©K#^2E^tgg# 
it&*)w-s-ms*'s©mmm'&'PfybcxDW&Lvttmwptzfr^iz. Am 
&:cka#$lf^6Azmwmm:^W7^#L % ^ a c
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E0m-»gmm:>i'y %c«>iL,A.
^I%TllgS# + ;Wmi%T)l +H/f}20% +W#f#20% :&# (#$2cm, :+6^) %A3E

isBigmimznBmi) @Ei,A. ^A,
A# (AiXTii##+;w#'Jim fiiif Ai%T)t,##+;w#vi%T)i' +vm201 ) ^Isjuf^ESibE

^m&ms^ck^mi 00-1-00-3 ^©^
m, vVJvSt#^-v->7'v '^jJU%© 1 *©AA© 5 AAA#iztz^oSlIUl'
a. $1# lt ^ a 1 wW'S-Sd; >o h>0,

3. 7 A^/C'/<vfm^(I) [DE; 28B^m#)
A<ome Az A#-' ©& u-f^mmmastu ^ $a a

-&t\ AiXtM^W + W^'JiXt)! 7-fM (Hfity&fcHHm) £A©&A'©^’ y^t UT{$
mf^4mim©mE^^e^A. xyAAm^z^,C'©m^tcj;<
msu, /w#vixfn
x-f^y&m (A#mi) A%#a%(b^c^ALAmm
th'bte%>;vxx^t*i#A:iB^b, w^Vix-zii y^Lta^xx© FhIb4$btzA^^^SjWITT* 
§ tz t f££ $ A £ Qffl b#& br v^ tz. IAE!$i*iz©ilHISHz It 7-f )A^©1^

7L#m#)

3. 8 A#/C'/<yfm%8(n) (DF-1. 2; 14BfW]@E)
m iXtM* « © BE £ mP)nn&llrM t bftMZWfr) ix-OTffE <b b Aim^ >0 

A 2 E£Affl LAf/lAt yf-tbr 2 *i!ELA. m&£H 1 0 C^Z . /< v A
^mmhto, Munm #?l® (ah, ?ie ioo//miu$) <i:mm6©##tm^
$)-?tz. Mmnn HLf©AiM»:iiAE#mi%tzz->{SAbtzVmtfrbt&Z> 
W-ZbOv rnm^M^-^mbr^tz . ;W#’J1X7)1
-o ASI^ 2: tEA b AEBt;: Z *) il© AT & ^ , M^JiXtB- C|b0Z3M
MEt/J'3M^ViXrii zttffiij©izteSEA^S 
IQ , W]^6'W#'JiXf)i ¥/fEA^©*©^A»&A»-?A. 

3mm7kB£tf-¥Z 3 A© iz$mwy% 5 %WN b tz b © £ b & b'$> © t © 2 ?I£$
v\ ^mtn^^##:K:AimAB^j;<m^e©AmBt:@AT^A^, 2i@mi#©M

3. 9 A^/tvx’ y A%# (ffi) [DG-1, 2; 14 BFalilffl)
AiXrW W©Mffi^M^'JiXr)P $?\Mt 9 A2 EB^/C,^* 2

mmEu/c. ^m^mii i&^f. xvAD%#©sEM^m^mi2c^f..;w 
#vixT»^;Lg (Amm Tie loopm##;##, ?ieio//m@jg)

A. AMME^^v^Ttt, -Sil^ilE6MjiT©AE©-5L^^ b < i

ntzfr (adg-1), ADG-2z^%mm@^#^meT&^(%m) 
ess a a.

3. 6 (H) (DD- l, 2, 3; 17-19 HPASE)
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4.
4. 1

Q;H#'Ji7t)I' P (3HB-CO-80%4HB) ©m©E A&B £ miSz b %>.

(D;H#'JI7t)I' %^SI?0M'y^©i-VVJ-yW#'JlX7)l-
A4E< , m7d>'-k% < v\

incMl, E^Otetbinj:,
(a) WjyW£{jf-ffl t & Z £ IZ & <0 ffl ©%&#%&#{% L,
(b) #^gR©±#:A##^ 3-5n'/)VLm% $ ZS',
(c) AZA##-#l^6Z$m A#^)<+^&:# AL Z © 5, n-fiyVfrftffiykUZft.
AZAf-l*I®^:*©l*lM^jSEZ Z,
C £IZ$>£.

ZE©BIm^<9, JW^IXtII tj:CMW^I^t5 7?D-f Z&, (a)^(b)^M3:^-ti:oC(h

ft!i©7AM tLX^Mmim © Z Wj'y£i-1;efy®£SE£Z

z©t&stzZ $ £>friz$nzv^.8> bfrL, i-uyv©±^mM%%^z
#Af mw
IfiTZnZL^t < ^WM©#B#l&©;C'E4)%i/^^9 Mtti’Jix^ ©M±Z©OTt£Z 
^ L, Z ^ Z a#x_ W ^ C 2: #© C 6 ^ ^, CAZA#^^©Bm##^ 
frZ&i''1 C Z Z Liz.

4 . 2 ,C# • AW^x 7 Z^©Sffl£®LT
A#,C'/<y ^ZL/Z©^MM^^Z%)^Z^©Z9

©^177)^1®^ + M^’JlXrll' 7>fM (B*)A"t)Z5K*4)
##%&:# : &M

: ;w#vi%7ii/ in (AM) zurnt®mm&+#z ^^^
(#%###)

©mnmnt^mm^M-mnnmint t uzim,
S fitted: Mf

(AM, ;ie loo^mmrn) zmm©%#itm^ 
¥itIiWJA^¥fflrt^fflflll0gAl^ b it.

(DWirnWS © mm^;w#Vi%7M#?L@ tbit

m^mzit: Mmim min (aii, ?l& ioo,c/m®g ? mi ?imo^m*i®)
AtMitti/c.

c ^ ©mm^ &, ® ©sm #ms% - z t @E^z ^ ^ z#z ^ fi/c.
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5.
P (3HB-co-80%4HB) ©W^AZA#^ck%# - A#%X v ^© 2

(imMAm±rm©Emwv t

(2) m@3 mmo^ v %%f-;i/mm^AzA#^m^f mmm% i mmm

-e^m±©%gfm©mmK:^^%w^©xy/t%m
SEt^ bt-?{ A#K: ck 6 %m©^gg^#%t %>zt M £ T, WSAZi$[VW^©B$ tt 
*jS&£¥JJ®r£ftfc.

(3) ^/Cv< y*t LTffi§¥ffi©Slil, *‘ V xx^/M^WOPjffi^x^ ± ** v Wr^lL
mA#©m^%, xy^<kLT©m#g%, xy^^ommomA^-e©

#©%m%&:^a-f WgfLTW-g, c , ,c# • AWMX vf ^x-f V

6. jt#
1) Y.Doi, “Microbial Polyesters”, VCH Pub. New York (1990).
2) Azmas, 22(3), 1135-1133 (1993)
3) UlABZi, AZm##, 22(2), 440-444 (1993)
4) Aam#, Azmm, 19(3), 1194-1197 (1990)
5) W-6##^, Azma#, 19(3), 1279-1282 (1990)
6) #&Bg48-13341
7) #&#5&&, AZm^, ^(2), 462-467 (1993)
8) :WII^6, AZm^, 22(2), 522-527 (1993)

/ i
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A am 
no. mm

(B)
DB-l 8 ^ABig

mm.
F*3B#j2.5 mm, BP mm b)

&AK:
mm

l*lB#]2.5 mm, BP
WM# 5 %<£^

mm b)

DB-2 8 ^AM
mm

mm, BP mm b)

&Aim l*]#&\)2.5 mm, BP
5 %^m

mm b)

DC-1 5 ftwmm |*l<Bt)3.0 mm, BP mm b)

SESjE 1*IMj3.5 mm,
Mil)

mm b)

^Am
mm

A^%3.0 m, BP, WJ'^^20% •
3mmy2Q%^ om#

£AfliI
mm

F*3S#j3.0 mm, BP,
SSal/y*>20%^W

mm b)

DC-2 <5° mmm l*)Bft3.5 mm,
mm.mz.iwxiArA ms.) mm b)

l*lWt3.0 mm, BP mm b)

^Aim
mm

F*3&#J3.0 mm, BP, mm b)

&Am
mm

ftBfaS.O mm, BP, MV4t&20% • om#
ck*3, friHj'lz

b)

DD-1 19 #Am
mm

1*1 Ml 3.0 mm, BP, \A'J'4f^20% • 
§mmy20%^ No.l

om#
ckO, /bMS 

)
&AM
mm

ftMlS.O mm, BP, WJ4f&20% • 
$mwy20%^ No.2

mm b)

^mmm
m ->'A

ftMlS.O mm, BP mm b)

DD-2 19 ^ABig
mm

l*]Mt3.0 mm, BP, WJ4t^20% • 
$mwy 20%#W No.3

mm
gB-cmmu^)

b)

&ABig
mm

1*IMj3.0 mm, BP, WJ4f&20% • 
No. 4

mm b)

ttmmm
-*&w$
m vrA

I*lMj3.0 mm, BP,
$mwy 20%#^

mm b)

DD-3 17 &AB&
mm

l*l@^3.0 mm, BP, \;W45#20% -
smm>2o%^w No.5

mm b)

^ABig
mm

1*JM)3.0 ram, BP, W4£ft20% • 
dmmy20%^ No.6

mm b)

^wmm

E -»h

l*lMl3.0 mm, BP,
3W.yyfy20%^

mm b)

a) : BP= mtf'JlXTll i-fi'A, WJ4g#:= MV4Pm* &.
b) %##-?&%, mm®
EM£EL< ffiiiz § « ^ * » m L it'MlBr mffrte

c) 5 HBctt-f-ec^EtrLT^fc.
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2. /«U iXTv'U(7)flSEEE^i;E'rviKZ J: ■§

67
075



1. fflw 
1.1 B#J
l. 2 ^ ^ -f ^ ^ ^ %

1. 3

2.
2. i mmn 
2. 2 Mfmmxm*
2. 2. i ma 
2. 2. 2
2. 2. 3
2. 3

s.

3. i mmi -#»^2 o o //moim&ct&mm
3. 1. i

3. i. 2 2aMm#0Bm#w&m
3. i. 3 2
s. i. 4 2
3. i. 5 2

3. 2 H§£2 • 0 /Hn0^CJ;^l
3. 2. 1

3. 2. 2 2mmm®Bmmmm
3. 2. 3 2»1iilS©.TO^I¥ffi 

3. 2. 4 2 >rMW©B$i™S%
3. 2. 5 2

4.1 mmi ©IBirM

4. 2 m#2(D*&'&am

5.

6. XiK

07G
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1. IIS'

1.1
P (3HB-co-4HB) ( 3 - h K □ 

+ (3 HB) £4 -t Kn + *>®S! (4 HB) )

Bitot Lit.

ch3 0 0

-f-Q-*CH-CH z"C "hr -(0-CHz-CHz-CH2-C -)-,

[3HB] [4HB]

(4HB = 4-hydroxybutyrate)

Ml P (3 HB-c o-4 HB)

it P (3HB-CO-4
HB) ®

mmmmxm * ^ ^ c £«

©nllgftKiovvr^ & c

i. 2 mmwj±# t mmkmxm ^^mz-o^-z
1. 2. 1

Wmt LX

m^\mw.^\m'&> nt^ifeB• sewes-tmmmzmztzt 
*<&*>. LT^mtHm©

m, m, ,&\ , %h?n^wmmb±.tfc>r3m<*m
ZtlTi'Z.
^ayKM? yfisM, y W©7kM^EiEISfiit © g iftT'BSm&tcM $

n&Z tftfo -O < , &it, SE;fcBT'll9^£ ftfcE'ffc-k 7V n
(Johnson & Johnson,“Interceed”) lit
Wbt>ft&b®(DJPlZV)±£te%)W:ft%>&tlZ^z.-&^.2)

i. 2. 2 *mm©g%
^%kT#L^p ohb-c o-4hb) ©Emm~©

•£©« • mz’&teckv^36WMb
±M\t^f}tZ9—>f V h©—Pcb^X-btiit. •£ Z~C , WMWlkttt L/T©tiEJE£M$;Btj

&®w3z9ctLziz, A%m#®mm#
-c&g, • e—bs

ifilKi'l^t^ ZttLtc.
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i. 2. 3
Eirl

y (EifiiM@£>]) WT7>f 7'V y#ftb^m±f %
(DEi^BJ ^ ck <9 HEMIB©l^©il®^fr|]x 5

P (3 HB-c 0-4 HB) ©W4 • LT, ±t
U T%@% « C ck £ j®£ Bfrih£ te S> *5 d £ £ L fc.

©«&s*\
®7 v b 0 &: < (>

©MWJttf -9- +*tv^t ^ C «fc
©77 V --y^£LT£a©SS4©J£&£#&Tl'*d<>:
#^6, M§m<k #^©%©B#^%^^%x_

zttLtz.

i. 3 *##&:&
7iTES&mT&ckumfiT© P (3 HB- c o - 4 HB) ©S

# mut£mm
(bLT©^mm%, mwftxmtuntltzm&x
®##^mm<b©#5W
®tm<DQLfti&&

®mmw±ut L-ccDfe^tz 
miz^Tirntz z tzmmt

ftmmtLXfo? (3HB-C 0-4HB) 7/;i/A, t < • ##(% •
^m©A?t^66#m©$,%4HBmm8o%^W'(!:i/%mmL, ^

m^ck^mmmm, c ttvtz.
m l kM i-m £ & t,'t he © & s Eisib 2 o o p m ©#&m: <k & m#mM£, mm2
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2. mm
2. i (±%i&mm2C7Rf)

JWtMlXfH- P(3HB-co-4HB) l*3Life . *%l bO 9 *>4HB «80% b
£#90% o^>owttt$ 2ootu,
tt£Mn=i&5 75, Mw=|tUO^E^^IJEELT^fflLz/--:. ^Aldrich #£M^fc
. zn$>%*:ft?]rimmW&£L9aai' + -l'imz#') V-&1.5 g &£W*0.075g
ilfflLt, )?$^ 200a Lfc. ZtL&, dZ'^teJfcLXZ

4 X 4cmH^J»fLTOT05S^J£flP®L/^:. «b, »%£©&*)
A-w 2 mmm® t> ® & c ^ u %.
(mmi)

QP(3HB-co-80%4HB)7-fM ()£$& 200a m)
P(3HB-co-807„4HB)^XKMR 0E$% 200 a m) £90*C ±-7'y*PX SO^MEM Ltz. 

<DP(3HB-co-80Z4HB)7-fM Oft $ ft 200 a m) /Wn'Ml'M (tot)£bih 2 IfEi)
P(3HB-co-80%4HB)tf %F7-f M (JE3ft 200a m) ©±C “STRETCH DACRON FABRIC”

(Meadox Medicals Inc.#) £©-fr±fr£>$g < W$i/;^lt'90t *~-X y#T*30#« 
M LX, 74M£Mu>77l'M£}&*)‘&t>'ltfc.

®P(3HB-co-80%4HB)7>fM ()E$ft 200a m) /W'M WS^S (B*) irb-ti: 2 imi) 
P(3HB-co-80%4HB)(JESft 200 a m) ©±C %7-fvF C (2-0 7V^7HF)”
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Abstract

A bone marrow transplanted vascular graft functioned as an autocrine artificial organ 

which produced growth factors and was self-regulated. In a canine study, autologous bone 

marrow was harvested, enmeshed into a long-fibril-length e-PTFE graft wall and implanted in 

the abdominal aorta. Active endothelialization started simultaneously throughout the graft, 

with numerous capillary ingrowth and was completed throughout the length within 3 weeks. 

Transplanted marrow cells survived and continued exogenous hemopoiesis with synthesis of 

bFGF which activated angiogenesis in the graft wall. A complete endothelial cell lining and 

hemopoiesis were maintained without adverse effects for up to 6 months.

Introduction

Vascular grafts in human do not endothelialize, and the graft surface is covered with 

fresh thrombus for a long period of time after implantation like a protracted ulcer in the blood 

vessel wall 1). Great efforts to endothelialize the graft surface by cell seeding methods have 

been made in the last 15 years. However, none of them have been proven successful. 

Meanwhile, transplantation of autologous tissue fragments have been used effectively to 

accelerate the healing process of protracted skin ulcers and prolonged bone fractures23). 

Tissue fragments contain various kinds of cells. In the skin, fibroblasts act as feeder cells to 

epidermal cells'^). In equivalent experiments, smooth muscle cells and fibroblasts were shown 

to enhance endothelial cell growth5,6). We have applied a similar technique onto vascular 

prostheses, since endothelial cell proliferation is greatly improved with an underlying base of 

feeder cells. Satisfactory results in both animal experiments^) and in the clinic^) were 

obtained with venous and adipose tissue fragmented-grafts. Capillaries for endothelialization 

originated from the transplanted fragments and complete endothelialization was observed in a 

canine study?). From this evidence, the procurement of autologous tissue containing a 

satisfactory quantity and quality of proliferative feeder cells was desired to accelerate 

endothelialization. In order to regulate the healing process, we designed a vascular prosthesis 

to have growth factors during the endothelialization. An autologous bone marrow tissue
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containing various proliferative and differentiative cells with feeder cells and cytokine 

secretion^) was chosen for the source of fragments and was transplanted into the vascular 

graft wall 11). Under the stimulation of newly produced cytokines, a regulated, rapid creation 

of a new blood vessel wall by the transplanted cells was expected.

As the basic matrix, an e-PTFE graft (diameter:6 mm, length:6-8 cm) with an average 

fibril length of 90 pcm (Baxter Vascular Systems Division, Irvine CA) was used. 

Approximately 0.5 ml of bone marrow was obtained from the sternum of experimental animals 

by a needle puncture and tirred into 20 ml of Hepes-buffered cell culture RPMI medium (Gibco 

Laboratories, Grand Island, NY) to create a suspension. The suspension was injected into the 

graft lumen several times with pressure to enmesh the marrow cells into pores of its wall. 

Then the bone marrow transplanted graft (BM-graft) was implanted into the same animal from 

which the bone marrow was obtained. As a control, the long-fibril-length e-PTFE graft 

without bone marrow treatment was used.

Thirty-six adult mongrel dogs of both sexes, weighing 7 to 15 kg, were used. Twenty- 

two of them were implanted with the BM-grafts, and fourteenwith controls. Animals were 

anesthetized with ketamine hydrochloride (5% solution, Sankyo Co. Ltd., Tokyo Japan) 

intramuscularly and pentobarbital (2.5% solution) intravenously. A 5 cm segment of the aorta 

was resected and replaced with the prepared graft. All animal care was in compliance with 

the "Principles of Laboratory Animal Care" formulated by the National Society for Medical 

Research and the "Guide for the Care and Use of Laboratory Animals" prepared by the 

National Academy of Sciences and published by the National Institutes of Health (NIH 

publication No. 80-23, revised 1985).

For light microscopic observations of removed grafts, 3 mm wide sections were cut 

along the longitudinal direction from the proximal to the distal anastomosis. The specimens 

were fixed with 3% formaldehyde in phosphate buffer, and embedded in a hydrophilic resin. 

Thin sections were stained with Hematoxylin and Eosin, Masson and May Giemsa stain, 

Peroxidase Antiperoxidase (PAP) method, and Von Kossa's stain. The distribution of bFGF
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was investigated by immunohistochemical staining according to a previous report*2). 

Immunostaining was confirmed in sections by omitting the immunohistochemical control 

procedures. The number of capillaries per 1 mm2 (2 mm by 0.5 mm) in five fields randomly 

chosen from the middle of each graft wall was counted on 3 week, 3 month and 6 month 

explants. The average number of capillaries was calculated for each implant dulation.

No animal died during the observation period (Table 1). Twenty out of 22 BM-grafts 

were patent at retrieval, and 2 were found to be occluded at 91 days. Eleven out of 14 control 

grafts were patent, and 3 were occluded at 124,182 and 183 days.

The BM-grafts retrieved within 7 days were red with fresh thrombus. At 14 days, graft 

surface was dark red and smooth. At 18, 20 and 21 days, their luminal surfaces were smooth, 

glistening, and dark red without thrombus. The grafts were surrounded with red 

granulomatous connective tissue. At 2 and 3 months, the graft lumen was glistening and light 

red, and the outer surface was red. At 6 months, the grafts were soft without scar formation or 

abnormal reaction, and the lumen was glistening and light pink.

In the controls, within 7 days, the graft lumen was red with a thin thrombus and was 

smoother at 14 and 15 days. Pannus extended over the anastomotic suture lines at 27 days and 

it was glistening white with a length of about 1.5 cm at 83 and 150 days, while a thin red 

thrombus was in the center. The long-term grafts (6 months) were white on both the inner and 

outer surfaces.

Microscopically, after enmeshing the suspension, the pores of the BM-graft wall 

contained clumps of marrow cells including marrow stromal cells, polychromatophilic 

erythroblasts and myelocytes. No stem cells were identified. At the end of 3 days after 

implantation, the graft wall was occupied with many erythrocytes and marrow cells. At 4 

days, the lumen was covered with a thin fibrin layer without erythrocytes. Marrow cells in the 

graft were immunoreactively bFGF positive (Figure 1). At 7 days, numerous colonies of 

endothelial-like cell were noticed along the entire graft lumen. These cells were stained by 

PAP method and Factor VIII positive, suggesting that they were endothelial cells. At 14 days,
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the total area of these endothelial cell colonies occupied more than half of the graft lumen, and 

other areas were still covered with fibrin. Capillaries and fibroblasts had infiltrated into the 

adventitia and then into the graft wall. Colonies of erythroblasts, i.e., erythroblastic islands, 

were noticed inside the graft wall, and were always associated with capillaries. Heterophilic 

myelocyte in mitoses were frequently observed. At 18 days, the graft lumen was completely 

lined with a single layer of endothelial cells (Figure 2A). Subendothelial smooth muscle cells 

were present near the anastomoses but were not observed elsewhere. Substantial capillary 

ingrowth was seen in the peri graft adventitia with many capillaries infiltrating the graft wall. 

At 2 months, multi-layers of smooth muscle cells without hyperplasia were noticed underneath 

the endothelial cells. The number of erythroblastic islands decreased. At 3 months, 

heterophilic myelocyte mitosis was still commonly observed. Many myelocytes, 

megakaryocytes, and lymphocytes were present in the graft together with capillaries. There 

were immunohistochemically bFGF reactive. Some erythroblastic islands were still present 

inside the graft wall (Figure 2B). Tremendous capillary migration was noticed both in the 

graft wall and in the adventitia. At 6 months, a few erythroblastic islands were still noticed. 

Circumferentially arranged inner and longitudinally arranged outer multilayers of smooth 

muscle cells were observed underneath the endothelial cells (Figure 2C). Spongy bone with 

bone marrow tissue associated with capillaries were observed sporadically in the graft wall 

(Figure 2D). Numerous capillaries were still present (Figure 3), but the size of them 

decreased.

In the controls, no hemopoiesis phenomenon was observed in any of the grafts. The 

graft wall was occupied by fresh coagula at 1 - 3 days. At 7 days, the lumen was covered with 

a thin thrombus layer. At 14 days, the graft lumen within 2 mm from the anastomotic lines was 

covered with endothelial cells, while the remaining area still retained a thin thrombus layer. 

Fibroblasts infiltrated the adventitia along with a few capillaries. At 25 and 27 days, the 

endothelialized pannus extended 3-5 mm from the suture lines, while the other area was 

covered by an irregular thrombus with a thickness of less than 50 pm. Smooth muscle cells
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were noticed underneath the pannus. - Capillary ingrowth was rarely observed. At 3 months, 

the pannus extended about 15 mm from the suture lines, and was covered with endothelial 

cells. Multilayers of smooth muscle cells were underneath them. The other area was covered 

with a thin thrombus. Fibroblast migration was observed in the graft wall along with a few 

capillaries. At 6 months, the center area of the graft was covered with a thin fibrin layer 

without endothelial cells. Other areas were completely endothelialized with multilayers of 

smooth muscle cells. Many capillaries were present in the graft wall (Figure 3).

With the exception of highly porous grafts #), endothelialization on vascular prostheses 

typically starts from the host arterial wall beyond the suture line. Endothelial coverage of the 

graft is limited due to endothelial cell aging. After approximately 70 cell divisions, it become 

difficult for endothelial cells to create new cells for the next generation^). They extend 

approximately 2 cm beyond the anastomosis. The remaining surface of the graft lumen is 

always covered with fresh thrombus 15). In the BM-grafts, undifferentiated mesenchymal cells, 

stem cells, immature blood cells, and stromal cells with fibroblasts and endothelial cells in the 

bone marrow could potentially differentiate, migrate, proliferate and create a new blood vessel 

wall. This may be the reason why endothelialization of these grafts began simultaneously 

throughout the entire graft lumen within a short period of time after implantation.

Exogenic hemopoiesis on these vascular prostheses was unique. Bone marrow 

formation with capillary blood vessels surrounded with spongy bone was also a remarkable 

phenomenon although observed sporadically. During hemopoiesis, cytokines continued to be 

synthesized including bFGFl0,16,17) which could contribute to capillary ingrowth into the 

BM-grafts. Marrow cells need nutrition for their survival, raw materials for producing blood 

cells at hemopoiesis, and routes for shipping out their products, i.e. "blood cells". As a result, 

the capillary ingrowth was demanded. The requirements from the marrow cells might be 

translated by the cytokines and growth factors. Remarkable capillary ingrowth shortly after 

BM-graft implantation indicated the exsistence of strong angiogenic properties. Detection of 

bFGF in the transplanted marrow cells suggested that its production continued throughout the

101
93



graft wall as long as those cells existed." Recently, bFGF has gained attention due to its strong 

angiogenic property and accelerate capillary ingrowth to form collateral circulation for the 

ischemic heart 18), The dark-red color came from the newly formed capillaries and numerous 

immature blood cells at hemopoiesis . The size of the capillaries autoregulatively decreased in 

parallel with the regression of the hemopoiesis and at that time the graft color turned into light 

pink. These four items, i.e., bFGF, capillary ingrowth, hemopoiesis, and graft color seem to 

be interrelated.

The sufficient dose of cytokine and growth factors for angiogenesis and graft healing 

might be small, but their continuous release would be essential for the stimulation of the cells 

to endothelialize the graft lumen, since their efficacy lasts a short time 17). However, there 

appears to be an autoregulating system in the BM-graft, since endothelialization was complete 

within 3 weeks and was arrested without endothelial cell hyperplasia or hemangioma 

formation, while hemopoiesis continued for more than 6 months.

Active angiogenesis in the BM-graft and accelerated endothelialization throughout the 

graft lumen seemed to be the result of co-operation of the transplanted cells and cytokines 

secreted from them. The BM-graft appears to be an autocrine artificial organ producing 

growth factors for itself under an autologously controlled system. Based on these 

observations, similar phenomenon could be expected with bone marrow transplantation not 

only in the field of vascular prstheses, but in other fields as well, i.e., undifferentiated cells 

could differentiate into adequate functional cells with the guidance of environment, matrices 

and cytokines resulting in creation of new hybrid organs.
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Table and Figure LEGEND

Table 1 Post operative day of abdominal aortic graft removal

Figure 1 Photomicrograph of a cross-section of the BM-graft at 4 days. Many marrow 

cells with immunoreactively bFGF positive are observed near the adventitia of the graft 

wall. Immunohistochemical staining of bFGF. Original magnification: x200. The bar 

indicates 100 ptm.

Figure 2 Photomicrographs of cross-sections of the BM-grafts (mid portion). The 

lumen was completely lined with a single layer of endothelial cells at 18 days (A). 

Erythroblastic islands (arrows' heads) were inside the graft wall at 91 days (B). 

Circumferentially arranged inner and longitudinally arranged outer multilayers of 

smooth muscle cells were underneath the endothelial cells at 182 days. Arrows indicate 

capillary blood vessels (C). Spongy bone with bone marrow was in the graft wall at 

182 days. Arrows indicate capillary blood vessels (D). H.E. staining. Original 

magnification: A;x200, B;x200, C;xl00, D;xl00. The bars indicate 100 pim.

Figure 3 The number of capillaries in the BM- and control graft walls at 3 weeks, 3 and 6 

months. Closed columns indicate the average of calculated number of capillaries in the 

BM-grafts and open columns indicate in the controls.
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Table 1 Post operative day of the'graft removal

BM-graft

Group I 1,2,3,4,5,7,14,18,20 and 21 days

Group II 60, 60, 91, 91, 91, 91, 91 and 91 days

Group III 182, 182, 182 and 192 days

Control graft

Group I 1,3,5,7,14,15 and 27 days

Group II 83, 124 and 150 days

Group III 182, 182, 183 and 183 days
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In order to diminish undesirable side effects of chemical crosslinking for biodegradable 

materials, we developed a thermal crosslinking method which involved esterification by 

dehydration under dry conditions. The optimal condition for crosslinking was the heating at 

130 °C to 140 °C, for 40 hours. Efficacy of the crosslinking was evaluated using enzymatic 

digestion of 0.01% protease in phosphate buffer at pH 7.4. Collagenous materials without 

crosslinking were digested completely within 30 minutes. With the thermal crosslinking, 

however, it required 7 days for digestion. The capacity for holding water was also tested. 

Water content decreased when the crosslink density was increased. As an in vivo experiment, 

6 succinylated collagen sealed vascular grafts treated with the thermal crosslinking were 

implanted in the abdominal aortae of dogs and removed 21 days later. These grafts showed 

no foreign body reaction at all. The collagen layer was almost completely absorbed. A 

collagen sealed graft crosslinked with formaldehyde (Hemashield, Meadox Co.) used as a 

control showed strong foreign body reaction. These results suggest that the physical 

crosslinking method was suitable for biodegradable biological materials such as collagenous 

materials without the undesirable side effects of chemical crosslinking reagents.

Introduction

Collagen and collagenous materials have been recognized as suitable biocompatible 

materials^Those used for medical implants are crosslinked by chemical reagents such as 

glutaraldehyde except when they are used autologously. Without crosslinking, several 

problems are encountered including immune reactions problems, weak mechanical properties, 

cracking, and detachment of the materials resulting in embolism in the case of vascular 

prostheses. To overcome these problems, chemical crosslinkers are widely used 3>4).

Vascular prostheses sealed with collagenous materials can also be expected to have 

biocompatible properties. Collagen is a unique protein which contains hydroxyl, carboxyl, 

and amino groups^). Modification of collagen to introduce intermolecular crosslinking can 

be done either by esterification of the cardoxyl groups^) or by amide formation of the amino 

groups with chemical reagents^). But chemical crosslinking of collagenous materials 

produces undesirable side effects^" 12).

In the present study, we tested a thermal crosslinking method for biodegradable

materials. We also discuss the relationship between crosslinking density and water content in
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the crosslinked materials. A vascular prosthesis collagen coated by the thermal crosslinking 

was implanted in the abdominal aorta of dogs and compared with a control (Hemashield, 

Meadox Co.) in order to evaluate the foreign body reaction against the thermal crosslinked 

materials in vivo.

Materials and methods

1. sealing substances and framework for the vascular prosthesis

As coating, succinylated collagen (Koken Co. Ltd., Tokyo, Japan) and gelatin (Wako 

Pure Chemical Industries, Ltd., Osaka, Japan) were used. Heparin sodium and chondroitin 

sulfate C sodium salt (Wako Pure Chemical industries, Ltd., Osaka, Japan) were used without 

purification.

As a framework for the vascular prosthesis, a knitted Dacron fabric prosthesis 

(MICRON, InterVascular Co. Ltd., Clearwater, Florida, U.S.A.) was adopted. As a control 

vascular graft, a Hemashield graft (Meadox Co. Ltd, Oakland, NJ, U.S.A.) was used.

2. Collagen sponge used for evaluation

Succinylated collagen powder was dispersed to create a collagen suspension at a 

concentration from 1 to 15%. The suspension was poured into a tray, and frozen at -80°C, and 

then lyophilized overnight. The dried sponges were placed in an oven and heated for 20 and 

40 hours at each of the following temperatures: 100°C, 120°C, 130°C, 140°C, and 150°C .

The following four types of materials were crosslinking in this way and tested: 1) succinylated 

collagen; 2) succinylated collagen containing 5% heparin sodium; 3) succinylated collagen 

containing 6% chondroitin sulfate C sodium salt; and 4) gelatin.

3. Protease assay

The resistance of crosslinked materials to biodegradation was assayed by immersion in 

protease (obtained from bovine pancreas Type 1, Sigma Chemical Co., StLouis, MO, U.S.A.) 

phosphate buffer solutionH). The protease solution containing 0.8 units/ml was prepared by 

adding 80 units of protease (1 unit protease will hydrolyse casein to produce color equvalent to 

1.0 micromole of tyrosine per minute at pH 7.4, at 37°C) to 100ml of phosphate buffer, pH 7.4. 

Approximately 0.04 to 0.1 gram of each specimen was added to 2ml enzyme solution and put
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on a vortex mixer for 30 sec., then incubated at 37°C. Each sample was weighted after

removal from incubator and dried. Calculation of degradation percentage D was as follows. 
Wo-Wi

D=-------------- x 100%
Wo

Wo: dry weight of sample before digestion.
Wi: dry weight of sample after digestion.

4. Water content determination

Dried samples were weighed (dry weight) and placed into a tube, then immersed in a 

distilled water vortex for 30 sec. The tubes were left at room temperature. After 30 min, the 

sample was placed between two dry pieces of tissue paper to absorb surface water. The 

sample was then weighed and the wet weight recorded. Water content (C) was calculated as 

follows:
Ww-Wd

C=-------------x 100%
Ww

Ww: Weight of sample after absorbtion of water (wet weight)
Wd: Weight of sample before swelling (dry weight)

5. In vivo experiments

1) Preparation of vascular prostheses:

A 3% succinylated collagen solution was injected into a vascular prosthesis several times 

under pressure with our closed circuit system^), a Teflon rod (Sanplatec Corp., Osaka, 

Japan) was inserted into the seal prosthesis to preserve a smooth surface in the prosthesis 

lumen. The prosthesis was frozen at -20°C and lyophilized, and then baked in an oven at 

130°C for 40 hours. Thus the prosthesis was thermally crosslinked and sterilized 

simultaneously instead of using chemical or physical sterilization.

2) Implantation of the prepared prosthesis and the control

The vascular prostheses (internal diameter 6mm, length 6cm) were implantedin the 

abdominal aorta of 12 dogs. Six of the dogs were used for the prepared grafts, and the other 

six for the control grafts which had been treated with formaldehyde vapor.

Under anesthesia, 5 cm of the aorta was resected and replaced by the prosthesis (6 cm in 

length). Cephalosporin lmg was administered into the peritoneal cavity before closing the 

abdomen, but no anticoagulants were used at any time.

All animal care was in compliance with the."Principles of Laboratory Animal Care" 

formulated by the National Society for Medical Research and the "Guide for the Cares and Use
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of Laboratory Animals" prepared by the National Academy of Sciences and published by the 

National Institues of Health (NIH publication No. 80-23, revised 1985).

3) Explantation of prostheses

The specimens were removed from the animals at 3 weeks after implantation. Before 

harvesting, heparin sodium (lOOIU/kg) was administered intravenously to prevent clotting.

All the specimens were examined microscopically.

4) Histological examination

For light microscopic observation the explanted grafts were fixed with 1% glutaraldehyde 

in PBS, pH 7.4, dehydrated in a graded series of alchohol, and embedded in hydrophilic resin. 

Sections were stained with hematoxylin and eosin.

Results

1. Prepared sponges

The prepared sponges were slightly hard when dry, but soft when wet. The swelling
f:
speed of the sponges was slower than in non-treated samples at the primary stage as shown in 

Figure 1. Swelling speed was decreased with increasing crosslink density. Water 

absorption decreased with increasing crosslink density.

Non-crosslinked sponge were dissolved in water at room temperature after 30 min., 

because there was no intermolecular covalent crosslinking and the molecules were not 

compacted tightly enough to have strong non-covalent intermolecular bonding, but all the 

thermally crosslinked sponges were intact in water even after one week at room temperature.

Sponges containing polysaccharides such as heparin or chondroitin sulfate have a higher 

capacity of water absorption as shown in Figure 2. These results indicate that 

mucopolysaccharides which had hydroxyl and carboxyl groups were condensed with collagen 

by thermal dehydration.

2. Protease assay j

The resistance to degradation by protease was assayed for each sample treated under 

different conditions. Figure 3 shows that the samples treated at 130°C for 40 hours resisted 

significantly for longer time than those treated at 100°C for 40 hours. The resistance to 

protease increases with increased crosslink density. Thus, the crosslink density obtained by
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thermal dehydration at 130°C to 140°C for a longer time was significantly higher than below 

120°C or over 150°C for a shorter time.

3. In vivo analysis

All the grafts were patent at retrieval. At 3 weeks, the outer surfaces of the grafts with 

thermal crosslinking were enclosed by loose, thin connective tissue containing adipose tissue 

like natural arterial adventitial tissue (Fig. 4A). The graft was easily separated with scissors 

from the neighbouring organs through the connective tissue at the adventitia.

Most areas of the luminal surface at 3 weeks were white without red thrombus, but 

approximately 20 % of the surface had thin red thrombus (Fig. 5A). In light microscopy, a 

complete endothelial-like cell lining with many layers of smooth muscle cells underneath 

could be seen in the white areas throughout the graft surface. In the interstices of Dacron 

fibers, numerous fibroblasts and some capillaries were also present. Most of the impregnated 

collagen was already absorbed. There were no giant cells, plasma cells or lymphocyte 

infiltration around the collagen (Fig. 6A).

The outer surface of the control grafts was enveloped by granulation tissue (Fig. 4B).

The areas near the anastomotic sites were covered with endothelial cells. Other areas were 

covered with fresh thrombus (Fig. 5B). Most areas of the graft had the crosslinked collagen 

remaining under the thick thrombus. Around the collagen and inside the graft wall, multiple 

macrophages, giant cells, and lymphocytes were present (Fig. 6B). There were no 

neutrophiles around the collagen and no fibroblast infiltration.

Discussion

1. Thermal crosslinking

In the protease assay, the materials without thermal crosslinking were completely 

digested within 30 minutes. But the thermal crosslinking made the material insoluble for over 

1 hour, it required 7 days for complete digestion by the protease. This showed the efficacy of 

the thermal crosslinking.

After complete removal of water from the materials, condensation reaction can cause the 

equilibrium concentrations to shift irreversibly towards the formation of intermolecular 

crosslinking as follows.
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o
-H20 II

protein-OH + HOOC-protein' -------------- protein -OC-protein
+H20

esterification by dehydration

In thermal crosslinking, intermolecular crosslinking is achieved by esterification of the 

cardoxyl groups and hydroxyl groups^). Succinylated collagen proved to have desirable 

properties with high water content. The hydrous materials containing water trapped in the 

intermolecular spaces by the negative charge induced by the succinylation showed non- 

thrombogenic properties and host cell affinity^). Succinylated collagen contains hydroxyl 

and carboxyl groups, but no amino groups. In the present study, succinylated collagen was 

crosslinked by condensation of hydroxyl groups with carboxyl groups without amino groups.

Most chemical crosslinkers can react to amino groups easily. Without amino groups, 

chemical crosslinking requires special conditions such as low or high pH with accelerators and 

catalysts. Crosslinking by glutaraldehyde or formaldehyde with amino groups^) forms a 

methylene bridge between molecules which confers resistance to degradation in vivo.

2. Control of the crosslinking

Crosslinking density was controllable as shown in Figs. 1 and 2. The higher temperature 

and longer duration of the heating produced high density crosslinking. However, raw 

materials will be destroyed by extremely high temperatures. Therefore, the optimum 

condition was heating at 130 °C to 140 °C for 40 hours. Though we did not use any other 

supporting method, dehydration in a vacuum could theoretically accelerate the crosslinking.

3. Undesirable side effects caused by chemical crosslinking reagents

As shown in the results, the vascular prostheses with thermal crosslinking did not show 

any foreign body reactions. Numerous fibroblasts migrated from the host adventitial tissue 

into the interstices of the Dacron fibers sealed with the thermally crosslinked collagen. In the 

control grafts, numerous giant cells were seen around the graft. There was no fibroblast 

migration inside the graft wall. The foreign body reaction without fibroblast migration and 

fibroblast migration without foreign body reaction are completely different from each other. 

During the foreign body reaction, the original collagen crosslinked with chemical reagents will 

be dissolved, followed by absorption of the sealant, so that the sealed graft becomes unsealed. 

Therefore, the graft will be in an unstable state. 197
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4. Absorption of the crosslinked materials and tissue repair

In the thermal crosslinking, fibroblasts migrated without any disturbance. These cells 

created a natural collagen network around them resulting in stable cellulofibrous tissue. On 

the prosthesis wall, natural cell activity coused rapid neointima formation resulting in the 

creation of a strong and stable vascular wall.

The thermally crosslinked collagen layer was almost completely absorbed at 21 days in vivo. 

These results suggested that the thermal dehydration caused partial intermolecular 

crosslinking. The speed of the biodegradation was controllable, since the degree of the 

crosslinking could be control led easily by varying the thermal treatment conditions. It will be 

possible to adjust the absorption of the biodegradable materials to the speed of tissue repair 

with host fibroblast migration without foreign body reaction.

Conclusion

With the thermal treatment, we could obtain a desirable crosslinked materials free of the 

side effects of chemical crosslinkers. The method was suitable for crosslinking of biological 

materials, especially biodegradable materials. An additional advantage of the method was 

sterilization. The graft can be sterilized simultaneously with the crosslinking instead of using 

chemical or physical sterilization. The method will be applicable not only in the vascular 

field, but also in various other biomaterials.
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Figure legends:

Figure 1. Swelling speed and water absorption of succinylated collagen on different 

thermal treatment conditions. A: Without crosslinking. B: Thermal crosslinked at 130 °C 

for 20 hours. C: Thermal crosslinked at 130°C for 40 hours

Figure 2. Water content of the following substances crosslinked at 130°C for 40 hours. 
A: Gelatin . B: Succinylated collagen. C: Succinylated collagen containing 5% Heparin 

sodium. D: Succinylated collagen containing 6% chondroitin sulfate C sodium.

Figure 3. Resistance to degradation of thermal crosslinked materials determined by 
protease digestion assay. A: Gelatin without crosslinked. B: Succinylated collagen 

crosslinked at 100°C for 40 hours. C: Succinylated collagen crosslinked at 140°C for 40 

hours.

Figure 4. Gross appearance of outer surface of implanted grafts at three weeks. A: 

Succinylated collagen coated graft (SC-graft) crosslinked at 130°C for 40 hours. B: 
Control Hemashield graft crosslinked by formaldehyde.

Figure 5. Gross appearance of luminal surface of implanted grafts at three weeks. A: 

SC-graft thermal crosslinked has almost no thrombus. B: Luminal surface of the central 

graft is covered with fresh and red thrombus.

Figure 6. Photomicrographs of cross section of implanted grafts. A: SC-graft thermal 

crosslinked has no foreign body reaction. The luminal surface is lined with endothelial 

cells. B: In the control, multiple macrophages, giant cells or lymphocytes are present.

No fibroblasts are seen inside the graft wall. H.E. staining, X 200.
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B: Sucdnylaled collagen 100C.40H 

C: Sucdnylaled collagen 140C.40H

Timc(Hours)
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NATURAL CYTOKINE SYNTHESIS FOR VASCULAR 
PROSTHESES INDUCED FROM AUTOLOGOUSLY 
TRANSPLANTED BONE MARROW 
Natural cytokines synthesized from autologously transplanted 
bone marrow resulted in rapid neointima formation on long- 
fibril ePTFE vascular prostheses (LFEPTFE grafts). Another 
advantage of bone marrow transplantation is that bone 
marrow contains many undifferentiated young cells which 
can differentiate into various kinds of mesenchymal cells 
including fibroblasts, smooth muscle cells, and endothelial 
cells. A LFEPTFE graft (intemodular length; 90 to 120 
microns, internal diameter; 6mm, length; 6cm) was implanted 
into the abdominal aorta of 24 dogs. Half of the grafts had 
autologous bone marrow transplanted into the graft wall and 
the other half were used as controls without such treatment. 
These grafts were retrieved from 1 day to 6 months after 
implantation. After 3 weeks, the luminal surface of the 
treated graft was completely lined with endothelial cells. 
Colonies of erythroblasts (hemopoiesis) were observed 
frequently. Marrow cells and surrounding cells with 
capillary blood vessels were immunohistochemically bFGF 
reactive. The graft wall contained many capillary blood 
vessels. In the control grafts, the endothelialization was 
limited to the vicinity of the anastomotic sites. The center 
area of the graft was still covered with fresh red thrombus 
without endothelial cell lining at 4 months, and required 6 
months for complete endothelialization. Differentiation of the 
transplanted marrow cells into various kinds of mesenchymal 
cells was not seen. These results indicated that bone marrow 
transplantation is effective for the acceleration of neointima 
formation on LFEPTFE grafts in dogs.

Y. Noishiki. Y. Yamane, Y. Tomizawa, Y. Iwai, X.H.Ma, 
Marat Doulet, K. Takahashi, M. Mo, K. Imoto, M. Tobe,
J.Rondo,A. Matsumoto, Yokohama City Univ.
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A PUNCTURABLE COLLAGEN COATED FABRIC 
VASCULAR PROSTHESIS FOR AN A-V SHUNT 
GRAFT

We have developed a collagen coated fabric vascular 
prosthesis which shows non-thrombogenicity on its luminal 
surface and rapid neointima formation without intimal 
hyperplasia at anastomotic sites. The prosthesis is extremely 
hydrous since it is actually sealed with water which is 
absorbed into the intermolecular spaces of negatively charged 
collagen. As framework for the graft, Micron (InterVascuIar) 
was used, since it is the cleanest fabric graft commercially 
available. Succinylated collagen suspension, which is 
negatively charged, was injected under pressure into the graft 
wall to become entangled in the Dacron network. Then the 
graft was lyophilized and thermally crosslinked. Water 
leakage from needle holes created by a 16 G needle puncture 
in vitro under water pressure of 120 mmHg was measured at 
6 puncture sites. The result was an average of 34.5 ml/rnin in 
the graft and 169.9 ml/m in in a control ePTFE graft such is 
used as an A-V shunt graft for hemodyalysis. Hemostatic 
time at the puncture sites of the graft implanted in the 
abdominal aorta of dogs was measured at 6 puncture sites. 
After a puncture, a finger was applied to the puncture hole, 
and removed once a minute to observe blood coagulation at 
the hole. Hemostatic time was an average of 9.6 min at the 
graft and 34.2 min at the control. These results suggest that 
it is possible to reduce blood leakage from puncture sites 
when the newly developed graft is used as an A-V shunt graft.

Marat Doulet. Y. Noishiki, X.H.Ma, K. Takdhashi, M. Mo, Y. 
Iwai, K. Imoto, M. Tobe, J. Kondo, A. Matsumoto, 
Yokohama City Univ. School of Medicine
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THERMAL CROSSLINKING FOR BIOLOGICAL 
DEGRADABLE MATERIALS
Biological materials for medical implants are crosslinked by 
chemical reagents such as glutaraldehyde except when they 
are used autologously, but chemical crosslinking has 
undesirable side effects. To overcome this problem, we 
developed a thermal crosslinking method. The method 
produces dehydration using hydroxy groups with carboxylic 
groups under dry conditions, and no amine groups are used. 
Therefore, crosslinking is also possible with materials having 
no amine groups, such as completely succinylated collagen.
As examples, six each of succinylated and non-succinylated 
collagen coated fabric vascular prostheses were thermally 
crosslinked at 130°C for 20 hours. As controls, coated 
prostheses of each type without thermal crosslinking were 
used. The prostheses were digested in 0.1 % protease in 
phosphate buffer, pH 7.4, for 7 days. The controls without 
thermal treatment were completely digested in 1 day, but both 
of the thermally crosslinked groups showed resistance to 
digestion, and complete digestion required 7 days. As an in 
vivo experiment, 6 succinylated and thermally chrosslinked 
collagen grafts were implanted in the abdominal aorta of dogs 
and removed from one to 21 days after implantation. These 
grafts showed no foreign body reaction at all. The collagen 
layer was almost absorbed at 21 days. A collagen coated graft 
(Hcmashield, Meadox Co.) used as a control showed foreign 
body reaction. These results suggest that the thermal 
treatment causes partial intermolecular crosslinking, and the 
method is suitable for biodegradable biological materials such 
as collagnous materials. Another advantage of the method is 
sterilization. The graft can be sterilized simultaneously with 
the crossslinking instead of using chemical or physical 
sterilization.

X.H. Ma, Y. Noishiki, D.Marat, K.Takahashi, M. Mo, Y.Iwai,
K. Imoto, J.Kondo, A. Matsumoto, Yokohama City Univ.
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APPLICATION OF A COLORIMETRIC METHOD TO 
DETERMINE HEPARIN CONTENT IN INSOLUBLE 
COLLAGENOUS MATERIALS

A quantitative method was tested for heparin measurement in 
insoluble collagenous implants. The metachromatic dye o- 
toluidine blue, which has long been used as a colorimetric 
indicator of heparin concentration in solution, can bind to 
heparin in a complex state. The method depends on dye 
depletion in the supernatant at an ultraviolet wavelength of 
631nm as toluidine blue is absorbed onto the heparin in an 
immobilized.state. The absorbance was measured with a 
Perkin Elmer Hitachi 200 spectrophotometer. As test 
material, a collagen coated and heparinized fabric vascular 
prosthesis was used. Solutions containing 10 % modified 
collagen with 0.1, 0.3, 0.5, or 1.0 % heparin were prepared. 
The solutions were injected into a porous fabric vascular 
prosthesis (Micron, InterVascular Co.) so as to become 
entangled in the interstices of Dacron fibers of the prosthesis 
wall. Then the prosthesis was lyophilized and thermally 
crosslinked at 130°C for 20 hours. Each piece of the 
prosthesis was measured by this method. The measurements 
were made by comparison with a standard curve previously 
determined. The amount of heparin in the prostheses was 
0.7, 2.3, 3.4, and 4.7 mg/cm2 at 0.1,0.3, 0.5 and 1.0 % 
heparin, respectively. These results showed that the amount 
of heparin in the insoluble collagen can be detected precisely, 
and that the method can be used for the determination of 
heparin concentration in various collagenous medical 
implants.

X. H, Ma. Y. Noishiki, Marat Doulet, K. Tokahashi, M. Mo,
Y. Iwai, K. Imoto, M. Tobe, J. Kondo, A. Matsumoto, 
Yokohama City Univ. School of Medicine
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HEPARINIZATION OF BIOLOGICAL MATERIALS 
WITHOUT CHEMICAL REAGENTS AND ITS 
APPLICATION TO A LONG-FIBRIL E-PTFE GRAFT 
In general, heparinization of biological materials is perfomed 
using chemical reagents such as glutaraldehyde for covalent 
bounds and protamine sulfate for ionic bounds. But these 
chemical reagents have undesirable side effects. To 
overcome this problem, we developed a heparinization 
method by thermal crosslinking. Since heparin is a bioactive 
substance, it is believed to be destroyed functionally at high 
temperatures. However, we found that heparin was stable 
under dry conditions at 130°C for 24 hours, as during thermal 
crosslinking of collagenous materials. After the thermal 
treatment, reduction of the biological activity of heparin was 
less than 9 %. A long-fibril ePTFE graft (fibril length: 90 to 
120 mm) was used as a framework. Ten % gelatin solution 
containing 0.2 % heparin was injected with pressure into the 
graft wall to become entangled in the PTFE fibrils. Then the 
graft was lyophilized and thermally crosslinked under the 
same conditions. The amount of heparin in the graft wall
was 0.427mg/cm^. Eight grafts were implanted in the left 
carotid artery of dogs and eight ordinary ePTFE grafts 
without heparinization were implanted in the right carotid 
artery as controls. Four each were removed after one hour, 
and remaining four grafts were removed one week after 
implantation. Control grafts showed thrombus adhesion, but 
the test grafts showed almost no thrombus after one hour and 
less thrombus after one week than the controls. Under light 
microscopy, the grafts did not show foreign body reaction. 
These results indicate that the method can be used a simple 
heparinization procedure for bioabsorbable materials without 
inducing any side effects.

Y. Kvai. Y. Noishiki, X.H. Ma, Marat Doulet, K. Takahashi, 
M. Mo, K. Imoto, M. Tobe, J.Kondo, A. Matsumoto, 
Yokohama City Univ. School of Medicine
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DEVELOPMENT OF A NEW SEALING METHOD WITHOUT FOREIGN BODY
REACTION FOR POROUS VASCULAR PROSTHESES

Noishiki Y. Ma XH, Tomizawa Y*. Yamane Y**, Doulet M, Takahashi K, Ivvai Y, Mo M, 
Matsumoto A.
Yokohama City University, 3-9 Fukuura, Kanazawa-ku, Yokohama 236, Japan,
*Tokyo Women's Medical College, **Tokyo University of Agriculture and Technology

INTRODUCTION
Recently collagen coated vascular prostheses 

were used in clinic, however, side effects of the 
coating have been reported. We developed a 
method to seal a graft without these side effects. 
MATERIALS AND METHODS

Purified fiber collagen was obtained from 
Achilles tendon of bovine. To prepare negatively 
charged collagen, it was succinylated. Most clean 
fabric vascular prosthesis (MICRON,
InterVascular SA, Clearwater, Florida) was used 
for the graft framework. Collagen suspension was 
sieved through the prosthetic wall. Then the 
prosthesis is lyophilized and thermally cross 
linked at 130 °C for 20 hours, simultaneously 
sterilizing the graft (SC-graft). A collagen coated 
prosthesis cross linked by formaldehyde 
(Hemashield graft, Meadox Co. Ltd., Oakland, NJ, 
U.S.A.) was used as a control.
Thirty adult mongrel dogs were used for 

implantation of the grafts (6 cm in length) in the 
abdominal aorta. The grafts were retrieved from 
1 hour to 3 weeks after implantation.
RESULTS

The SC-graft was slightly rigid, white with 
velour like collagen fibrils, and looked porous 
under dry condition. However, once it was 
dipped into saline solution, it absorbed water 
quickly and become soft and pliable. Water 
permeability was 0.1 ml/cm2 at 120 mmlig. 
Collagen fibers were present in both inner and 
outer surfaces and even in the interstices of 
Dacron fibers, however, the graft wall was porous.

Amount of collagen in the graft wall was 
calculated as 4.0 mg/cm- in average, and water 
content was 64.0 mg /cm2. While in the control, 
amount of collagen in the graft wall was 5.5 
mg/cm2 and water content was 30.0 mg/cm2

One hour after implantation, both luminal and 
outer surfaces of the SC-graft were red, however, 
there was no thick thrombus deposition on the 
wall. While in the control, luminal surface was 
completely covered with thick red, and 
irregularly protruding thrombus. At three 
weeks after implantation, the SC-grafts were 
surrounded with a loose and thin connective 
tissue containing adipose tissue like a natural 
arterial adventitia tissue. Most areas of luminal 
surface at 3 weeks were white without red 
thrombus. By means of light microscopy, 
endothelial-like cell lining were present at the

white areas throughout the graft surface, not only 
near the anastomotic sites, but also at the center 
areas of the graft. These cells were stained 
positively by PAP method, suggesting they are 
endothelial cells. Numerous fibroblasts 
infiltration with capillary ingrowth from the 
adventitia was observed. There were no giant 
cells, plasma cells and lymphocytes around the 
collagen, suggested no foreign body reaction.

While in the control, outer surface were 
surrounded with a granulation tissue, which 
formed a tumor of encapsulation around the graft. 
Luminal surface of the control graft were covered 
with fresh, red and irregular surfaced thrombus 
layer. There were some white areas of 
approximately 3 mm from the suture line. The 
white areas had endothelial cell lining. Other 
areas were covered with fibrin or red thrombus 
layer. Most parts of the luminal surface had 
collagen remaining under the thick thrombus. 
Around the remaining collagen and inside the 
graft wall, multiple macrophages, giant cells and 
lymphocytes are present.
DISCUSSION

Amount of collagen enmeshed in the SC-graft 
wall was small, however, the prosthesis can retain 
a high amount of water inside the graft wall, 
resulting in complete sealing. Under wet 
condition, carboxyl groups of the succinylated 
collagen tend to separate each other due to 
repulsion of the same negative charge, which 
results in aggressive absorption of water.
Therefore, the graft looked porous under dry 
condition, but once it was wet, water permeability 
became extremely low.

The control showed non-infectious inflammation 
around the graft wall, i.e., foreign body reaction. 
Similar phenomena were reported previously. 
These side effects of the coated grafts were due to 
contaminated collagen, immunogenic reactions 
against animal collagen, and toxicity, of cross
linkers such as glutaraldehyde and formaldehyde. 
These problems could be overcome by reducing 
coating substances, using a clean fabric graft and 
adopting thermal cross linking.
CONCLUSION

In this experiment, we sealed a prosthesis with 
small amount of clean, negatively charged collagen 
and large amount of water instead of sealing with 
chemically treated collagen. The heat cross 
linking was useful to insolubilize collagen in 
alternative to chemical crosslinkers.
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BONE MARROW TRANSPLANTED VASCULAR PROSTHESIS 
FOR RAPID ENDOTHELIALIZATION

Tomizawa Y, Noishiki Y, Yamane Y, Okoshi T, Nishida H, Endo M, Koyanagi H 
Department of Cardiovascular Surgery, Tokyo Women's Medical College,

Tokyo 162, Japan

Introduction
Complete cndothclialization of vascular 

prosthcscs has been strongly desired for small 
diameter vascular prostheses. We found that 
there is high possibility of rapid 
cndothclialization in e-PTFE vascular 
prostheses with bone marrow transplantation, 
since transplanted marrow cells can 
synthesize angiogenic growth factors. 
Continuous release of these growth factors 
form the transplanted cells may accelerate 
neointima formation. With this hypothesis, 
we designed an animal experiment in the 
current communication.

Materials and Methods
Autologous bone marrow was obtained 

from experimental animals and was enmeshed 
into an e-PTFE graft (Diameter: 6 mm, length: 6 
cm, fibril length: 90 mm) pores. Thirty-four 
mongrel dogs, twenty for the BM-grafts, and 
fourteen for the control, were used. Under 
general anesthesia, a 5 cm segment of the 
abdominal aorta was replaced with the 
prepared graft. All animal care was in 
compliance with the "Guide for the Care and 
Use of Laboratory Animals" . All grafts were 
retrieved on a predetermined postoperative 
day (one to 192 days) and no animal died 
during observation. Those specimens were 
microscopically observed and 
immunohistochcmical staining was performed 
for the distribution of bFGF.

Results
Macroscopically, the BM-graft lumen 

was red with a fibrin layer within 14 days, 
turned to glistening dark red around 3 weeks 
without thrombus adhesion, became glisting 
pink between 2 and 3 months, then finally 
became white. In the controls, the graft lumen 
was light red with a thin thrombus at 7 days.
A pannus infiltrated over the anastomoses at 
25 days. A thrombus remained in the center at 
3 months. The graft lumen was white at 6 
months.

Microscopically, the BM-graft wall 
contained clumps of marrow cells including 
marrow stromal cells, polychromatophilic 
erythroblasts, myelocytes. Stem cells were not 
identified. The graft wall at 3 days was 
occupied with erythrocytes and many marrow 
cells, which were immunoreactively bFGF 
positive. Colonies of endothelial-like cell on 
the lumen were Factor VIII positive at 7 days 
and more than half of the lumen was covered 
with endothelial cells at 14 days.
Heterophilic myelocyte in mitoses, colonies of 
erythroblasts (erythroblastic islands) were 
always noticed with numerous capillaries. 
Complete endothelialization on the graft lumen 
was observed at 18 days. The number of 
erythroblastic islands decreased at 2 months 
but heterophilic myelocyte mitoses were still 
common at 3 months. They were 
immunohistochemically bFGF reactive. A 
bone marrow tissue and capillaries in a spongy 
bone was observed among PTFE nodes in 2 out 
of 6 six-month grafts. No intimal hyperplasia 
at distal anastomosis was noticed. In the 
controls, calcification without bone marrow 
tissue, rare capillary ingrowth and no 
hemopoiesis were observed in the graft wall. 
Complete endothelialization on the lumen at 6 
months but not 3 was noticed.

Discussion
Rapid endothelialization due to 

angiogenesis including hemopoietic ability and 
the reactivity of basic fibroblst growth factor 
was unique in the bone marrow transplanted 
vascular prostheses. The evidences of 
survived transplanted marrow cells, 
continuous exogenous hemopoiesis with growth 
factor synthesis up to 6 months, and possible 
differentiation into endothelial cells may work 
as an autocrine system for endothelialization 
of a vascular prosthesis.
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MOLECULAR AND FUNCTIONAL"ANALYSES OF THE 
GLUTAMATE RECEPTOR CHANNEL SUBUNITS 
EXPRESSED IN BACULOVIRUS AND HERPESVIRUS 
VECTOR SYSTEMS
S. Kawamoto1. S. Hattori1, K. Xin', S. Uchino2, J. 
Fukushima.1, KL Hamajima1, K. Sakimura2, Y. 
Noishiki', S. Ohno', M. Mishina^, K. Okuda' 
('Yokohama City Univ., 3-9 Fukuura, Kanazawa-ku, 
Yokohama, 2 Mitsubishi Chemical, Yokohama, 
^Niigata Univ., Niigata, ^Tokyo Univ., Tokyo, Japan) 

Glutamate receptor (GluR) channels have been shown 
to play crucial roles, in many central nervous system 
functions, including synaptic plasticity, nervous system 
development, and neuronal cell death. Excessive 
activation of glutamate receptor channels causes 
neuronal damage or death, and involves in pathogenesis 
of neurological diseases. In order to elucidate the 
neurotoxicity mechanism via GluR, which is one of final 
goals of our research projects, we have expressed and 
characterized AMPA-selective GluR channel a-famiiy 
subunits and an NMD A receptor channel ^-family 
subunit in a baculovirus vector system (1, 2). In the 
present study, we newly developed recombinant 
baculoviruses of e- and 5-family subunits. Biochemical 
properties, including N - giycosylation and 
phosphorylation, and ligand binding properties, 
including site-directed mutagenesis studies in the 
putative ligand binding region, of the recombinant 
baculovirus-ex pressed GluR channel subunit proteins, 
have been investigated. Further, we also constructed 
defective herpes simplex virus type 1 (HSV-1) vectors of
GluR channel subunits, and have analysed the molecular 
and functional properties of the recombinant receptors 
expressed in Vero and CHO cells. These defective HSV 
vectors will be used in in vivo experiments to study the 
functional roles of GluR in excitotoxicity or neuronal 
death. (1) J. Neurochem. 64: 1258 (1995) (2) Mol. Brain
Res. 30: 137 (1995)
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EXPRESSION OF THE NMDA RECEPTOR CHANNEL 
SUBUNITS USING A BACULOVIRUS VECTOR AND A 
DEFECTIVE HERPES SIMPLEX VIRUS VECTOR
S. Kawamoto^, S. Hattori^, K. Xin^, S. Uchino^, J. 
F ukushima^, K. Hamajima^, K. Sakimura^, S. 
OhnoM. Mishina4, K. Okuda^ (7 Yokohama City 
Univ., Yokohama, ^Mitsubishi Chemical, Yoko
hama, 3Niigata Univ., Niigata, *Tokyo Univ., To
kyo, Japan: skawamot® med.yokohama-cu.ac.jp) 

The ^ 1 subunit is an essential component of NMDA 
receptor channels in the central nervous system, and the 
£ subunits provide the molecular basis of the functional 
diversity of the NMDA receptor channels. Using a 
baculovirus vector system, the ^1 (1) and £ family 
subunits have ■ been expressed in Sf21 insect cells and 
biochemical properties, including /V-glycosy lation and
phosphorylation, and ligand-binding properties have
been investigated. Further, we also constructed defective 
herpes simplex virus type 1 (HSV-1) vectors of NMDA 
receptor channel subunits. The subunit cDNAs were 
inserted downstream of the CMV promoter in the 
amplicon plasmid vector to yield the recombinant HSV-1 
vectors. We have analyzed the molecular properties of 
the recombinant receptors expressed in Vero cells and 
processed in in vivo experiments.
(1) Kawamoto, S. et al. (1995) Mol. Brain Res. 30: 137
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Noishiki et al. 1

Protection of capillary blood vessels from ischemia by bone 
marrow transplantation into myocardium
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Noishiki et al. 2

Back ground Bone marrow transplanted into a synthetic vascular 

prosthesis has showed continuous synthesis of angiogenic growth factors 

resulting in rapid neointima formation on the prosthesis after implantation. We 

expected a similar angiogenic phenomenon to occur if bone marrow was 

transplanted into ischemic myocardium.

Methods and results Autologous bone marrow was injected 

intramuscularly into ischemic myocardium created in the left ventricle cardiac 

wall of dogs. Control operations were performed without bone marrow. On days 

3 and 7, marrow cells, their adjacent cells, and their surrounding extrecellular 

matrix were immunohistochemically bFGF and VEGF reactive. At three weeks, no 

marrow cells could be identified. Myocytes disappeared but a capillary blood 

vessel network remained. With some exceptions, these capillaries did not contain 

blood cell components. In the controls, scar tissue with a very small number of 

capillaries was formed.

Conclusions Marrow cells survived for a short period of time after 

transplantation, and continued synthesis of angiogenic growth factors, which 

were effective in protecting endothelial cells from ischemia, but not myocytes. 

However, the capillaries without blood cell components suggested that there are 

limitations in the various treatments of ischemic myocardium using angiogenic 

growth factors alone.

Introduction

Various methods for revascularization of ischemic myocardium have long 

been studiedl>2,3). How to supply blood to ischemic regions in which coronary 

artery bypass grafting and percutaneous coronary artery angioplasty were 

unable to function has been intensely discussed^). Transmyocardial 

revascularization by laser was also tried^,?). Recently recombinant angiogenic 

growth factors such as the fibroblast growth factor (FGF) family and vascular
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endothelium growth factor (VEGF) were utilized for acceleration of collateral blood 

vessel formation in ischemic sites&'9'10).

For the continuous release of natural angiogenic growth factors, we have 

developed a bone marrow transplantation method for vascular prosthesesl 1). 

Marrow cells transplanted into a vascular graft wall continued exogenous 

hemopoiesis with growth factor synthesis. In general, endothelialization of 

synthetic vascular prostheses is extremely slow!2). With bone marrow 

transplantation, however, neointima formation with complete endothelial cell 

lining and capillary blood vessel ingrowth in the graft was achieved within a 

short period of timell). We expected a similar continuous expression of 

angiogenic growth factors to take place if bone marrow was transplanted into 

ischemic myocardium. In order to test this hypothesis, autologous bone marrow 

was injected into ischemic myocardium created in the left ventricle wall of dogs.

Materials and methods 

Creation of ischemic myocardium

Forty dogs weighing 8 to 18 kg were used. Under general anesthesia, the 

chest was entered via a left lateral thoracotomy at the fifth intercostal space. The 

pericardium was opened. Appropriate parts of the left descending branch, the 

left circumflex branch, and the first diagonal branch of the coronary arteries 

were repeatedly clamped and undamped several times with a bulldog hemostat 

while carefully observing the ECG. When a stable condition without arrhythmia 

was obtained, the coronary arteries at the sites were ligated with 3-0 polyester 

sutures to create ischemic myocardium approximately 3cm square at the apex and 

the left ventricle anterior wall.

Bone marrow transplantation

Bone marrow was obtained by needle puncture from a small edge bite with an 

osteotribe on the iliac bone of the experimental animals. Approximately 0.5 ml of
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bone marrow was slowly injected here and there into the ischemic myocardium of 

22 animals for uniform scattering of the marrow cells (Fig. 1). As controls 18 

animals were left without bone marrow treatment. The chest was closed 

temporarily and antibiotics were injected locally. After a predetermined period of 

time, the animals were anesthetized again while observing the ECG. The chest 

was opened and the heart was exposed for macroscopical observation. The heart 

was resected at 3, 7, and 21 days after surgery from 6, 8, and 8 of the tested animals, 

and 6, 6, and 6 of the controls, respectively. All animal care was in compliance 

with the "Guide for the Care and Use of Laboratory Animals" 13).

Histological examination

The apex of the ischemic area and the normal left ventricle myocardium 

without coronary arterial ligation were resected, and fixed with 10% formaldehyde 

in PBS. Each specimen was cut into three 5-mm segments, which were embedded 

in paraffin. Cross sections were cut and stained with hematoxylin and eosin, the 

Mason and May Giemsa method, the peroxidase anti-peroxidase (PAP) method, and 

Von Kossa's stain. Immunohistochemical staining for the detection of bFGF and 

VEGF was also done after freezing the specimens by means of a cryostat microtome 

with anti bFGF and anti VEGF antigens (Daco Co, Glostrup, Denmark) using a 

modified method of previously described 14).

Numbers of capillary blood vessels

The number of capillaries per 0.1 mm^ (0.5mm by 0.2 mm) in ten fields 

randomly chosen from the middle of each specimen was counted on 

photomicrographs and averaged. The number of capillaries which contained 

blood cell components was also counted in each field.

Results

Ligation of the coronary arteries and injection of bone marrow
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After ligation of the coronary arteries, the color of the apex area of the heart 

muscle turned dark red. Muscle movement of the region was reduced. During the 

ligating procedure using repeated clamping, the electrocardiogram showed tall, 

peaked T waves, followed by symmetrically inverted T waves. After complete 

ligation, elevation of ST segments occurred.

Bone marrow was injected without problems. A small amount of bleeding was 

seen at the injection point, but it stopped spontaneously. No remarkable changes 

in ECG were noticed during the procedure.

At the time of heart explantation on days 3 and 7, the ischemic sites were dark 

red without adhesion. After 3 weeks, part of the pericardium or the lung adhered 

to the site, which was whitish with slight shrinkage. The movement of the 

myocardium was reduced at the site. However, there was no difference in the 

degree of color change or myocardial movement between the bone marrow 

transplanted hearts and the controls.

Histological studies

In the control group, normal myocardium tissue was present in the unligated 

areas. Myocytes have many capillary blood vessels around them. Ordinarily 

these capillary blood vessels can not be identified by H.E. staining. But they were 

recognized by the presence of erythrocytes as shown in Figs, la and lb. Capillary 

blood vessels were tightly compressed by bundles of myocytes, but they contained 

numerous erythrocytes inside. Therefore endothelial cells of capillary blood 

vessles were not demonstrated, but the presence of the capillary blood vessels was 

recognized in these photomicrographs. On day 3, however, myocytes became 

atrophied and thin, leaving sufficient room for capillary blood vessels. But the 

sections parallel to the muscle bundles could not demonstrate the presence of 

capillary blood vessels. Using the PAP method to stain factor eight, capillary 

blood vessels could be identified as shown in Fig. Id. They were among the 

atrophied myocyte bundles and were empty of blood cell components. On day 7,
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the size and number of muscle cells decreased and fibroblasts became dominant in 

the area. At three weeks, most of the myocytes disappeared. Numerous 

fibroblasts with collagenous extracellular matrixes were the major component of 

the area (Fig. le). A small number of capillary blood vessels were present 

containing some blood cell components. Macrophages were present in the scar 

tissue and they were bFGF reactive (Fig. If). However, VEGF was not detected.

In the bone marrow group 3 days after injection, marrow cells with 

numerous peripheral blood cells such as erythrocytes infiltrated the interstices of 

muscle bundles. These muscle bundles became atrophied. Capillary blood vessels 

were present along the atrophied myocyte bundles. On day 7, numerous 

endothelial cells of capillary blood vessels were seen prominantly among the 

atrophied myocytes. Marrow cells including megakalyocytes were still alive 

among the myocyte bundles (Fig. 2a). Marrow cells, their adjacent cells and 

capillary blood vessels in the surrounding loose connective tissue were bFGF 

reactive (Fig. 2b). VEGF was also detected at the surrounding loose connective 

tissue. Inside the clumps of transplanted marrow cells, many capillary blood 

vessels containing erythrocytes were created as shown in Fig. 2c. On the other 

hand, many large capillary blood vessels composed of enlarged endothelial cells 

were recognized among the atrophied myocytes, but they had no blood cell 

components inside (Fig. 2d). At three weeks, the clumps of marrow cells were no 

longer seen. Some capillary blood vessels remained at the sites of the marrow cell 

clumps. Most of the atrophied myocytes also disappeared, but some still remained 

with fibroblasts in the loose connective tissue, in which capillary blood vessels 

were the major component (Fig. 2e). Most of the capillary blood vessels ran in 

parallel rows. Their arrangement was observed in both cross sectional and 

parallel sectional views as shown in Figs. 2e and 2f. These capillaries were 

stained positively by the PAP method, suggesting that these cells were endothelial 

cells, as shown in Fig. 2f These arrangements looked similar to the original
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capillary network of the normal myocardium. Some capillaries had connections 

with each other. Their diameter was from 5 to 10 microns. The spaces between 

the capillaries were 10 to 30 microns. With a few exceptions, the capillaries did 

not contain blood cell components (Fig. 2f). Therefore, empty capillary blood 

vessels were the major component of the area at 3 weeks.

Number of capillary blood vessels

The number of capillaries and those having blood cell components per 0.1 

mm2 in ten fields randomly chosen from the middle of each specimen at 3 weeks 

were counted and averaged. The average numbers of capillaries and those with 

blood cell components were counted in specimens obtained from the intact, i.e., 

undamaged, areas without coronary artery ligation, the areas of ischemia with 

bone marrow transplantation, and the areas of ischemia without bone marrow 

transplantation obtained from the control group. The averages were 150 +.1.5 and 

120 ±_1.5, 120 +_1.5 and 20 ±_1.5, and 20 +.1.5 and 10 4^1.5, respectively. The 

number of capillary blood vessels in the ischemic areas with bone marrow 

transplantation was significantly (P < .05) higher than in the areas without bone 

marrow transplantation, but capillaries containing blood cell components were 

rare. These results are shown in figure 3.

Discussion

1, Transplanted marrow cells in the ischemic myocardium

From the results, it was obvious that transplanted bone marrow survived for a 

short period of time and synthesized bFGF and VEGF in the ischemic myocardium. 

Marrow cells were seen at 1 week, but not at 3 weeks. We did not clarified whether 

these marrow cells differentiated into other cells, migrated out from the heart or 

died out. We were interested in the differentiation of transplanted marrow cells 

into myocytes. If the marrow cells could differentiate into myocardial cells 

spontaneously in the environment of ischemic myocardium, they would act as
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myoblasts in the site naturally, since young cells can act and become newly 

organized according to the environment. Recently, myocardial cells 

immunologically modified by gene technology were transplanted into the heart 

myocardium^5)( but the efficacy of the transplantation has not yet been clarified. 

In our experiment, however, we could not find any evidence of the differentiation 

of transplanted marrow cells into myocytes.

We expected that the transplanted marrow cells would survive in the ischemic 

myocardium like those in vascular prosthesesl 1), because marrow cells are young, 

primitive, and have the power to survive even in a poor environment in vivo.

But transplanted bone marrow disappeared within 3 weeks. We speculated that 

during this time they tried to replicate. They would try to make blood cells 

because of their natural hemopoiesis. After these efforts under ischemic 

conditions, however, they became dystrophied due to poor nutrition and hypoxia. 

During the process, they synthesized large amounts of angiogenic growth factors 

such as bFGF and VEGF because of the natural behavior of damaged cells 16,17) and 

the special properties of bone marrow cells 18,19).

2, Vascular network in the ischemic myocardium

Compared with the control groups, bone marrow transplanted ischemic heart 

had atrophied myocardium with capillary blood vessels at one week, and numerous 

capillary blood vessels network at three weeks. These capillary blood vessels ran 

in parallel similarly to those in the undamaged region. As shown in the Fig 3, 

number of the capillaries did not increase with the bone marrow transplantation 

compared with that at the undamaged region. Anatomically undamaged 

myocardium has a fine capillary network along each myocyte bundle^O), as shown 

in Figs, la and lb. Therefore, the capillary network in the ischemic region with 

bone marrow was not a newly developed one, but the original one maintained in 

spite of the poor environment. This phenomenon could not be observed in the 

control. Therefore, the phenomenon could be caused by the transplanted bone
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marrow, and we speculated that transplanted marrow cells could not prevent 

myocardial damage from ischemia, but could rescue endothelial cells from the 

ischemic stress.

3, Growth factors from the transplanted bone marrow

We did not identify what kinds of growth factors and cytokins were 

synthesized during the time by the bone marrow, because marrow cells can 

synthesize many kinds of growth factors and cytokins21>22)s At least, bFGF and 

VEGF were synthesized in the ischemic area. Numerous capillary blood vessels 

observed in the clumps of the transplanted marrow cells may be the result of 

direct stimulation of the angiogenic growth factors synthesized from them. bFGF 

and VEGF may also affect endothelial cells in the ischemic region. Angiogenic 

growth factors have been suggested to be involved in maintenance of vasculature 

in tumors and in normal tissue^). VEGF and bFGF are already known to be 

effective in facilitating endothelial repair and endothelial cell replication^). 

They are also known to work as survival factors during at hypoxic stress in 

various tissues such as nerve cells, epithelial cells, and endothelial cells25,26,27). 

A recent study suggested that VEGF and bFGF have synergistic effects on the 

induction of angiogenesis in vitro and in vivo28). We expected that marrow cells 

implanted in an ischemic region would synthesize many kinds of cytokins 

including VEGF and bFGF, and that the synergistic effects of them all would aid 

angiogenesis at the site. Growth factors such as bFGF and VEGF synthesized by 

bone marrow may contribute to endothelial cell survival in the ischemic 

myocardium.

4, Growth factors for revascularization

Recently recombinant bFGF has become popular for the acceleration of 

capillary ingrowth. A single direct injection of bFGF into an ischemic 

myocardium showed effective results experimentally29). Revascularization by 

collateral capillary ingrowth into the ischemic regions requires a certain period
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of time30,31). But it is already known that the dosage for effective angiogenesis 

of these growth factors is small, and the duration of its efficacy is short.

Continuous release of these factors is essential for the stimulation of endothelial 

cells involved in persistent capillary ingrowth^). Therefore, some kind of 

continuous supply system or slow release system is needed. Capillary growth into 

the heart from the aorta using a growth factor mixed in fibrin for slow release has 

been reported^). Some reports on gene transfer described angiogenesis 

resulting in increased number of capillaries^' 35,36) Successful intracoronary 

gene transfer of bFGF in pig ischemic myocardium is an example of the continuous 

release system^?). The gene transfer in vivo has, however, unclarified side 

effects such as virus infection^^,39)_ Qn the other hand, transplanted bone 

marrow synthesized growth factors continuously without undesirable side effects 

in the current experiments.

5, Revascularization for ischemic myocardium

Although the myocytes could not be protected from ischemia by the bone 

marrow transplantation, we found two characteristic phenomena. The first was 

the efficacy of the continuous-synthesizing system of natural angiogenic factors 

in protection of the capillary network from ischemia. The second was that the 

numerous capillary blood vessels were empty, i.e., they contained no blood cell 

components. Ischemic regions of the controls did not show active capillary 

ingrowth or bFGF synthesis. These two observations can aid us in developing 

future strategies for treatment of ischemic myocardium.

It was surprising that the capillary blood vessel network did not function. 

Although we could thus maintain the capillary blood vessel network in the 

ischemic region with the help of growth factors, improvement of myocardial 

function was not obtained. Even if capillary blood vessels were created, 

improvement of the ischemic myocardium would require supplying blood 

components to the site by some other method. These observations gave us
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important information for treatment of ischemic myocardium with recombinant 

growth factors and gene transfer technologies alone, since they increase demand 

for blood supply, but actual blood supply always lags far behind if the ischemic 

region is wide. If we could supply blood to the ischemic region using some method 

such as Vineberg's operation^,40) and transmyocardial laser revascularization'll), 

the empty capillaries could play a role of their own, resulting in improvement of 

ischemic myocardium.

Conclusion

Transplanted marrow cells showed synthesis of natural angiogenic growth 

factors in the ischemic myocardium. Bone marrow transplantation could not 

protect myocardium from ischemia, but was effective in preserving the capillary 

blood vessel network. However, it also showed the limitation of treatment of the 

ischemic myocardium with angiogenic growth factors alone. Since ectopically 

transplanted bone marrow can synthesize natural angiogenic growth factors, the 

transplantation method should be applicable not only in the cardiovascular field 

but also in various other fields as well.
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Figure Legends

Figure. 1. Photomicrographs of cross sections of the control heart muscle, la: 

Before ligation of coronary arteries. Section parallel to the row of muscle 

bundles. Capillary blood vessels are present among the muscle bundles. They 

are recognized by the blood cell components they contain. H.E. X 100. lb:

Before ligation. Cross section at right angles to the muscle bundles. Capillary
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blood vessels are recognized by the red blood cells inside. H.E X 100. lc:

Three days after ligation. Capillary blood vessels are not seen. Interstices of 

the muscle bundles have opened due to muscle bundle atrophy. H.E. X 200. Id: 

Cross section of a muscle bundle 7 days after ligation. Empty capillary blood 

vessels are recognized by the factor VIII staining. PAP method, X 200. le: At 3 

weeks, muscle bundles have disappeared. Scar tissue with a few capillary 

blood vessels is present. H.E., X 200. f: With bFGF staining, macrophages are 

stained brown. bFGF immunohistochemical staining, X 100.

Figure 2. Photomicrographs of bone marrow transplanted heart muscles, a: at 7 

days, bone marrow cells are recognized among myocyte bundles. 

Megakaryocytes are also seen (arrows). H.E. staining. X 200. b: At 3 days, 

there are bone marrow cells in the interstices of muscles and surrounding 

cells, and capillary blood vessels are bFGF reactive. bFGF staining, X 200. c:

At 7 days, numerous capillary blood vessels have been created in the sites of 

bone marrow transplantation. H.E., X 200. d: At 7 days, endothelial cells are 

prominently observed in the interstices of muscle cell bundles, H.E., X 200. e: 

At 3 weeks, loose connective tissue containing numerous capillary networks is 

seen. H.E. staining, X 50. f: High magnification of the area at 3 weeks.

Empty capillary blood vessels are the major components of the tissue. H.E., X

200.

Figure 3 Capillary numbers in the heart muscles of the intact area, the ischemic 

area and the bone marrow transplanted area. Average numbers are plotted 

and compared with the capillaries containing blood cell components.
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Neointima formation of synthetic fabric vascular prostheses is extremely 

delayed. Most of prostheses implanted in humans are not healed for long period of 

time after implantation. Our hypothesis of the delayed healing is as follows; 

Fabric prostheses are lacking of extracellular matrices (ECM) for adsorption and 

release of cytokines such as bFGF and VEGF which play an important role for the 

wound healing, i.e., a kind of tissue engineering in vivo. During the prosthesis 

implantation, many cells are injured or destroyed by surgical procedure resulting 

in cytokine synthesis, but they are washed out. If synthetic prostheses were 

given a suitable ECM, natural neointima formation will be expected. In order to 

test this hypothesis, a fabric vascular prostheses containing collagen fibers and 

chondroitin sulfate was implanted in abdominal aorta of a dog. The prosthesis 

adsorbed bFGF naturally. Numerous fibroblasts and macrophages with capillaries 

infiltrated into the prosthesis wall resulted in rapid formation of neointima 

composed of smooth muscle cell layers and lined with endothelial cells. These
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results indicate that a natural tissue engineering in vivo is realized with the aid of 

a suitable ECM.

Various methods have been attempted for the acceleralarion of neointima 

formation of vascular prostheses1'1^), but in humans, neointima is only formed 

on anastomotic sites and other areas are not healed for long period of time after 

implantation 11 ’12). The formed neointima at anastomotic sites is composed of 

multilayers of smooth muscle cells lined with a monolayer of endothelial cells and 

collagenous tissue with fibroblasts around polyester fibers13). Therefore, natural 

neointima formation throughout the luminal surface is a kind of tissue 

engineering in vivo14).

Recently, some experiments with growth factors and gene transfered cells 

were used on vascular prostheses15). But the procedure was not easy and not yet 

established. Endothelial cell seeding methods were also applied for the last two 

decades16’17’18). Complete neointima formation in vitro using three dimentional 

cell culture technique was also adopted1^). In practice, however, these methods 

require specialists, special facilities, special instruments, and certain periods of 

time for the prosthesis preparation, and are not available for emergency use.

In a natural tissue injury, however, many cells are damaged or destroyed at 

the wound site, resulting in cytokine synthesis26’21’22) such as basic fibroblast 

growth factor (bFGF), vascular endothelium growth factor (VEGF), hepatocyte 

growth factor (HGF), and tissue morphogenic factor 0 (TGF-0) which act important 

roles for wound healing. These cytokines are trapped by an extrecellular matrix 

(ECM) around the wound and released slowly for the following cell migration23). 

Their dosage for wound healing and angiogenesis might be small and the duration 

of their efficacy short. Therefore its continuous release from the ECM is essential 

for the stimulation of cells involved in rapid and smooth wound healing24’23).
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For the natural tissue engineering on vascular prostheses, principal cells, 

cytokines and a suitable ECM are required. However, synthetic prostheses are 

lacking of them, especially ECM as an anchring site for cell migration, and as an 

adsorption and slow release system for various cytokines. Therefore, these 

cytokines are washed out and are not used for the following neointima formation. 

In case of vascular surgery, however, major cellular components, i.e., fibroblasts, 

smooth muscle cells, and endothelial cells from capillary blood vessles are present 

around the prosthesis. Furthermore many cells are injured or damaged by 

surgical procedure resulting in cytokine synthesis20,21,22). Therefore, if the 

prosthesis were given with a suitable ECM for the tissue engineering, neointima 

formation in vivo will be expected naturally.

In order to test this hypothesis, a fabric vascular prosthesis containing 

collagen and chondroitin sulfate as majour components of ECM was provided. For 

natural introduction of cell migration, they were thermally crosslinked instead of 

chemical crosslinking of glutalardehyde and formaldehyde in order to diminish 

cytotoxicity of these chemical crosslinkers26). Succinylated collagen was used in 

order to make non-thrombogenic property by hydrous luminal surface27*28), 

because succinylated collagen fibers tend to separate each other due to repulsion 

of the same negative charge in their molecular structure when they are in 

wet29>30). The hydrous condition induced by succinylated collagen in wet 

provides a non-thrombogenic property on the luminal surface of vascular 

prostheses. Succinylated collagen network is also expected as an adequate 

framework for host cell migration. Chondroitin sulfate was used in order to 

stabilize the cytokines such as bFGF and VEGF. Heparin has the stabilizing 

function for these cytokines81) and antithrombogenic property for prevention of 

thrombus on the luminal surface, but control of the dosage of heparin is not easy 

to prevent excessive bleeding through the suture hole of the prosthesis at 

implantation. Mucopolysacchariudes such as chondroitin sulfate has the similar
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function for these cytokines^2) and has no warring for the bleeding. 

Antithrombogenic property of chondroitin sulfate is not powerful compared with 

that of heparin, but was more convenient to use without bleeding problem.

An adsorption experiment using radioisotope-rabeled bFGF showed high 

amount of adsorption (14.3 ng/g) of bFGF to the succinylated collagen and 

chondroitin sulfate sponge and slow release (53%, 7.7ng/g release for 7 days). A 

sponge using heparin instead of chondroitin sulfate as a control showed a similar 

result (12.2ng/g adsorption and 65%, 6.9ng/g release). Dacron fibers adsorbed 

bFGF, but the amounts of adsorption and release were small (2.9ng/g adsorption 

and 20%, 0.58ng/g release).

An in vivo insertion test of the prepared prosthesis using rabbit 

subcutaneous layer revealed that the ECM in the prosthesis wall was under way to 

be dissolved at 7th day after insertion, and immunohistochemically reactive to 

bFGF. Numerous fibroblasts, macrophage infiltration accompanied with many 

capillary blood vessels were present around and interstices of ECM. No foreign 

body reactions such as giant cell infiltration were present.

The ECM in the prosthesis wall implanted in the abdominal aortic position 

were also reactive to bFGF at 7 days. Numerous macrophages, fibroblasts and 

many capillary blood vessels were present in the interstices of the ECM. The 

prostheses at 3 weeks were completely healed throughout the luminal surface and 

the ECM was almost dissolved. The luminal surface was completely lined with 

endothelial-like cells, and Multi layers of smooth muscle cells were underneath 

them. Capillary ingrowth were remarkable in the prosthesis wall. They created 

neointima and neomedia. These findings were equally present not only near the 

anastomotic sites, but also at the center areas, far from the suture lines. The 

endothelial-like cells were stained with PAP method to confirm the production of 

factor VIII, indicating they are endothelial cells. From these findings, it was
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clarified that the prepared prosthesis with the ECM could obtain a naturally tissue- 

engineered neointima with the aid of the ECM.

In the stand point of tissue engineering, major disadvantages of synthetic 

prostheses compared with natural tissues are lack of cell components, ECM, and 

cytokines. Synthetic vascular prostheses are not a suitable site for the tissue 

engineering. However, if we could give a desirable ECM into the prosthesis wall 

along our hypothesis, cytokines would be adsorbed and cells would be introduced 

with the activities of the cytokines as shown in the implantation experiment. 

Natural bFGF adsorption in vivo and the rabeled bFGF experiment in vitro gave the 

seal to our hypothesis.

Previously we obtained unique neointima formation using bone marrow 

transplantation on a synthetic vascular prosthesis33). Clumps of marrow cells 

survived inside the prosthesis wall and continued exogenous hemopoiesis for up to 

observed 6 months. Transplanted marrow cells and surrounded cells were 

immunohistochemically bFGF reactive and numerous capillary blood vessels were 

induced into the prosthesis wall. Therefore, the treated prosthesis had cells, 

cytokins and a suitable ECM for tissue engineering in vivo. In general, 

implantable artificial organs such as vascular prostheses are composed of 

biologically inert substances^4). These polymeric scaffolds are not enough to 

induce fine natural cell activities. Multiple trees and shrubs on a mountain can 

keep and release water continuously resulting in contribution for natural plant 

growth and animal lives without flood when raining. Multiple complecated 

substances or absorbents in soil can adsorbe and release small amount of 

agricultural chemicals for long period of time and contribute plant growth 

without envilonmental pollution. In like manner, as a scaffold for cell migration 

and a cytokine control system, the ECM is very important for in vivo tissue 

engineering.
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Until now, several kinds of vascualr pros theses coated with collagen and 

gelatine have been developed^ 5,36,37). They are useful in clinic without bleeding 

problem, since the collagen was used for a sealant of porous fabric striucture.

Most of collagen was crosslinked by chemical crosslinkers, such as glutaraldehyde 

and formaldehyde, which are cytotoxic^). Some of collagen coated pros theses 

were pointed out to have endotoxin in the coating substances^). These coated 

prostheses are not designed for cytokine adsorption and release. However, if they 

are modified for this purpose, they will be completely regenerated into full of 

tenderness prostheses and will contribute for surgeries of poor risk patients such 

as aged or nutritious disorder patients and infants. (One experiment using cell 

culture technology was reported related to ECM with successful neointima 

formation. The aother did not described cytokine adsorption, but the prostheses 

should be re-examined for the detection of cytokines such as bFGF and VEGF.)

In conclusion, we obtained natural tissue engineered neointima using an 

ECM within short period of time after prosthesis implantation, we recognized how 

important the ECM was in this field. The basic idea described in this paper will be 

applicable not only in the field of vascular prostheses, but also in all surgical 

treatments in general.

Methods

Fiber collagen was obtained from a cow Achilles tendon. Succinylation of 

the collagen fibers was performed by adding 2% succinic anhydride in acetone to 

collagen suspension at pH 9.0. Succinylated collagen was precipitated at pH 4.2 

and purified by reprecipitation. Approximately 0.5 % of the succinylated collage 

suspension with 0.5 % chondroitin sulfate at pH 7.4 was obtained and enmeshed 

into a Dacron fabric vascular prosthesis (MICRON, InterVascular Co. Ltd., 

Clearwater, FL, U.S.A.). Teflon mandrill was inserted into the prosthesis and it was 

freeze-dried. Then it was thermally crosslinked at 130°C for 7 to 10 hours under 

negative pressure. It was rinsed to remove uncrosslinked substances and then
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lyophilized and EOG sterilized. As a control, a collagen impregnated prosthesis 

with heparin was prepared. As an another control, a plain Dacron fabric 

prosthesis was adopted. For an in vitro experiment, RI raveled bFGF solution was 

prepared and these specimens were dipped for one hour. Then they were rinsed 

in distilled water and immersed in high amount of daily renewed saline solution 

for 10 days. The amount of adsorbed bFGF and the releasing behavior was 

measured. As a subcutaneous experiment, four each specimens were inserted 

aseptically in the subcutaneous layer of four rabbits. At 7 days, they were 

removed and examined macroscopically and microscopically. The prepared 

prostheses with the controls were implanted into the abdominal aortae of 35 dogs, 

20 for the prepared prosthesis, and 15 for the controls. Animals were anesthetized 

with an initial dose of 40 mg of Kitamin hydrochloride (Sankyo Pharmacy Co. Ltd., 

Osaka, Japan) intramuscularly and 8 ml of pentobarbital (2.5% solution) 

intravenously. Supplemental doses were given when required. The dogs were 

intubated and supported with a respirator at 20 respirations per minute and with a 

tidal volume of 150 ml of 20 % of oxygen. A 5-cm segment of the abdominal aorta 

was replaced with the grafts. All animal care was in compliance with Principles 

of Laboratory Animal Care, formulated by the National Society for Medical 

Research, and the Guide for the Care and Use of Laboratory Animals. All grafts 

were retrieved on a predetermined postoperative day (1 to 192 days) and no 

animal died during observation. For microscopy, the specimens were stained with 

hematoxylin and eosin (H & E), the Masson and May Giemsa method, the 

peroxidase-antiperoxidase (PAP) method and Von Kossa's stain. 

Immunohistochemical staining was performed for the distribution of bFGF along a 

method previously descrived^O).
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18 days (Fig. 2b) and was maintained for the entire six-month ob
servation period. The number of erythroblastic islands decreased 
at two months, but heterophilic myelocyte mitoses were still com
mon at three months (Fig. 2c). These cells with the surrounding 
cells and capillary blood vessels were immunohistochemically 
bFGF reactive. Bone marrow tissue and capillaries in spongy bone 
were observed among PTFE filaments in two out of seven six- 
month grafts (Fig. 2d). No intimal hyperplasia at the distal 
anastomosis was seen. In the controls, endothelial cells were pre
sent at the anastomotic sites of the grafts for more than 25 days. 
Complete endothelialization of the lumen occurred in three out of 
seven grafts at six months, but three were occluded and one was 
still covered with a fresh thrombus. No hemopoiesis was seen. 
Calcification without bone marrow tissue and occasional capillary 
growth were observed in the graft wall.

In the BM grafts, as shown in Fig. 2b, exogenic hemopoiesis 
was remarkable. bFGF was always detected in capillary blood ves
sels, marrow cells and cells adjacent to the hemopoiesis. Thus 
during the hemopoiesis, these cells continuously synthesized cy
tokines such as bFGF, which has strong angiogenic properties15"17, 
contributing to capillary growth18 in the BM grafts. Marrow cells 
need nutrition for their survival, raw materials for producing 
blood cells and routes for shipping out their products, namely, 
blood cells. As a result, capillary growth was required. The lumen 
of the BM graft appeared red or pink because of numerous capil
lary blood vessels, with red cells both outside and inside the BM 
graft wall. These three items, hemopoiesis, bFGF and capillary 
growth, appeared to interrelate in the BM graft.

Some endothelial cells on the lumen may have originated 
from marrow tissue, because endothelialization began even be
fore capillaries reached the graft lumen (Fig. 2b). Bone marrow 
contains some mature endothelial cells and many immature 
cells that can differentiate to many kinds of mesenchymal cells 
including endothelial cells. Bone marrow tissue also contains 
stromal cells, fibroblasts, endothelial cells and adipocytes, and 
these cells can proliferate and act as feeders. Cell transplantation 
with feeder cells has been used effectively to accelerate a skin 
healing process19. The endothelialization was complete at three 
weeks without intimal hyperplasia. Growth factors were released 
during hemopoiesis. The dosage of bFGF for angiogenesis might 
be small and the duration of its efficacy short, but its continuous 
release is essential for the stimulation of cells involved in rapid 
neointima formation.

From this evidence, the reasons for success with the BM graft 
are considered to be as follows. Marrow cells contain various 
kinds of young and primitive cells. Mixed cells can grow in vivo 
easily without mutual suppression. Cells must be in clumps to 
survive. For example, in cancer, there must be a clump of more 
than 50 cells to form a new metastasis colony. Mixture of differ
ent kinds of cells can work together as feeder cells to each other. 
Differentiation of marrow cells and synthesis of endothelial 
growth factors may also accelerate endothelialization, but the 
most important factor would be the combination of all of the fol
lowing that play a role during the creation of a new vascular wall, 
that is, proliferating and differentiating young cells, continuous 
synthesis of growth factors, cooperation of different kinds of cells 
and the environment of the vascular wall, such as easy penetra
tion of nutrition, oxygen tension and tensile stress. The BM graft 
appears to be an organism-controlled autocrine artificial organ.

Methods
Approximately 0.5 ml of autologous bone marrow was obtained

from the iliac bone of dogs and infiltrated into e-PTFE graft material 
(diameter, 6 mm; length, 6 cm; fibril length, 90 pm; Baxter 
Healthcare). ePTFE grafts commonly used in human vascular pros- 
theses have numerous slitlike fissures that make the graft flexible. 
These fissures are approximately 30 pm in size and are thus too small 
and complicatedly ramified to trap the bone marrow tissue inside 
the graft wall. In the current experiment, we used an expanded 
ePTFE with 90-pm fissures that pass through the graft wall without 
ramification. Forty-four mongrel dogs were used, 24 for the BM 
grafts and 20 for control grafts. The dogs were anesthetized with an 
initial dose of 40 mg of ketamin hydrochloride (Sankyo Pharmacy 
Co. Ltd., Osaka, Japan) intramuscularly and 8 ml of pentobarbital 
(2.5% solution) intravenously. Supplemental doses were given when 
required. The dogs were intubated and supported with a respirator 
at 20 respirations per minute and with a tidal volume of 150 ml of 
20% of oxygen. A 5-cm segment of the abdominal aorta was re
placed with the graft. All animal care was in compliance with 
Principles of Laboratory Animal Care, formulated by the National 
Society for Medical Research, and the Guide for the Care and Use of 
Laboratory Animals20. All grafts were retrieved on a predetermined 
postoperative day (1 to 192 days) and no animal died during obser
vation. For microscopy, the specimens were stained with 
hematoxylin and eosin (H&E), the Masson and May Giemsa 
method, the peroxidase-antiperoxidase (PAP) method and Von 
Kossa's stain. Immunohistochemical staining was performed for the 
distribution of bFGF (ref. 21).

The number of capillaries per mm2 (2 mm by 0.5 mm) in six fields 
randomly chosen from the middle of each graft wall was counted on 
3-week, 3-month and 6-month explants. The average number of cap
illaries was calculated for each implant duration as shown in Fig. 3.
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Development of a Growable Vascular Graft

Yasuharu Noishiki, Yoshihisa Yamane, Masayasu Furuse, and Teruo Miyata

A vascular graft that can grow with the growth of its recipi
ent was developed. The graft implanted in the thoracic de
scending aorta grew slowly to the expected size within a 
year after implantation in puppies. Human saphenous vein 
was used as the substrate material. It was dipped into dis
tilled water and sonicated, resulting in cell destruction, and 
followed by cross-linking with a polyepoxy compound to 
give both controlled biodegradability, hydrophilicity, and 
antithrombogenic properties. Four millimeter inner diame
ter (ID) grafts, enveloped with polyester mesh tubes of 10 
mm ID, were implanted in 11 puppies. The diameter of the 
grafts grew to 9.5 mm from their original 4 mm. After 1 
year, the graft walls that were reinforced with polyester 
mesh were covered with endothelial cells. The following 
requirements were provided in a growable graft: 1) an- 
tithrombogenicity in a small caliber graft; 2) ability to grow 
as well as to terminate growth. The polyester mesh tube, 
which was larger than the graft, caused arrest of growth at 
the expected diameter, whereas the growth rate was con
trolled by the degree of graft cross-linking. With this 
method, any size graft can be made by changing the size of 
the original graft and the polyester mesh tube around it. 
ASAIO Transactions 1988; 34: 308-313.

Recently, cardiovascular surgery has been performed 
safely in infants, with the use of numerous artificial organs 
such as heart valves and blood vessel prostheses. Most of 
them work very well, but some display problems. In the case 
of heart valves made of biologic materials, dysfunction re
sulting from degenerative changes such as calcification have 
been reported, whereas with vascular prostheses, small di
ameter grafts easily occlude after implantation, making an
tithrombogenic treatment necessary. The side effects of an
ticoagulation cause other problems, and, even if the graft 
remains patent, it does not grow as the patient grows, re
quiring patients to have reoperation to expand the site after 
a certain period of time.1,2 These repeat procedures are 
usually very troublesome because of adhesions from the 
primary surgery, and patients sometimes become poor risks
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because of bleeding during preparation of the site. To over
come these difficulties, a small diameter vascular graft that 
has the potential for growth as the child grows has been 
needed for a long time. In this communication, a "grow
able" vascular graft is described and its growth confirmed in 
an animal study.

Materials and Methods

Preparation of the Growable Graft

Human saphenous veins were obtained aseptically at the 
time of resection of varicose veins of the lower extremities. 
A segment of vein with an internal diameter (ID) of 4 mm 
and without deformity was selected. It was immersed in 
distilled water for 1 hr to swell the cells inside by osmotic 
pressure and was then sonicated at 28 kc for 20 sec in order 
to cause cell destruction. Cell debris was then removed by 
washing with distilled water. In this way, a natural tissue 
tube composed of collagen and elastic lamina was obtained.

The graft was inflated with air to a pressure of 30 to 40 
mmHg and was treated with a 2% polyethylene glycol dig- 
lycidyl ether (PEGDGE) solution in 5% ethanol, 0.1 wt% 
catalyst 2,4,6,-tris(dymethylaminomethyl)phenol (TDAMP), 
and 0.007 wt% accelerator salicylic acid at pH 10.0 for 5 hr 
to cross link the graft wall. It was then washed with distilled 
water.

The graft was then preserved and sterilized in a 70% eth
anol solution.

Before implantation, the graft was soaked and washed 
several times in physiologic saline solution to completely 
remove the ethanol.

A highly porous fabric vascular prosthesis made of ultra- 
fine polyester fiber (water porosity: 3,650 ml/cm2, 120 
mmHg, H20) with a 10 mm internal diameter was provided 
to envelop the graft for reinforcement (Figure 1).

Determination of Reacted t-NH2 Groups of the Graft with 
PEGDGE

The degree of the reacted t-NH2 groups of the graft with 
the hydrophilic cross-linking reagent was measured by a 
modification of the method of Kakade and Liener.3

Implantation of the Graft

Eleven puppies weighing 3.5 to 7.0 kg (average weight 5.2 
kg) were used in this study. The left pleural cavity was en
tered through an incision in the sixth intercostal space with
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Rapid endothelialization of vascular prostheses by 
seeding autologous venous tissue fragments

A method was developed to obtain rapid endothelialization of a fabric vascular prosthesis by seeding 
autologous venous tissue fragments into its wall. In an animal study, complete endothelialization was 
observed in the entire inner surface of the prosthesis within 2 weeks after implantation. A piece of 
peripheral vein was minced with scissors and then stirred into saline to create a tissue suspension. This 
suspension was enmeshed into the wall of a highly porous fabric vascular prosthesis by repeated 
pressurized injections with a syringe. The prostheses (7 mm inside diameter and 5.7 cm in length), 
seeded with tissue fragments, were implanted into the descending thoracic aorta of 25 dogs, and they 
were removed from 1 hour to 2 months after implantation. Twenty-five prostheses, preclotted with 
fresh blood, were used as control prostheses. In the seeded graft, a thin fibrin layer covered the inner 
surface just after implantation, but countless numbers of endothelial cells migrated from the fragments 
and came up to the luminal surface like multiple “mushrooms” under the fibrin layer. Smooth muscle 
cells made multiple layers underneath the endothelial cell layer. The healing proceeded equally at every 
part. By this active migration and proliferation, the inner surface was completely healed within 2 
weeks. (J Thorac Cardiovasc Surg 1992;104:770-8)
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dothelial cell lining of vascular grafts is considered 
important for the antithrombogenicity of vascular pros
theses. Endothelial cell seeding on grafts has been used to 
achieve this goal.1'2 However, these attempts have not 
been successful thus far because, after implantation, the
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seeded cells are washed off from the surface by the 
bloodstream.3 Improving cell adherence to the graft sur
face by using more hydrophilic material4 or coating with 
fibronectin, for example,5,6 has not overcome this prob
lem because local inflammatory reaction with leukocytes7 
causes desquamation of the endothelial cells.8 Since we 
observed that seeding of smooth muscle cells enhf-^d 
endothelialization of vascular grafts,9 we anticipate. Jat 
physiologic cell interaction may be needed to consolidate 
an endothelial lining. To improve the anchoring effect and 
survival rate of the seeded cells, we have developed a 
method to impregnate tissue fragments into a fabric 
prosthesis.10 In the present study we present a modifica
tion of the original method, which allows seeding of 
homogenated vein tissue in porous prostheses.

Materials and methods
Preparation of the graft. A canine left jugular vein about 8 

cm in length and weighing approximately 0.2 gm was resected 
and minced with scissors and then stirred into 20 ml of physi
ologic saline solution to create a venous tissue fragment suspen
sion. This suspension was sieved through the wall of a highly

192770



Volume 104
Number 3
September 1992

Endothelialization by venous tissue fragment seeding 7 7 3

reaction in the tissue fragments). The next group, 11 ani
mals, were killed from 8 to 31 days after grafting each at 
8, 10, and 14 days and two at 21 days, respectively (to 
observe the healing process of the neointima). The next 
group, four animals, were killed at 1 month (actually, two 
animals each at 28 and 31 days to observe the absorption 
of the original tissue fragments). The last animal was 
killed at 61 days to observe degenerative changes of the 
neointima.

In the control graft, 6 animals died because of the 
bleeding. The surviving 19 animals were divided into four 
groups. The first eight were killed from 1 hour to 7 days 
after grafting (one animal per day to observe the bleed
ing from the graft wall). The next five animals were killed 
at 10, 14, 16, 18, and 21 days after grafting so that the 
initial healing process of the neointima could be observed. 
The next four animals were killed at 25, 38, 39, and 46 
da; j'ter grafting to observe the healing process of the 
neointima. The last two animals were killed at 56 and 63 
days, respectively, so that we could observe degenerative 
changes of the neointima.

Macroscopic appearance. In the control grafts, the 
initial red thrombus seen after 1 hour changed into a 
white, nonshining layer within 3 days. This white inner 
surface remained unchanged after 7 days; at the tenth 
day, however, many thick (1 to 3 mm), red thrombi 
appeared over the entire inner surface. They increased in 
size gradually. During 14 to 21 days after implantation, 
they fused into a large, red, thick thrombotic area. By the 
twenty-fifth day most of the inner surface except the 
anastomotic lines, was covered with a thick layer of red 
thrombus (Fig. 2, E). On the thirty-eighth day the layer 
of red thrombus had decreased in size, thickness, and 
redness and changed into a white, nonshining area that 
increased in size. At the sixty-third day, the red, throm
botic area was limited only on the center area of the graft 
(Fi )F). Other areas turned white but were shiny only 
within 1 cm from the anastomotic lines.

In the seeded grafts the following macroscopic differ
ences compared with the control grafts were noticed. The 
initial red thrombus seen after 1 hour was more obvious 
(Fig. 2, A), but this changed with time. On the second day, 
predominantly white, nonshining multiple spots, 1 to 3 
mm in size, were spread over the prosthetic surface, with 
areas of fresh red thrombus in between. These white spots 
were thinner than the surrounding red, thrombotic areas 
(Fig. 2, fi). On the fifth day these white spots increased 
in size and number. At the seventh day the red, throm
botic areas decreased in size and thickness and turned into 
pink granulation-like tissue. On the tenth day the white 
multiple spots fused into a confluent, smooth area cover

ing the entire inner surface. On the fourteenth day the 
white, shiny areas had spread and completely covered the 
luminal surface (Fig. 2, C). No further macroscopic 
changes were observed during a 2-month observation 
period (Fig. 2, D). Macroscopic examination of the kid
neys resected from all the animals implanted with the 
seeded grafts and the control grafts showed no fresh, 
trapped microemboli in their cut surfaces.

Light microscopic appearance. The control grafts 
showed blood coagulum filling all the pores because of the 
preclotting procedure. The inner surface was also com
pletely covered with a fresh, thin blood coagulum. On the 
second and third days this layer became thinner, and 
blood cell components, such as erythrocytes, disappeared 
from the layer. Occasionally the layer was composed of 
dense fibrin network. Some leukocytes were noticed in the 
fibrin layer at the outside of the graft fabrics. On the fifth 
day some transparent areas were noticed inside the fibrin 
network. In these areas some erythrocytes were noticed. 
On the seventh day numerous fibroblasts were observed 
at the adventitial side of the graft. On the tenth day a great 
number of fibroblasts proliferated at the adventitial side; 
however, few were observed in the fibrin layer on the 
luminal side of the fabric. On the fourteenth day endo
thelial cells from the host aortic wall surface had started 
to creep over the fibrin layer at the anastomotic sites.

By the sixteenth day smooth muscle cells followed 
underneath the endothelial cells. With migration of the 
smooth muscle cells, the fibrin layer disappeared. On the 
eighteenth day the neointimal formation of endothelial 
cell lining with multilayer formation of smooth muscle 
cells extended about 2 mm from the anastomotic lines. 
The migration of smooth muscle cells from the anasto
mosis was always preceded by the endothelial cells, but 
the areas away from the anastomotic lines remained cov
ered with a fibrin layer without fibroblast migration. In 
the fibrin layer fresh blood infiltration and clotting 
formation were observed. Consequently, multiple thick 
thrombus formations on the fibrin layer made a rough, 
protruded polypoid surface. On the eighteenth day some 
of the newly formed thrombus layers became thick. From 
3 weeks to 2 months after implantation, new thrombus 
formations were observed in the center area of the graft. 
With time the fresh thrombus formation decreased, and 
a remaining thin fibrin layer became dominant. On the 
sixty-third day most of the inner surface was covered with 
this thin fibrin layer without endothelialization. In the 
center areas fresh, thick spots of thrombus remained on 
the surface (Fig. 3, H). At the anastomoses, neointimal 
formation with endothelial cell lining was observed, but 
this was limited to about 5 to 8 mm from the suture lines.
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In the seeded grafts, the sieving resulted predominant
ly in accumulation of tissue fragments at the luminal sur
face and in pores of the interstices of the fabric (Fig. 3, 
A), but also some small tissue fragments could be seen in 
the pores at the outer surface of the graft. After implan
tation, fresh thrombus formed over the inner surface, 
making a smooth layer at the inner surface, incorporat
ing the tissue fragments. On the third day the fibrin layer 
became thin, with some of the tissue fragments facing 
directly to the lumen. Erythrocytes in the fibrin layer dis
appeared, and some leukocytes infiltrated from the out
side. From the tissue fragments, obvious migration into 
the fibrin layer of numerous fibroblasts, smooth muscle 
cells, and endothelium-like cells was noticed. Some of 
them reached the luminal surface. On the fourth day 
some areas were lined with the endothelium-like cells 
(Fig. 3, C). After the lining, no platelet or fibrin adhered 
to Surface. In deep areas of the fibrin layer, endothe
lium-like cells migrated and proliferated actively and 
formed many capillary-like structures without blood 
components. Some of them were coming up toward the 
luminal surface (Fig. 3, A and B). Colonies of these cells 
were observed sporadically on the luminal fibrin layer. 
Cell segmentation of them was frequently noticed.

On the fifth day numerous smooth muscle cells prolif
erated in the fibrin layer. Fibrin was no longer seen around 
the cells, which indicated fibrinolysis. On the sixth day 
most of the fibrin layer was occupied with these prolifer
ating cells and endothelial cells spread over the luminal 
surface. Smooth muscle cells followed the endothelium
like cells and made multiple layers underneath the endo
thelium-like cell layer. By the seventh to eighth days most 
of the luminal fibrin layer was covered with endothelium
like cells (Fig. 3, D). Original tissue fragments were still 
observed in the fabric, but cell components were no long
er noticed inside the fragments. The active cell migration 
frc Jfie tissue fragments resulted in a residual noncellu- 
lar matrix that decreased with time. By the tenth day 
there was almost no fibrin in the neointima of the grafts. 
On the fourteenth day, many vasa vasorum were noticed 
opening to the luminal surface (Fig. 3, E). Endothelium
like cells lined the entire luminal surface and the surface 
underneath multiple-layered smooth muscle cells. Fibro
blasts with collagen fibrils formed the outer layer of the 
neoarterial wall of the graft. The formation of a neoint
ima was virtually completed at 2 weeks. Staining by PAP 
method showed that these endothelium-like cells con
tained factor VIII (Fig. 3, G), suggesting that they were 
endothelial cells. The original tissue fragments were still 
noticed in the graft at the twenty-first day, but they had 
almost disappeared in the specimens at the twenty-eighth

and thirty-first days and were no longer observed by the 
sixty-first day. The neointima was completely healed and 
showed no changes. There were no degenerative changes, 
and no calcifications were present in the neointima (Fig.
3, E).

Scanning electron microscopic appearance. In the
control grafts endothelial cells migrated only from the 
anastomotic sites after more than 2 weeks. Far from the 
anastomotic sites, the surface was covered with fresh 
thrombus or with a fibrin layer. In the seeded grafts, on 
the first day, the inner surface of the grafts showed a fibrin 
network with erythrocytes and platelets. However, some 
cell components were already seen on the surface on the 
third day. On the fourth day numerous flat cells were 
noticed on the luminal surface (Fig. 4, A). They made 
their colonies on the fibrin layer. On the colony surface, 
neither platelet adhesion nor fibrin precipitation was 
observed. On the fifth and sixth days many small colonies 
of these flat cells connected to each other were noticed 
over the entire graft surface. On the seventh day contin
uous endothelium-like cell creepings were noticed from 
the fibrin layer. On the eighth day these “mushroom-like 
sproutings” were observed all over the inner surface (Fig.
4, B). Continuous endothelium-like cell creepings were 
also noticed from the fibrin layer (Fig. 4, C). Large, con
fluent colonies of these cells were also noticed sporadical
ly. On the tenth day most of the inner surface was covered 
with a continuous layer of endothelium-like cells. On the 
fourteenth day the inner surface was completely lined 
with endothelium-like cells. They showed the typical 
cobblestone morphology without adherence of platelets 
(Fig. 4, D). During the observation period of up to 61 
days, there was no thrombus formation on the endothe- 
lialized surface of the grafts.

Discussion
Advantages of the method. By this method we could 

obtain a rapid and reliable endothelialization of the 
neointima. The method was simple and easy to do, and it 
can be made available in any operating room without 
special techniques, instruments, or facilities. Another 
advantage of this method was that the prostheses with 
tissue fragments sieved in the pores prevented bleeding 
during and after the operation. As indicated in the con
trol experiment, fatal bleeding developed in some of the 
highly porous vascular prostheses as a result of fibrinol
ysis after implantation. The hemostatic capacity might be 
due to the presence in the tissue fragments of high 
amounts of collagen fibrils, which cause platelet aggrega
tions. Consequently there was no bleeding at the anasto
motic sites. However, this increased thrombogenicity has
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lem we had developed a new technique with tissue frag
ment seeding with intraluminal suction.17 In the current 
experiment we sieved the tissue fragments from the lumi
nal side to the outside by injecting the tissue suspension. 
The tissue fragments were located at the luminal side of 
the graft. Therefore the “mushroomlike sproutings” 
could be noticed in this experiment all over the inner sur
face at an early stage after implantation. Successful 
transplantation of autologous tissue fragments has 
already been used in orthopedic and plastic surgery. 
Osteoblasts migrate rapidly from the cut edges of trans
planted bone fragments and regenerate new bone struc
ture, and epidermal cells from skin fragments quickly 
regenerate new skin.18,19 Multiple tiny fragments are 
composed of a large area of cut edges from which cells can 
migrate and will proliferate quickly under physiologic 
conditions.

jtionship of endothelial cells with smooth mus
cle cells and fibroblasts. In this experiment three kinds 
of cells (fibroblasts, smooth muscle cells, and endothelial 
cells) migrated and proliferated from the fragments at the 
same time. This is a unique phenomenon that is not 
observed in cell culture; when fibroblasts and endothelial 
cells are cultured in a Petri dish, endothelial cells are sup
pressed and fibroblasts are proliferated to form a conflu
ent layer. In this in vivo experiment, however, we noticed 
that these cells migrated and proliferated in conjunction. 
Endothelial cells rose to the inner surface of the graft to 
face the bloodstream. Accordingly, smooth muscle cells 
made multiple layers underneath the endothelial cells, 
and fibroblasts crawled down under the smooth muscle 
cell layer around the Dacron fibers. This phenomenon 
suggested that growth of these cells was controlled by 
nature and their interactions in a physiologic environ
ment. On the other hand, the interaction of endothelial 
with smooth muscle cells might be of crucial importance. 
In jcase of an artificial skin graft, the new skin could 
not tie produced with cultured epidermal cells alone. 
However, with cultured fibroblasts underneath the epi
dermal cell layer, a skin-equivalent graft was produced.20 
Fibroblasts are considered to participate as feeder cells 
for the epidermal cells. Fibroblasts do not suppress the 
epidermal cell growth in vivo. Combination use of dif
ferent cell types was important for organ reconstruc
tion. We already found that seeding of smooth muscle 
cells enhanced endothelialization of vascular grafts.9 In 
this experiment endothelial cells and smooth muscle 
cells appeared to have a relationship like that of the 
epidermal cells and the fibroblasts in the artificial skin 
graft.

In conclusion, seeding of tissue fragments of venous

tissue within a fabric porous vascular prosthesis was 
introduced to obtain rapid arterialization. Within 14 
days complete endothelialization of the entire vascular 
surface occurred. This autologous tissue fragment trans
plantation method will be applicable not only in the field 
of vascular grafts but also in many hybrid artificial 
organs.
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Development of a Small Caliber Vascular Graft by a New 
Crosslinking Method Incorporating Slow Heparin Release 

Collagen and Natural Tissue Compliance

Y. NoiSHIKI,* T. MlYATA,t AND K. KODAIRAt

I here is a great demand for a usable small caliber vascular 
graft, but no satisfactory graft for long-term use has as yet 
been developed. Numerous pilot studies have been per- 

} formed, but in only a few grafts made of either synthetic 
polymers such as segmented polyurethane, or biological 
materials, has some improvement been seen. It is, however, 
very difficult to give permanent antithrombogenic and com
pliant properties to graft materials. For example, any pros
thetic surface, which has excellent antithrombogenicity in 
an artificial heart circumstance, becomes covered with bio
logical substances such as plasma proteins when used in a 
vascular substitute. Because of this response, good initial 
results in vascular grafts are often short-lived. In order to 
solve this problem, we have previously developed a new 
heparinized vascular graft made of hydrophilic polyurethane.' 
Our current interests, however, have been focused on a 
graft made of biological material. To adapt biological materials 
for medical use, one needs to perform some modification, 
except when the tissues are autologous. Until now, only 
glutaraldehyde (CA) has been used for this purpose, but GA 
treatment completely changes the native properties of the 
materials. The heparinized canine carotid artery graft we 
recently developed was treated with GA, yet showed ex
cellent antithrombogenicity. Despite this, we were dissatis- 

) fied with the graft because of its poor compliance. Because 
of this, a new cross-linking method for biological materials 
was developed, and the previously reported carotid artery 
graft was made soft and pliable by use of polyepoxy com
pounds. Consequently, the graft had both antithromboge
nicity from slow heparin release, and natural tissue com
pliance.

Materials and Methods
Crosslinking Reagent Used

The new crosslinking reagents currently available are Pol
yepoxy Compounds (PC) such as Polyethylene Glycol 
Diglycidyl Ether, Glycerol Polyglycidyl Ether, Polyglycerol
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Polyglycidyl Ether, and Sorbitol Polyglycidyl Ether (Nagase 
Chemical, Ltd). In this study, Polyglycerol Polyglycidyl Ether 
(PGPGE) was used. Its representative molecular structures 
are illustrated in Figure 1. The crosslinking reaction can be 
performed at room temperature; specimens crosslinked with 
PGPGE become hydrophilic.

Basic Graft Material
Fresh carotid artery with an ID of 2.5 to 3.0 mm was ob

tained from a dog. It was soaked in distilled water for 1 hr 
and sonicated at 28 kc for 20 sec to cause cell destruction. 
Cell debris was then removed by washing with distilled water. 
In this way a natural tissue tube composed of collagen and 
elastic lamina was obtained.

Heparinization Method

1) A 2% protamine sulphate solution at pH 5.9 was poured 
into the natural tissue tube graft lumen, and the graft was 
inflated with air at a pressure of 80 to 100 mmHg for 30 
minutes to force the protamine into the graft wall.

2) After inflation the graft was treated with a 5% PGPGE 
solution in 50% ethanol and 0.1 M Na2C03 at pH 10.0 for 
5 hr to crosslink the tissues and covalently immobilize prot
amine impregnated into the wall. The graft was then washed 
with distilled water.

3) The graft was soaked in a 1% heparin solution at pH 
7.0 for 5 hr at 45°C and repeatedly washed with distilled 
water.

4) The graft was then preserved and sterilized in a 70% 
ethanol solution (Figure 2a).

The Control Graft
For the control experiment, unheparinized grafts treated 

with either GA and PGPGE were prepared. A carotid artery 
obtained from a dog was crosslinked with 1% GA solution, 
inflated at 80 to 100 mmHg air pressure for 5 hr after soni- 
cation to remove endothelial cells, and used for mechanical 
property measurements and animal study. The PGPGE 
treated control was prepared by the method described in III 
(heparinization method) without using protamine and hep
arin. This control was used for mechanical property mea
surements. The c-NH2 group of the graft collagen that reacted 
with the reagents was analyzed by the TNBS method.2
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the heparin is slowly released following implantation. This 
slow release of heparin can prevent fibrin formation on the 
graft surface. As the heparin is gradually absorbed, the graft 
becomes naturally antithrombogenic because endothelial 
cells advantageously cover the graft surface. Consequently, 
the graft can remain permanently antithrombogenic by en- 
dothelialization. Animal experiments reveal that this method 
produced antithrombogenicity in small caliber artery grafts. 
In previous preparation of this heparinized graft, the prot
amine impregnated into the graft wall was crosslinked with 
GA under condition of graft inflation, and although the graft 
showed no thrombus formation on its surface following im
plantation, the graft became less pliable and yellow with time. 
These changes occurred because when the graft was treated 
with GA to crosslink the protamine to its wall, it also cross- 
linked the protamine to the collagen molecules inside the 
graft wall. While GA crosslinking makes the materials less 
biodegradable, insoluble, and less antigenic, it makes the 
materials less flexible. Recently, other adverse effects of GA 
treatment have been reported.

To overcome these difficulties, a new crosslinking method 
was introduced. A remarkable difference between materials 
treated with GA and PC is their color; GA treatment makes 
the materials yellow, but PC makes them white. There is also 
a remarkable difference in their softness and elasticity, which 
are reflected in their mechanical properties. In the long-term 
animal experiment the grafts treated with PC kept their elas
ticity. This natural compliance during implantation seems to 
be very important in obtaining permanent patency of small 
caliber vascular grafts. One of the characteristics of PC treat
ment is the hydrophilic property imparted to the material 
which is important for affinity with host tissue, and makes 
the graft more nonthrombogenic.

The strength of the graft treated with PC is also important 
since despite its softness, it has sufficient strength to withstand 
mechanical stress, as supported by an examination of its me
chanical properties and the animal studies done. The absence 
of aneurysmal dilatation in any graft following long-term im
plantation indicates the stability of the graft in vivo and the 
finding of no foreign body reaction around the graft wall also 
indicates that this crosslinking method is quite safe for im
plantable biological materials. Reconstruction of an arterial 
wall with the graft was most successful, with fibroblasts in
filtrating the graft wall, but no migration of smooth-muscle- 
like cells as are seen on fabric vascular prostheses occurred. 
We observed the healing process of the implanted vascular 
graft and learned that the smooth muscle cells which infiltrate

the neointima of the graft surface and arranged parallel to 
the direction of the tensile stress placed upon the graft wall.8 
If tensile stress is not present, smooth muscle cells seldom 
appear. The appearance of such cells in the graft treated 
with PC suggests that there is enough compliance of the graft 
to induce the migration of these cells during implantation.

Infection was the most likely cause of graft occlusion in 
this study since only one graft became occluded if no infec
tion process was present. In this case, the anastomotic area 
had scar tissue around the graft, suggesting the presence of 
microinflammation around the anastomotic line. Therefore, 
if infection can be eliminated, graft patency rate will be very 
high.

From these results, we concluded that the combination of 
antithrombogenicity and compliance in these grafts were the 
major reasons for its success as a small caliber vascular graft, 
applicable to A-C bypass or vascular surgery of the leg below 
the knee.
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Acceleration of neointima formation in vascular 
prostheses by transplantation of autologous venous 
tissue fragments

Application to small-diameter grafts

We have previously demonstrated rapid and complete endothelialization in synthetic fabric vascular 
prostheses that have been pretreated with autologous venous tissue fragments. However, significant 
thrombogenicity has been a major problem when this method has been applied to small-diameter 
grafts. By masking the positively charged collagen fibrils in the tissue fragments with negatively 
charged heparin, we were able to overcome this problem. A canine jugular vein was resected, minced 
yo tissue fragments, and suspended. This mixture was sieved through the wall of a highly porous 

vascular prosthesis with a water porosity value of 4,000 ml/cm2 per minute by pressurized injection, 
which caused the tissue fragments to be trapped in the graft wall. Tissue-fragmented grafts (7 mm 
inside diameter, 5.7 cm long) were implanted into the thoracic aorta of 35 dogs. In addition, tissue- 
fragmented grafts of small diameter (4 mm inside diameter, 3.5 cm long) were pretreated with heparin 
and implanted into the carotid arteries of 16 dogs (32 grafts). Preclotted grafts without tissue 
fragmentation were implanted into the thoracic aorta (25 dogs) and carotid arteries (6 dogs, 12 grafts) 
as controls. Grafts were explanted from 1 to 495 days after implantation. New arterial wall formation 
was complete throughout the tissue-fragmented grafts within 2 weeks; however, in the control grafts, 
neointima formation was limited to the anastomotic sites even after 2 months. Twenty small-caliber 
tissue-fragmented grafts that were pretreated with heparin in the carotid position were patent, but all 
the control grafts were occluded within 1 week. These results demonstrate that neointima formation 
can be enhanced in synthetic fabric prostheses; furthermore, long-term patency of vascular grafts of 
small caliber is possible in dogs with this tissue-fragmentation technique. (J Thorac Cardiovasc Surg 
1993;105:796-804)
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During the state of protracted healing of the vascular 

wall, endothelialization of vascular prostheses is extreme
ly delayed.1 Transplantation of autologous tissue frag
ments to delayed healing areas may accelerate the heal
ing process, as does transplantation of autologous skin 
fragments for protracted skin ulcers2 or bone fragment 
transplantation for intractable bone fractures.3 Endothe
lial cell aging may play an important role in this process. 
In vitro, endothelial cell experiments have demonstrated 
that cell division is limited to 70 cycles4"6; therefore, new 
endothelial cell resources are required for complete
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Table I. Postoperative day of descending aortic 
explantation

Control TF graft

Animal Postop Animal Postop.

No. day No. day

1
2

1
1

1
2

1
1

3 3 3 3
4 3 4 3
5 7 5 4
6 7 6 5
7 10 7 6
8 10 8 7
9 14 9 7

10 14 10 7
11 18 11 8
12 21 12 9
13 25 13 10
14 35 14 10
15 38 15 10
16 39 16 14
17 46 17 14
18 56 18 15
19 63 19 20
20 90 20 21
21 98 21 21
22 140 22 28
23 217 23 30
24 734 24 30
25 739 25 50

26 50
27 61
28 62
29 62
30 79
31 167
32 167
33 172
34 339
35 495

TF, Tissue-fragmented.

endothelialization of graft surfaces that are distant from 
anastomotic sites. In addition, endothelial cell prolifera
tion has been shown to improve with a base of feeder cells, 
including smooth muscle cells and fibroblasts.7’8 On the 
basis of these findings, we transplanted venous tissue 
fragments that contained both endothelial cells and feed
er cells onto a fabric vascular prosthesis to enhance heal
ing based on these findings.

In preliminary studies, we observed rapid endothelial
ization of tissue-fragmented grafts (TF grafts) implant
ed into the descending aortic position,9'11 but thromboge- 
nicity became a problem when we implanted these grafts 
into arteries of small diameter. We believe the increased

Table II. Postoperative day of carotid artery 
explantation

Control TFH graft

Animal Postop. Animal Postop.

No. day No. day

1
2

1
1

1
2

1
1

3 1 3 14
4 7 4 14
5 7 5 14
6 7 6 30

7 30
8 30
9 34

10 42
11 42
12 42
13 62
14 65
15 67
16 400

TFH, Tissue-fragmented (graft) with heparin.

thrombogenicity is due to positively charged collagen 
fibrils at the edges of the tissue fragments. We have 
therefore developed a method to reduce this thromboge
nicity by ionically bonding heparin with the collagen 
fibrils.12 This article reports the application of this tech
nique in small-diameter grafts and the healing process of 
TF grafts that are implanted in the descending thoracic 
aorta and the carotid artery of a canine model.

Materials and methods
Preparation of the TF graft. A canine left jugular vein and 

its surrounding connective tissue (10 cm length; 2 gm weight) 
was resected and minced with scissors into tiny (less than 0.2 
mm) tissue fragments, then stirred into 20 ml of normal salin 
solution containing 10,000 international units (IU) penicillin. 
The resulting venous tissue fragment suspension was injected 
with pressure into a highly porous fabric Dacron vascular pros
thesis (Microknit), Golaski Laboratories Inc., Philadelphia, 
Pa.) with a water porosity value of4,000 ml/cm2 per minute at 
120 mm Hg inside diameter (ID) of 7 mm as previously 
described.11 After several pressurized injections, the fragments 
were trapped in the prosthesis wall, creating a TF graft. This 
graft was then implanted into the animal from which the jug
ular vein was resected. The 7 mm ID control graft was a fabric 
vascular prosthesis (Microknit), preclotted with fresh blood by 
means of the four-stage Sauvage preclotting technique.13

Preparation of the graft for an artery of small diameter. 
The tissue suspension used for the small-caliber grafts was pro
duced by the addition of minced canine jugular vein with con
nective tissue to 20 ml of normal saline solution that contained 
1,000 IU heparin and 10,000 IU penicillin. To create the tissue- 
fragmented, heparinized graft (TFH graft), a 4 mm ID 
Microknit fabric prosthesis was first invaginated, enveloped by
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Development of a Soft, Pliable, Slow Heparin 
Release Venous Graft

Yasuharu Noishiki,* Yoshihisa Yamane,! Teruo Miyata,! Takafumi Okoshi,§ and Yasuko Tomizawa§

To prevent their collapse, a certain amount of stiffness is 
generally required for prosthetic venous grafts, so EPTFE 
grafts have been used. However, the native vein is pliable 
without any stiffness. We developed a soft and pliable graft 
that can maintain patency of the lumen because of its com
pliance. Fresh porcine ureter was incubated in a ficin solu
tion to remove cell components and noncollagenous pro
teins. One percent protamine sulfate solution was injected 
into the ureter lumen to impregnate the inner surface. The
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ureter was then crosslinked with a 1% glutaraldehyde so
lution, dipped into a 1% heparin solution for 5 hours, and 
rinsed with distilled water. This procedure made the ureter 
very soft and pliable, and also conferred antithromboge- 
nicity to the graft by heparinization. The grafts were im
planted into the posterior vena cavae of 20 dogs and were 
removed from 1 to 878 days after implantation. Eighteen 
grafts were patent, but two grafts were occluded at the 
anastomotic site at 218 and 107 days, respectively. As a 
control experiment, nonheparinized grafts were implanted 
into 15 dogs; all were occluded with fresh thrombi. All the 
patent grafts kept their original elasticity, which allowed 
them to heave in unison with the heartbeat, and were simi
lar in appearance to the native vena cava. Heparinization 
was effective in preventing thrombus formation. These re
sults indicate that this type of graft is an ideal prosthesis as a 
venous graft, having physiologic properties such as compli
ance and antithrombogenicity. ASAIO Transactions 1990; 
36: M343-M346.
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Another advantage of the graft was compliance. Except in 
cases in which scarring had formed at the anastomotic sites, 
the grafts maintained their patency without any structural 
stiffness. Although the negative pressure of the pleural cav
ity might help the grafts to keep their patency, the elasticity 
of the grafts could have aided in maintaining their physio
logic function since it allowed them to heave in unison with 
'he heartbeat. The graft maintained its softness over a long 
period of time, but further experiments would be required 
to explain the specific mechanism responsible for this find
ing. One weakness of the graft was that it was not resistant to 
the constriction caused by scarring at the anastomotic sites. 
Therefore, the sources of scar formation, such as local in
fection and hematoma, should be eliminated.

In conclusion, the grafts kept their patency during the 
slow release of heparin the early post implant stage, and 
because of partial endothelialization over the long-term.

Natural physiologic properties, such as compliance, may 
have helped in maintaining the patency of these venous 
grafts.
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9. A small-caliber vascular graft for aortocoronary artery graft with 
temporarily artificial and permanently natural antithrombogenicity and 
natural vessel compliance

Yasuharu Noishiki1, Teruo Miyata2, Chisato Nojiri3, and Hitoshi Koyanagi3

Summary. A small-caliber vascular graft was developed and 
evaluated as a carotid artery replacement and aortocoro
nary artery graft in animal experiments. Canine carotid 
arteries were obtained, soaked in distilled water, and then 
sonicated bring about cell destruction. In this way, a natural 
tissue tube composed of collagen and elastic laminae was 
obtained. The tube with a protamine sulfate solution in
side was cross-linked with poly epoxy compounds, which 
made the graft white, hydrophilic, soft, and pliable. The 
graft was dipped into a heparin solution, which allowed 
heparin to bind ionically. Eighty grafts (3 mm inner diam
eter, 6 cm in length) were implanted in the carotid arteries 
of 40 dogs and resected 1-389 days after implantation. 
Three grafts were occluded by graft infection and 77 were 
patent (96% patency). Sixteen control grafts, in which the 
tissue tube was cross-linked with glutaraldehyde but was not 
heparinized, were implanted in eight dogs. All of them were 
occluded within 1 week. Aortocoronary bypass grafting was 
also performed using the heparinized graft in eight dogs for 
periods up to 4 months. All the grafts were confirmed to be 
patent by autopsy or graft angiography. Measurement of the 
heparin content revealed that about 90% of it was released 
within 1 month. After the release of heparin, the surface of 
the graft was completely covered with endothelial cells. The 
graft wall kept its soft and pliable properties even after the 
long-term implantation. These results indicate that the anti
thrombogenicity produced by the combination of the slow 
release of heparin and endothelialization, together with the 
natural vessel compliance in the graft, were the major 
reasons for its success as a small-caliber graft.

Key words: Small-caliber vascular graft—Polyepoxy com
pounds — Heparinization — Endothelialization — Aorto
coronary bypass grafting

i Division of Surgery, Department of Rehabilitation Medi
cine, Medical School, Okayama University, Misasa, Tot- 
tori, 682-02 Japan
2Japan Biomedical Material Research Center, 11-21 
Nakane 2-chome, Meguro-ku, Tokyo, 152 Japan
3Tokyo Women’s Medical College, 10 Kawada-cho, 
Shinjuku-ku, Tokyo, 162 Japan

Recently, large-caliber vascular grafts have shown 
satisfactory clinical results. However, middle-sized 
grafts have some problems and no satisfactory small 
grafts for long-term use have as yet been developed. 
For small-caliber vascular grafts less than 5 mm, both 
the antithrombogenic and compliant properties are 
essential to the long-term patency. Numerous pilot 
studies have been performed, but in only a few grafts 
made of either synthetic polymers, such as segmented 
polyurethane, or biological materials has some im
provement been seen. It is, however, very difficult 
to give permanent antithrombogenic and compliant 
properties to graft materials. For example, prosthetic 
surfaces, which seem to have excellent antithrom
bogenicity in an artificial heart application, become 
covered with biological substances such as plasma 
proteins when used as vascular substitutes. Because 
of this response, good initial results in vascular grafts 
are often short-lived. To solve this problem, we de
veloped a new heparinized vascular graft made of a 
hydrophilic polyurethane [1] and discussed its advan
tages and disadvantages. Our current interests have 
been focused on a graft made of biological material. 
In general, biological materials have an affinity to 
the host tissue. To adapt the biological materials for 
medical use, one needs to perform some modification, 
except when the tissues are used autologously. Until 
now, only glutaraldehyde (GA) has been used for this 
purpose, but GA treatment completely changes the 
native properties of the material. A heparinized 
canine carotid artery graft [2] was treated with GA, 
yet showed excellent antithrombogenicity. Despite 
this, we were dissatisfied with the graft because of its 
poor compliance. Because of this, a new cross-linking 
method for biological materials was developed, and 
the previously reported carotid artery graft was made 
soft and pliable by the use of poly epoxy compounds. 
Consequently, the graft had both antithrombogenicity 
from slow heparin release and natural vessel com
pliance. The graft was evaluated as a carotid artery 
replacement and a coronary bypass graft in ex
perimental animals.
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Materials and methods

Cross-linking reagent used

The cross-linking reagents used were polyepoxy com
pounds (PC), such as polyethylene glycol diglycidyl 
ether, glycerol polyglycidyl ether, polyglycerol poly- 
glycidyl ether, and sorbitol polyglycidyl ether (Nagase 
Chemical, Ltd., Osaka, Japan). In this study, poly
glycerol polyglycidyl either (PGPGE) was used. Its 
molecular structure and cross-linking reaction with 
collagen molecules are illustrated in Fig. 9.1. The 
cross-linking reaction can be performed at room 
temperature, and the specimens cross-linked with PCs 
become hydrophilic.

Basic material of graft

A fresh carotid artery with an inner diameter of 2.5- 
3.0 mm was obtained from dogs. The artery was 
soaked in distilled water for 1 h and sonicated at 
28 kilocycles for 20 s to produce cell destruction. Cell 
debris was then removed by washing with distilled 
water. In this way, a natural tissue tube composed of 
collagen and elastic laminae was obtained.

Heparinization method

A 2% protamine sulfate solution at pH 5.9 was 
poured into the natural tissue tube graft lumen, and 
the graft was inflated with air at a pressure of 80-100 
mmHg for 30 min to force the protamine into the 
graft wall.

The graft inflated with air pressure was treated with 
a 5% PC solution in 50% ethanol and 0.1 M Na2C03 
at pH 10.0 for 5 h to cross-link the tissue and covalent
ly immobilize protamine impregnated into the wall. 
The graft was then washed with distilled water.

The graft was soaked in a 1% heparin solution at 
pH 7.0 for 5 h at 45°C and repeatedly washed with 
distilled water.

The graft was then preserved and sterilized in a 
70% ethanol solution (Fig. 9.2a).

Control graft

For the control experiment, nonheparinized grafts 
treated with either GA or PC were prepared. Carotid 
arteries obtained from dogs were cross-linked with 
1% GA solution, inflated at 80-100 mmHg air pres
sure for 5 h after sonication to remove the cell com
ponents and used for mechanical property measure
ments and animal studies. The PC-treated control was 
prepared by the method described in the preceding 
section without using protamine or heparin. This con
trol was used for mechanical property measurements.

CH2-CH—(CH2—CH2—O^j-CH—GHz

V Y

IH— CH2-CH—(CH2—CH2—OIr-CH—CH2
I I
OH OH

Fig. 9.1. Molecular structure of polyethyleneglycol di
glycidyl ether (PC) and cross-linking reaction of PC with 
e-NH2 groups of collagen molecules

The number of e-NH2 groups of the collagen mole
cules in each graft which had reacted with the reagent 
was analyzed using the trinitro-benzene sulfonic acid 
(TNBS) methd [3],

Mechanical properties

Strength
Fresh canine GA cross-linked, PC cross-linked, PC 
cross-linked, and heparinized carotid arteries were 
used. Cylindrical specimens were fixed longitudinally 
and tensile strength measurements were performed. 
The elongation and tensile strength were measured on 
each specimen.

Stiffness and elastic behavior
Each cylindrically shaped specimen was placed in an 
evaluation system developed by Hayashi et al. [4], 
The relation between the intraluminal pressure and 
external radius of each specimen was plotted as the 
logarithm of pressure ratio versus distension ratio.

In vivo experiments

Two kinds of in vivo experiments were peformed 
using the prepared graft.

Carotid artery replacement
Fifty-six mongrel dogs weighing 8-12 kg were used for 
the experiment. About 6 cm of both carotid arteries 
was harvested and a 6-cm long by 2.5- to 3.0-mm 
internal diameter segment of heparinized graft was 
implanted end to end. Penicillin (500 mg) was given, 
but no anticoagulants were used at any time. Eighty 
heparinized grafts were implanted, as well as 16 GA- 
treated control grafts. The experimental animals had
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Fig. 9.10. Amount of heparin remaining in the 
grafts as a function of implantation time

Postop Days

endothelialization. Animal experiments reveal that 
this method produces stable antithrombogenicity in 
small-caliber arterial grafts. In previous preparations 
of this heparinized graft, the protamine impregnated 
into the graft wall was cross-linked with GA under 
conditions of graft inflation, and although the graft 
showed no thrombus formation on its surface follow
ing implantation, the graft became less pliable and 
yellow with time. These changes occurred because 
when the graft was treated with GA to cross-link the 
protamine to its wall, it also cross-linked the pro
tamine to the collagen molecules inside the graft wall. 
While GA cross-linking makes the materials less 
biodegradable, insoluble, and less antigenic, it makes 
the materials less flexible. Recently, other adverse 
effects of GA treatment have been reported.

To overcome these difficulties, a new cross-linking 
method was introduced. A remarkable difference in 
appearance between materials treated with GA and 
PC is their color: GA treatment makes the materials 
yellow, but PC makes them white. There are also re
markable differences in their softness and elasticity. 
In long-term animal experiments, the grafts treated 
with PC maintained their elasticity. This natural com
pliance during implantation seems to be very impor
tant in obtaining permanent patency of small-caliber 
vascular grafts. Another characteristic of the PC treat
ment is the hydrophilic property imparted to the 
material, which is important for its affinity with the 
host tissue and makes the graft more nonthrom- 
bogenic.

The strength of the graft treated with PC is also 
noteworthy because despite its softness it has suf
ficient strength to withstand mechanical stresses 
associated with vascular graft applications. The ab
sence of aneurysmal dilatation in any graft following 
long-term implantation indicates the stability of the 
graft in vivo. The finding of no foreign body reaction

around the graft wall also indicates that this cross- 
linking method is quite safe for implant applications.

Reconstruction of an arterial wall with the graft was 
most successful with smooth muscle-like cells infiltrat
ing the graft wall. We observed the healing process 
of the implanted vascular graft and noted that the 
smooth muscle cells infiltrated the neointima of the 
graft and were arranged parallel to the direction of the 
tensile stress placed upon the graft wall [8]. If the ten
sile stress is not present, smooth muscle cells seldom 
appear. The appearance of such cells in the graft 
treated with PC suggested that there is enough com
pliance of the graft to induce the migration of these 
cells. In the case of GA-treated grafts, the environ
mental condition in the graft wall is considered to be 
insufficient for the infiltration of the smooth muscle
like cells. The grafts cross-linked with GA become 
yellowish and lose their elastic characteristics. By con
trast, PC cross-linked grafts maintain their natural 
vessel compliance and are stronger than the original 
vessels, thus providing excellent suturability and com
pliance match. Futhermore, the PC cross-linked grafts 
are hydrophilic because of hydroxyls in the molecular 
structure (Fig. 1), while the GA cross-linked grafts are 
hydrophobic. In this respect, the PC cross-linked graft 
has superior antithrombogenic characteristics because 
the high hydrophilicity may give the material anti
thrombogenicity [9]. Mori et al. [9] clarified that 
materials which were given hyperhydrophilic prop
erties with polyethylene glycol became antithrom
bogenic. Our graft cross-linked with PC, which con
tains polyethyleneglycol in its molecular structure, has 
high hydrophilic properties. It has another merit with 
regard to antithrombogenicity in that it became weak
ly negatively charged after the cross-linking. This was 
because e-NH2 groups in the collagen molecules were 
used for the cross-linking, and these increased the car- 
boxy groups relatively. The weak charge in negativity
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contributes to the antithrombogenicity of the mate
rials because of the prevention of platelet aggregation 
on the negatively charged surface. A basic study we 
made on a graft cross-linked with PC without hepar
inization showed antithrombogenicity on the surface. 
This experiment will be reported in the near future. 
Therefore, in terms of antithrombogenicity, as well as 
compliance match, PC cross-linked grafts are superior 
to GA cross-linked grafts when applied as small- 
caliber vascular substitutes.

Aortocoronary bypass grafting with this graft re
sulted in 100% patency, although the graft was handi
capped with a low-flow rate and flow turbulence 
induced by the side-to-end anastomosis. By com
parison, in carotid replacements, the flow rate was 
higher and the anastomosis was end-to-end.

It has been reported that the patency rate of human 
aortocoronary saphenous vein bypass grafts dropped 
dramatically during the 1st year. In 30% of cases, 
occlusion occurred within the 1st month because of 
mural thrombosis overlying areas without an endothe
lial cell lining, which were damaged by intraoperative 
manipulation and distension pressures above 100 
mmHg [10,11]. Furthermore, late graft failure related 
to progressive intimal hyperplasia of the vein wall may 
be due to the organization of early intimal thrombi 
after the initial endothelial damage [12]. Therefore, 
the anticoagulant or antiplatelet therapy is usually 
instituted after aortocoronary bypass grafting [13]. 
However, bleeding complications are not rare and 
sometimes they are fatal. The present graft has the 
advantage that no anticoagulation or antiplatelet ther
apy is necessary after the operation. From the results 
of aortocoronary bypass grafting to the right coronary 
artery, in which flow within the graft was very low be
cause of the hypoplastic right coronary artery of dogs, 
it appears that the graft can be applied to a coronary 
artery having poor run-off.

Endothelialization was delayed because heparin 
inhibits cell adhesion and fibrin deposition on the 
luminal surface. However, in these preliminary ani
mal experiments, the PC cross-linked heparinized 
grafts showed excellent patency, suggesting that the 
graft will be a potentially promising graft applicable 
to aortocoronary bypass or vascular surgery below the 
knee.

Infection was the most likely cause of graft occlu
sion in this study because only one graft became 
occluded in the absence of infection. In this case, the 
anastomotic area had a scar around the graft, suggest
ing the presence of microinflammation around the 
anastomotic line. Therefore, if infection can be elimi
nated, the graft patency rate should be very high.

From these results, we can conclude that the com
bination of short-term antithrombogenicity of slowly 
released heparin followed by the more permanent 
antithrombogenicity of endothelialization, together

with the natural tissue compliance of these grafts, 
were the major reasons for their success as small- 
caliber vascular grafts.
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Long-term Evaluation of a Growable Graft

Yasuharu Noishiki, Yoshihisa Yamane,* and Teruo MlYATAf

The safety of a vascular graft that can grow with the growth 
of its recipients was evaluated during long-term implanta-
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tion in experimental animals. An acellular matrix made of 
human saphenous vein was cross-linked with a polyepoxy 
compound to give controlled biodegradability, hydrophilic- 
ity, and antithrombogenic properties. Four millimeter in
ternal diameter (ID) grafts, enveloped with a polyester 
mesh tube of 10 mm ID were implanted in 15 puppies. The 
diameter of the graft grew to 9.5 mm after 1 year from the 
original 4 mm, and remained stable for 2 years and 7
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hydrophilic reagent, which is less toxic than glutaralde- 
hyde.5 Moreover, grafts was moderately cross-linked, be

cause the molecular weight of the cross-linking reagent was 

larger than that of glutaraldehyde, producing a lower cross- 

linking rate. Results of this experiment showed that numer

ous fibroblasts infiltrated the graft wall, indicating that the 

graft had high affinity for host cells. Migrating fibroblasts 

generally, produce collagenase, which digests old collagen 

fibers; highly cross-linked collagen fibers may not be di

gested, while moderately cross-linked ones are digested 

slowly. Our previous study revealed the cross-linking rate of 
the collagen e-amino groups ip Ingraft to be about 78%.' 
Therefore, collagenase produepfcmy the fibroblasts migrat

ing inside the graft matrix maygradually digest the original 
collagen. Along with this digestion, fibroblasts make a new 

collagen matrix, under the tensile stress provided by the 

blood pressure during reconstruction. With the combined 

effects of destruction, reconstruction and tensile stress, the 

graft will grow slowly.

Safety of the Craft

A growable graft has to be provided with some important 

properties, such as the ability to terminate growth at a pre
determined size. Our previous experiment showed excel

lent graft growth and arrest at the expected size. However, 

the graft must have an even more important property, be
cause it is made of a biologic material, and will be implanted 

in infants. In general, biologic implantable materials, such as 
heart valves6 possess the serious problem of degenerative 

changes, i.e., calcification, when they are used in babies. In 
this experiment, the original vein graft was absorbed, and 

the newly formed neointima was constructed with host cells 
Us a completely autologous organ, resulting in no calcifica

tion in the graft wall.

Polyester fibers7 used for reinforcement have proved to 

be a reliable material for implantable artificial organs. There
fore, growable grafts can permanently maintain their final 
size because of the reinforcing polyester mesh. As to im- 

munogenicity of the graft, we clarified that cross-linking by 

hydrophilic reagents made the materials less antigenic, just 

as are those treated by glutaraldehyde. For these reasons, 

there should be no major problems in using these grafts for 

clinical purposes.
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Evaluation of a New Vascular Graft Prosthesis 
Fabricated from Ultrafine Polyester Fiber

Y. Noishiki, K. Watanabe, M. Okamoto, Y. Kikuchi, and Y. Mori

major important properties of vascular grafts are com
pliance, suturability, and healing.

A high-porosity graft that is loosely woven or knitted sat
isfies the above described properties' but has the problem 

of severe blood leakage through its wall, especially during 

the administration of anticoagulants.2 For this reason, the 

high-porosity graft is not acceptable as a graft for the thoracic 

aorta or as a composite graft with a heart valve. Lately, low- 

porosity grafts have become widely used for these purposes. 

In the low-porosity grafts developed so far, however, there 

are problems such as difficulty in anastomosis because the 

surgical needle cannot penetrate the rigid, tightly woven, or 

knitted structure. Another serious problem with low-porosity 

grafts is delayed and uneven endothelialization, because its 

dense texture does not provide enough sites at which this 

can occur. In order to eliminate these drawbacks, we have 

developed a new low-porosity graft (SS-G) using ultrafine 

polyester fibers (UFPF) with a diameter of 3 #im or less.
In this study, we report the preparation, mechanical prop

erties, and animal implantation testing of the SS-G.

Materials and Methods

Preparation of the SS-G

The SS-G was prepared by the following processes: 1) Tube 

formation: UFPF (thickness: about 3 /im) and ordinary poly

ester fibers (OPF) (thickness: about 16 /tm) were used as the 

front and back yarns in the weft backed woven method. The 

preparation and fabrication of UFPF have been reported in 

detail elsewhere.3 2) Napping of the UFPF: The front surface 

of the tube was napped by a nap-raising machine. 3) Ravel

proofing: The front surface of the tube was treated by a water 

jet machine. 4) Exchange of the front (outer) and back (inner) 

surfaces: The tube was turned inside out and crimped. After 

these procedures, the SS-G has an inner surface composed 

of napped UFPF.
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Measurements of Physical Properties

Compression behavior of the grafts was measured both in 

a tube configuration and as fabric using a RHEOROBBOT 

(Kyowa Company, Ltd.).

Water permeability was measured by standard methods,' 

and resistance to raveling was examined by cutting the end 

of the grafts on the bias.

In Vivo Experiments

Forty-five healthy mongrel dogs of both sexes, weighing 

8 to 12 kg, were used as test animals. The SS-Gs (8 mm in 

inside diameter and 5.7 cm in length) were implanted in the 

thoracic descending aorta of 30 dogs for up to 375 days. As 

controls, Cooley Veri-Soft grafts (Cooley graft, Meadox; in
dicated water permeability, less than 130 ml/min/cm2) were 

implanted in the remaining 15 dogs in the same manner.
All specimens excised were submitted to light and scanning 

electron microscopy.
The specimens for light microscopy were fixed with 1% 

glutaraldehyde in 0.2 M phosphate buffer, pH 7.4, and 
embedded in a hydrophilic resin (JB-4, Polyscience, Inc.). 

The cross sections were examined with hematoxylin and 

eosin stain, as well as Weigert's elastic fiber stain. Specimens 

for scanning electron microscopic observation were fixed 

with 1% glutaraldehyde in 0.2 M phosphate buffer, pH 7.4, 

and stained with a 1% Os04 solution. Specimens were de
hydrated in a graded series of ethanols and in amylacetate, 

then critical-point dried with carbon dioxide and spattered 

with gold palladium. The examination was performed with 

a JSM-50A scanning electron microscope (JEOL, accelerating 

voltage: 15 kV).

Results
Preparation of the Crafts

SEM observations of the cross-sectional and the inner sur

faces of the SS-G and Cooley graft are shown in Figures 1A 
and B, respectively. It should be noted that the difference 
in fiber diameter between UFPF and OPF is very large. In 

the SS-G, the napped and entangled UFPF's were seen on 

the inner surface, while in cross section, the tightly woven 

and entangled UFPF and OPF for reinforcement on the outer 

side were observed. The cut end shows no raveling. On the 

other hand, the Cooley graft was constituted of tightly woven
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to cause much speedier healing of the high-porosity graft. 
The color change in the initial clot layer from red to white 
at 3 days after implantation of the SS-G in Figures 4A and B, 
which indicates the change of the clot to a fibrin layer, took 
place as promptly in the high-porosity graft, but in the SS-G 
the initial clot formation remained in the brushed layer, and 
no further growth was noticed. Consequently, the clot layer 
of the SS-G was very thin (10 to 100 /jm). In the Cooley graft, 
however, the color change from red to white was significantly 
delayed, and overgrowth of the initial clot always occurred. 
These findings suggest that the extremely pliable UFPF on 
the inner surface of the SS-G effectively prevents overgrowth 
of the initial clot, leading to rapid endothelialization. How
ever, the mechanism has not as yet been clarified.

In the Cooley grafts, endothelialization took place only in 
the vicinity of the anastomotic line but did not move to the 
central area, even after long-term implantation (360 days), 
as shown in Figure 5F, while in the SS-Gs endothelialization 
was noticed in the middle part of the grafts early on (42 
days), as shown in Figures 6A and B. In low-porosity grafts 
like these, the tightly woven structure is said to prevent the 
formation and extension of colonies of endothelial cells, de
rived from the capillaries, infiltrating from the outside of the 
graft. Therefore, we suspect that the early central endothe
lialization of SS-Gs occurs as follows: At the anastomotic re
gion, the endothelial cells actively proliferate and, carried by 
the blood flow,6 adhere to the middle surface of the SS-G, 
because the thin and even fibrin layer formed on its surface 
provides good scaffolding. This colony formation significantly 
accelerates the healing process of the SS-G.

Another conspicuous characteristic of the SS-G is shown 
in Figure 5A, in which numerous fibroblasts can be seen 
infiltrating into the fibrin layer over the brushed UFPF, some
thing not seen without UFPF. This finding suggests that UFPF 
provides a suitable microenvironment for the infiltration and 
proliferation of these cells, which accompany capillary for
mation on the graft surface, leading to induction of endo
thelial cell colonies. The reddish surface at 7 to 35 days (Fig
ure 4C) shows this capillary formation. In addition, it seems 
that formation of a neointima, i.e., infiltration and proliferation 
of fibroblasts and other cells, significantly accelerates the 
proliferation of endothelial cells by releasing cell growth fac
tors. On the other hand, in conventional low-porosity grafts, 
such healing was markedly delayed, even after long-term

implantation, as shown in Figures 5f and F. This poor healing 
is considered to be caused by overgrowth of the initial clot, 
delayed change to a thin fibrin layer, and no infiltration and 
no proliferation of cells on the inside surface of the graft. It 
is therefore concluded that the extremely fine fiber used in 
the SS-G improves the softness, pliability and the healing 
seen in conventional low-porosity grafts. Furthermore, as 
shown in Figure 50, vasa vasorum was clearly seen in the 
neointima of the SS-G surface implanted for 375 days. Such 
formation is thought to prevent degenerative changes such 
as calcification, hyalinization, and arteriosclerosis and leads, 
as well, to long-term stabilization of the neointima.8'9 It seems 
clear, therefore, that the healing process strongly depends 
on the thickness of the fiber. Studies on the correlation be
tween the cross-sectional shape of the fiber and the healing 
process are in progress.

These findings suggest that fine fibers, which provide a 
suede-like fabric, are a promising material applicable to not 
only vascular grafts, but to a variety of artificial organs as 
well.
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Discussion
Dr. Butt: Let me just ask you what suture material you 

used for sewing these grafts?
Dr. Noishiki: Usually we use 5-0 Tevdek.
Dr. Nghiem: Could you comment about the compliance, 

the elasticity of this graft as compared to other vascular 
prostheses?

Dr. Noishiki: The graft is very compliant as compared to 
the Cooley graft, it is about eight times softer and expandable.

The participants in the discussion are identified as fol
lows: Khalid M. R. Butt, MD, State University of New 
York, Downstate Medical, Brooklyn, New York, and Dai 
M. Nghiem, MD, The University of Iowa Hospitals and 
Clinics, Iowa City, Iowa.
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INTRODUCTION

There are several kinds of vascular graft prostheses, such as fabric Dacron 
prostheses, biological grafts, EPTFE grafts, cell seeding grafts, chemically treated 
connective tissue tube grafts, etc. They have been used safely in clinic, although with 
advantages and disadvantages. The biggest disadvantages are the poor healing ability 
of the neointima and lack of antithrombogenicity. Therefore, they cannot be used as 
venous and small diameter arterial grafts. For example, fabric Dacron prostheses have 
no natural antithrombogenicity. The surface is covered with fresh thrombi for a long 
period of time after implantation. Endothelialization of the grafts is limited to areas 
near the anastomotic sites. Conversely, EPTFE grafts have been expected to prevent 
thrombus formation. The grafts are hydrophobic and have less adhesive property. 
Jhey can prevent the hydrophilic substances, but, hydrophobic substances can adhere 
to it followed by thrombi. Biological grafts are also not antithrombogenic and have 
a thrombus layer on the lumenal surface. If these grafts have an excellent healing 
ability of the neointima, they can maintain their patency for long periods of time with 
a powerful anticoagulant therapy just after implantation.

To accelerate the endothelialization, or to maintain the antithrombogenicity of 
the grafts before the endothelialization, we developed our own methods which showed 
satisfactory results in animal studies. In this communication, four types of vascular 
prostheses will be displayed. One is a heparinized hydrophilic polymer graft which has 
an antithrombogenic property’1’. The graft showed problems in long-term 
implantation. Other three are new types of grafts, i.e., a temporally antithrombogenic 
biological graft which can be reconstructed by host cells’2’, a fabric prostheses
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transplanted with autologous tissue fragments®, and a fabric prosthesis fabricated with 
ultrafine polyester fibers(4).

VASCULAR PROSTHESIS MADE OF 
AN ANITIHROMBOGENIC POLYMER

We have developed a heparinized hydrophilic polymer utilizing an ionically-bound 
heparin in order to render excellent antithrombogenicity for a long period®. This 
material has been successfully applied to medical devices, such as catheters, drainage 
tubes, ascites tubes and chambers of blood pumps*®. As previously reported, its 
thromboresistance is caused by the continuous release of a certain amount of heparin 
from the surface into the blood stream. In this experiment we have applied this 
heparinized polymer to vascular prostheses by making it porous in order to render 
pliability and ease of suturing.

Materials and methods

Preparation of heparinized hydrophilic polyurethane (H-USD): The cationic 
hydrophilic polyurethane (USD) was synthesized by blending N,N-dimethylacetamide 
(DMAC) solutions of segmented polyurethane (Lyra T-127, DuPont, polymer 
concentration: 14 wt%) and DMAC solution of a cationic copolymer (SD+) was 
synthesized by radical copolymerization of methoxypolyethyleneglycol methacrylate 
(SM) of 60 wt% and N,N-dimethylaminoethyl methacrylate (DAEM) of 40 wt% in 
DMAC at 45°C for 30 hours using azodimethylvaleronitrile as an initiator and 
subsequently by quarternizing dimethylaminoethyl groups at 55°C for two hours using 
ethylbromide. Heparinization was achieved by ionically binding heparin to the 
quartemized nitrogen groups of USD polymer after fabrication.

Preparation of the vascular prosthesis: The cylindrical glass mandrils, ranging 
from 3 to 8 mm in diameter, were dipped into the DAMC solution of USD polymer 
(polymer concentration: 1 wt%), dried under varying conditions and subsequently 
dipped into the N,N-dimethylformamide (DMF) solution of the segmented 
polyurethane (polymer concentration: 10 wt%). For the purpose of reinforcement, 
polyester mesh of fiber was incorporated in the coating layer of the segmented 
polyurethane. Without drying the coated segmented polyurethane layer, the mandril 
was immediately soaked in distilled water to precipitate the polymer by substitution 
of water for the solvents (DMF and DMAC) involved in the polymer matrix. Then 
the polymer coating layer was slipped over the mandril and soaked in distilled water 
at room temperature for one day in order to extract the residual solvents and 
unreacted monomers. Heparinization of the USD coating layer was carried out in 3 
wt% sodium heparin aqueous solution at 60°C for two days. The average heparin 
concentration in the H-USD layer measured by electron probe x-ray microanalyzer 
(EMX) was 15 wt%.

In vivo experiments: Seventy-three healthy mongrel dogs of both sexes weighing 
6 to 12 kg were used as the test animals. Forty prostheses were implanted in the 
aortas of 40 dogs. A 5.5 cm segment of the thoracic aorta was resected and replaced 
by the prosthesis (8 mm in internal diameter and 5.7 cm in length). The implantation 
periods ranged from one to 575 days.

Twenty-eight prostheses were implanted in both the external iliac arteries of 14
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dogs. The segments of both the external iliac arteries (3 to 5 cm long) were excised 
and replaced by the prostheses (3 nun in internal diameter and 4 to 7 cm in length). 
The implantation periods ranged from one to 98 days.

Nineteen prostheses were implanted in the inferior vena cavae of 19 dogs. A 2 
cm segment of the inferior vena cava was resected and replaced by the prosthesis (8 
mm in internal diameter and one to 3 mm in length). The implantation periods 
ranged from one to 309 days. In all experiments, antibiotics were used at the time of 
operation, but no anticoagulants were used at any time.

Angiographical examination: In the thoracic descending aorta and the inferior 
vena cava, the occlusion of the implanted prosthesis was confirmed by death of the 
animal. In the external iliac artery, however, the occlusion of the implanted prosthesis 
did not cause death, so that translumbar aortographic studies were performed in the 
animals with the prostheses implanted for more than one month in order to assess the 
patency.

Observations: The specimens for light microscopy were fixed with 10% 
formaldehyde aqueous solution and then embedded in paraffin and examined using 
Weigert elastic fiber stain, as well as hematoxylin and eosin. The specimens for 
Icanning electron microscopy were fixed with 2.5% glutaraldehyde in phosphate 
buffered saline solution (PBS) and stained with 1.0% osmium tetroxide aqueous 
solution at 4°C. The fixed specimens were dehydrated in a graded series of 
ethylalcohol and in amyl acetate, then critical-point dried with carbon dioxide, and 
coated with gold palladium. The examination was performed with a JSM-50A 
scanning electron microscope. The specimens for transmission electron microscopy 
were dehydrated in a graded series of ethyalcohol and propylene oxide and then 
embedded in epoxy resin (Epon 812). Ultrathin sections were cut and stained with 
uranyl acetate and lead citrate. These stained sections were examined with a JSM- 
100C electron microscope.

Results

All the prostheses implanted in the thoracic descending aorta were patent at the 
time of removal. The average implantation period was 146 days. Twenty-one 
prostheses out of those implanted in the external iliac arteries were patent and the 
residual seven prostheses were occluded. The patency rate and the average 
implantation period were 75% and 33 days respectively. In 19 prostheses implanted 
in the inferior vena cavae, 14 prostheses were patent and five prostheses were 
)ccluded. The patency rate and the average implantation period were 74% and 56 
days, respectively.

Autopsy findings demonstrated that the occlusion of three prostheses implanted 
in the external iliac arteries for 28, 60 and 98 days was caused by pannus formation 
in the anastomotic lines. In addition, in the prostheses implanted in the inferior vena 
cavae for 23, 72 and 111 days, the occlusion was caused by the similar pannus 
formation. The occlusion was observed at the early stage (5 to 7 day-implantation) 
in the external iliac arteries; in the inferior vena cavae failure was due to thrombi 
formed in the anastomotic lines by technical failure.

One translumbar aortographic observation of a prostheses implanted in both 
external iliac arteries for 98 days, indicated that the right prosthesis was occluded and 
the left prosthesis was patent. At the distal area of the anastomotic site a small 
pannus was noticed in the photography.
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Antithrombogenic polymer prevents not only the thrombus deposition but also pannus 
adhesion. The graft cannot control the pannus growth. Therefore, small diameter 
graft and venous graft will be occluded easily with the pannus growth.

TEMPORALLY ANTITHROMBOGENIC BIOLOGICAL GRAFT WHICH CAN 
BE RECONSTRUCTED BY HOST CELLS

Biological materials have unique, fine structural and mechanical properties which 
cannot be simulated by any current technologies. For example, arteries have ideal 
hemodynamic shaped ramifications. Inside the arteries, they have uniquely and fine 
structures specially suitable for cell inhabitation. They also have suitable mechanical 
properties to accept and to pass the pulsatile blood pressure and flow. If we could use 
these special properties and structures for biomedical materials, we could make 
excellent artificial organs. One of the problems is antigenicity except for those of 
autologous origin. Biodegradability of the materials is also one of the problems. To 
reduce the biodegradability and antigenicity of the materials, chemical modifications 
)y glutaraldehyde, dialdehyde starch, formaldehyde, and hexamethylene diisocianate 

have been used; however, these treatments make the materials hydrophobic and stiff. 
Glutaraldehyde is the most frequently used treatment, but it has cytotoxicity and 
prevents cell infiltration inside the graft wall. To overcome these problems, we 
introduced a new crosslinking reagent(9). Another technology we have developed is the 
heparinization of biological materials00'. Collagen is one of the major components of 
the biological materials. It has unique properties for the host cells migration and 
proliferation, and also for platelets adhesion and accumulation'11'. Therefore, this 
biological material is thrombogenic if used for cardiovascular artificial organs. To 
reduce the thrombogenicity, we developed a heparinization method. With the 
combined use of heparinization and the crosslinking method, a small diameter 
biological graft was developed.

Materials and Methods

Cross-linking reagent used: The cross-linking reagents used were polyepoxy 
compounds (PC), such as polyethylene glycol diglycidyl ether, glycerol polyglycidyl 
ether, polyglycerol polyglycidyl ether, and sorbitol polyglycidyl ether (Nagase Chemical, 
Ltd., Osaka, Japan). In this study, polyglycerol polyglycidyl ether (PGPGE) was used. 
Is molecular structure and cross-linking reaction with collagen molecules are 
illustrated in Fig. 3. The cross-linking reaction can be performed at room 
temperature, and the specimens cross-linked with PCs become hydrophilic.

Preparation of the graft: A fresh carotid artery with an inner diameter of 2.5 to 
3.0 mm was obtained from dogs. The artery was soaked in distilled water for one 
hour and submitted to ultrasonic waves of 28 kilocycles for 20 seconds to produce cell 
destruction. Cell debris was then removed by washing with distilled water. In this 
way, a natural tissue tube composed of collagen and elastic laminae was obtained. A 
2% protamine sulfate solution at pH 5.9 was poured into the natural tissue tube graft 
lumen, and the graft was inflated with air at a pressure of 80 to 100 mmHg for 30 min 
to force the protamine into the graft wall. The graft inflated with air pressure was 
treated with a 5% PC solution in 50% ethanol and 0.1 M Na2C03 at pH 10.0 for five 
hours to cross-link the tissue and covalently immobilize protamine impregnated into
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Results

Mechanical properties of the graft: Using the method of Hayashi et al., 
quantitative comprehensive wall stiffness of each specimen was calculated. From these 
results, the vascular compliance of each specimen at 90 mmHg was also calculated. 
The strength and elongation of each specimen was measured. The compliance of 
native, GA treated and PC treated artery were 2.33, 0.80, 1.70 percent radial change 
per mmHg x 10"3, respectively. Elongation rates were 11.6, 57, 127 %, respectively. 
Tensile strengths were 207, 127, and 199 g/mm2, respectively.

Animal experiment: Heparinized grafts were white, pliable, and more elastic 
than the yellowish controls. The inner surfaces of both grafts were shiny and smooth, 
but the heparinized grafts were easier to suture and match to the host arterial wall. 
There was no blood leakage through the grafts wall on implantation, and no kinking 
occurred even when the grafts were bent.

Implanted grafts: All the grafts were patent at the time of the angiographic 
examination. The inner surface of the grafts was smooth throughout its length, and 
no stenosis or aneurysmal dilatation was observed in any of the grafts. At the graft 
^plantation, the dogs were anesthetized with intravenous sodium pentobarbital, and 
heparin 2 mg/kg was given intravenously to prevent clot formation. In the heparinized 
graft, 79 were patent and three were occluded. In one dog, killed at 172 days after 
implantation, a graft implanted in the right carotid artery was patent, but the graft in 
the left artery was occluded. The occluded graft was soft and white, but anastomotic 
lines were hard. An angiographic examination of the dogs performed at 40 days after 
implantation, however, showed both grafts to be patent. Consequently, it was 
considered that the graft occluded a certain period of time after the angiogram. In 
another dog, killed at 11 days, the cervical wound was infected and the grafts 
implanted in both carotid arteries were occluded. As these were the only grafts 
occluded, the patency rate of the heparinized graft was 96%. All the patent grafts 
were still as soft and pliable as the native artery. Within 100 days after implantation, 
the inner surfaces were completely free from thrombus deposit. The surfaces were as 
shiny, white, smooth, and glistening as those of the host arterial intima. In the case 
of those grafts that remained in place for more than 100 days, slightly yellowish and 
semitransparent small spots were sporadically observed on the surface.

The control grafts were occluded within one week after implantation, and they 
were very hard and dark brown in color.

Scanning electron microscopic observations: Scanning electron microscopy (SEM) 
Jbvealed the inner surface of the heparinized grafts before implantation not to be 
smooth,but to have a naked elastic lamina with many holes and wrinkles on the 
surface. No endothelial cells were seen. After implantation,the surface was covered 
with a layer of protein that was so thin that the structure of the elastic lamina could 
be observed throughout it. On the surface of the grafts removed at less than 100 days, 
there was neither fibrin deposition nor platelet aggregates, and the surfaces were 
rough due to the wrinkles in the elastic lamina. At the anastomotic line, pannus was 
first observed at 37 days and was noticed at each anastomotic line in all the grafts left 
in place for more than 37 days. The size of the pannus was not longer than 1 mm 
beyond the anastomotic line. The pannus was completely covered with endothelial 
cells and adhered on the graft surface. After 106 days, there were small fibrin 
deposits on the graft surface at the lines formed by the elastic lamina. Endothelial 
cells were not observed on the inner surface of the center areas of any grafts after 
periods as long as 172 days. However, in the cases of the grafts which remained in 
situ for 389 and 429 days, the whole entire surfaces were covered with endothelial cells.
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Microscopic observations: Microscopic observations confirmed that there was 
neither thrombus nor fibrin deposit on any graft before 81 days. The luminal surface 
was composed of the internal elastic membrane, with no endothelial cells on the 
surface. At the early stage, there was no foreign body reaction such as giant cell 
infiltration on the outer surface of the graft. A small number of plasma cells were 
observed a short period of time after implantation. At the anastomotic line of the 
grafts implanted for more than 37 days, there were small panni covered with 
endothelial cells seen by SEM to be adherent to the graft surface. The size of the 
pannus grew with time. At more than 30 days, some macrophages were noticed in the 
inter elastic luminal spaces near the luminal surface. Before implantation, these 
spaces were occupied by disrupted smooth muscles cells, collagen, and elastic fibrils. 
After implantation, macrophages gradually phagocytized the smooth muscle cells. 
After more than two months, spaces containing only collagen and elastic fibrils were 
observed. After more than six months, smooth muscle-like cells infiltrated these 
spaces from the adventitial sides (Fig. 4). In the wall of long-term grafts, cells filled 
spaces completely. In 75% of the spaces near the luminal surface, these elongated 
cells were arranged circumferentially. The rest were oriented longitudinally. After 
389 days, the central part of the inner surface was covered with endothelial cells, 
which impinged directly on the surface of the elastic lamina. The structure of the 
graft following long-term implantation closely resembled that of the native arterial 
wall, and near the anastomotic line at 389 days a thick layer of pannus with an 
endothelial cell lining covered the surface. The pannus adhered on the graft surface. 
The thickness of the pannus was about 30 pm. There was no foreign body reaction 
in the long-term specimens and no degenerative changes such as hyalinization, 
calcification, or arteriosclerosis.

Concentration of heparin in graft: Before and after the implantation, the total 
amount of heparin in the graft was measured. The results indicated that the amount 
before implantation was about 7.0 units/cm2, but in specimens in place for more than 
80 days, there was no heparin in the graft wall. This was confirmed for grafts in place 
for 106, 153, 172 and 389 days.

Discussion

Antithrombogenicity and compliance are both important factors in small-caliber 
vascular grafts. We previously developed a method that would afford 
antithrombogenic properties to collagenous biomaterials, such as vascular grafts made 
from carotid arteries(2) and ureters'"'. This method was very effective in preventing 
thrombus formation for both small caliber arteries and large vein vascular grafts. The 
mechanism is as follows. Heparin is bound ionically to protamine that has been 
previously covalently linked to the materials, so that the heparin is slowly released 
following implantation. This slow release of heparin can prevent fibrin formation on 
the graft surface. As the heparin is gradually desorbed, the graft becomes naturally 
antithrombogenic because endothelial cells begin to cover the graft surface. 
Consequently, the graft can remain permanently antithrombogenic by 
endothelialization. Animal experiments revealed that this method produces stable 
antithrombogenicity in small-caliber arterial grafts. In previous preparations of this 
heparinized graft, the protamine impregnated into the graft wall was cross-linked with 
GA under conditions of graft inflation, and although the graft showed no thrombus 
formation on its surface following implantation, the graft became less pliable and

424 243



yellow with time. These changes occurred because when the graft was treated with 
GA to cross-link the protamine to its wall, it also cross-linked the protamine to the 
collagen molecules inside the graft wall. While GA cross-linking makes the materials 
less biodegradable, insoluble, and less antigenic, it makes the materials less flexible. 
Recently, other adverse effects of GA treatment have been reported.

To overcome these difficulties, a new cross-linking method was introduced. A 
marked difference in appearance between materials treated with GA and PC is their 
color: GA treatment makes the materials yellow, but PC makes them white. There 
are also marked differences in their softness and elasticity. In long-term animal 
experiments, those treated with PC maintained their elasticity. This natural 
compliance during implantation seems to be very important in obtaining permanent 
patency of small-caliber vascular grafts. Another characteristics of the PC treatment 
is the hydrophilic property imparted to the material, which is important for its affinity 
with the host tissue and makes the graft more nonthrombogenic.

Reconstruction of an arterial wall with the graft was most successful with smooth 
muscle-like cells infiltrating the graft wall. We observed the healing process of an 
jmplanted fabric Dacron vascular prosthesis and note that the smooth muscle cells 
infiltrated the neointima of the graft and were arranged parallel to the direction of the 
tensile stress upon the graft wall(14). If the tensile stress is not present, smooth muscle 
cells seldom appear. The appearance of such cells in the graft treated with PC 
suggested that there is enough compliance of the graft to induce the migration of these 
cells. In case of GA-treated grafts, the environmental condition in the graft wall is 
considered to be insufficient for the infiltration of the smooth muscle-like cells. The 
grafts cross-linked with GA become yellowish and lose their elastic characteristics. By 
contrast, PC cross-linked grafts maintain their natural vessel compliance and are 
stronger than the original vessel, thus providing excellent suturability and compliance 
match. Furthermore, the PC cross-linked grafts are hydrophilic because of hydroxyls 
in the molecular structure, while the GA cross-linked grafts are hydrophobic. In this 
report, the PC cross-linked graft has superior antithrombogenic characteristics because 
the high hydrophilicity may give the material antithrombogenicity051. It has another 
merit with regard to antithrombogenicity in that it becomes weak-negatively charged 
after the cross-linking. This was because e-NH2 groups in the collagen molecules were 
used for the cross-linking, and these increased the carboxyl groups relatively. The 
weak charge in negativity contributes to the antithrombogenicity of the materials 
because of the prevention of platelet aggregation on the negatively charged surface. 
J From these results, we can conclude that the combination of short-term 
antithrombogenicity of slow released heparin followed by the permanent 
antithrombogenicity of endothelialization, together with the natural tissue compliance 
of these grafts, were the major reasons for their success as small caliber vascular 
grafts.

A FABRIC VASCULAR PROSTHESIS TRANSPLANTED 
WITH VENOUS TISSUE FRAGMENTS

Endothelialization of vascular grafts in human is extremely delayed'16'. Most of 
the grafts implanted are not endothelialized, and are covered with fresh thrombi for 
a long time after implantation except for those areas near anastomotic sites. 
Endothelial cell seeding methods have been attempted for the past decade<17). Some



of them have produced satisfactory experimental results, but they remain unavailable 
for general use, as they require special cell culture techniques and facilities. They are 
also not available for emergency use, since the cell culture requires an extended 
period of time. Recently, we developed a new method to seed tissue fragments which 
contained endothelial cells, smooth muscle cells and fibroblasts^. This mixed cells 
seeding was very effective in making a new arterial wall in vivo. With this method, 
we made a fabric vascular prosthesis transplanted with autologous venous tissue 
fragments into the wall.

Materials and methods

Preparation of the graft: A highly porous fabric vascular prosthesis (Microknit, 
Golaski Laboratories, Inc., Philadelphia, PA; Water porosity: 4,000 ml) was used as 
the framework of the graft. The prosthesis was connected with a syringe through a 
three way stopcock, and was enveloped by a transparent bag connected to the three 
way stopcock through a tube. A piece of peripheral vein weighing about 0.3 g was 
obtained, cut into tiny fragments, and stirred into 20 ml of saline, thereby creating a 
tissue suspension. This suspension was sieved through the wall of the prosthesis by 
strong injection with a syringe. The residual suspension that passed through the 
prosthetic wall was suctioned again through the connective tube. The prosthesis was 
then implanted as a vascular graft into the same dog from which the vein used had 
been resected.

Implantation of the prostheses: Forty adult mongrel dogs, weighing 8-12 kg were 
used. The seeded grafts, 7 mm ID and 5.7 cm in length, were implanted into the 
descending aortae of 25 dogs. Fifteen preclotted prostheses (Microknit) were also 
implanted as controls.

Graft harvesting: Implanted grafts were harvested at from 1 to 61 days after 
implantation. Before harvesting, sodium heparin (100 lU/kg) was intravenously 
administrated to prevent clotting. After removing the prostheses, the kidneys of each 
animal were resected and examined for fresh, trapped microemboli.

Histologic examination: The specimens were fixed with 1% glutaraldehyde in 
phosphate buffer, pH 7.4, and embedded in hydrophilic resin (JB-4, Polyscience Inc., 
Warrington, PA). Sections were stained with hematoxylin and eosin, PAP method, and 
Van Kossa stains.

Results

Implantation of the graft: Grafts seeded with tissue fragments were soft and 
pliable (Fig. 5), and there were no bleeding complications postoperatively, while in the 
control grafts, problems occurred after surgery. Three of 15 control animals (20%) 
bled into the pleural cavity and died within 24 hours after implantation.

Graft harvesting: Both the seeded and control grafts were patent at the time of 
harvesting. In the tissue fragments graft, fresh red thrombi adhered to the luminal 
surface just after implantation. The next day, the luminal surface became white with 
small spotted thrombi. On the third to fifth day, the luminal surface became whiter, 
and at 14 days, the surface was completely white, without any thrombus. No 
macroscopic changes were observed up to the two months observation period. In the 
control graft, the luminal surface was covered with fresh thrombi, except at 
anastomotic sites, at two weeks after implantation. After two months, the center area

426 250



In this experiment, three kinds of cells - fibroblasts, smooth muscle cells, and 
endothelial cells - migrated and proliferated at the same time from the fragments. 
This is a very unique phenomenon, that is not observed previously in cell culture. 
When fibroblasts and endothelial cells are culture in a petri dish, endothelial cells are 
suppressed and fibroblasts proliferated to form a confluent layer. However, in this in 
vivo experiment, we noticed the three cells migrated and proliferated together. 
Endothelial cells produced capillaries, and rose to the inner surface of the graft to 
face the blood stream. Accordingly, smooth muscle cells made a multilayer beneath 
the endothelial cells, and fibroblasts crawled down under the smooth muscle cells layer 
around the polyester fibers. This phenomenon suggests that growth of these cells was 
controlled by their physiological environment.

Mixed cell culture of different types have been reported to behave uniquely. For 
example, in the case of an experiment of a skin equivalent substitute'"', epidermal cells 
cannot make a satisfactory membrane by themselves. Fibroblasts are necessary as a 
feeder cells underneath the epidermal cells. In case of the neointima, endothelial cells 
cannot produce a stable neointima by themselves. With the smooth muscle cells or 
fibroblasts underneath, endothelial cells can maintain a more stable condition. Also, 
smooth muscle cells and fibroblasts cannot maintain stability without the protection 
of the endothelial cells.

These results in this experiment show the efficacy of transplantation of venous 
tissue fragments into vascular prostheses, and the possibility of overcoming delayed 
neointimal healing in humans.

FABRIC PROSTHESIS WITH HIGH CELL AFFINITY 
FABRICATED WITH ULTRAFINE POLYESTER FIBERS

After the detailed animal and clinical experiments of Wesolowski, a highly porous 
fabric vascular prosthesis is recommended because of the high healing ability of the 
neointima'20,21'. For this purpose, many preclotting methods have been developed to 
seal the highly porous grafts before implantation'22'24'. In clinic situations however, such 
a highly porous graft cannot be used due to bleeding through the graft wall'25’. Even 
after a perfect seal using these reliable preclotting techniques, the grafts have the 
possibility of bleeding due to the fibrinolysis. In the clinic, middle or low porous 
fabric grafts have been used to prevent postoperative bleeding. But these grafts show 
little endothelialization. Special methods such as an immobilization of growth factors 
have been tried, without success. For these reasons, a fabric vascular prosthesis with 
the high healing capability of the neointima has been desired. Recently we developed 
a new graft fabricated from ultrafine polyester fibers'4’. Our animal experiment 
revealed that fibroblasts adhere onto the ultrafine polyester fibers very avidly. We 
believe that these phenomena are from the basic affinity of the cells to the graft, i.e., 
the cells want to adhere to the sharp edge or fine fibers. We term this behavior 
"contact guidance." The vascular prosthesis fabricated from ultrafine polyester fibers 
can accumulate many host cells, which will require their nutrition. Therefore after 
migration and proliferation of these cells, capillary blood vessels will follow, resulting 
in a natural angiogenicity. Using the behavior of these cells, we developed a special 
vascular prosthesis.

Materials and methods

Preparation of the graft: The graft was prepared by the following procedures:
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1) Tube formation: Ultrafine polyester fibers (UFPF), thickness: about 3 pm and 
ordinary polyester fibers (OFF), thickness: about 16 pm were used as the front and 
back yarn in the weft-backed woven method. The preparation and fabrication of 
UFPF have been reported in detail elsewhere'26’. Napping of the UFPF: The front 
surface of the tube was napped by a nap-raising machine. 3) Ravel proofing: The 
front surface of the tube was treated by a water jet machine. 4) Exchanges of the 
front (outer) and back (inner) surfaces: The tube was turned inside out and crimped. 
After these procedures, the graft has an inner surface composed of napped UFPF.

In vivo experiments: Forty-five healthy mongrel dogs of both sexes, weighing 8 
to 12 kg were used as test animals. The grafts (8 mm in internal diameter, and 5.7 
cm in length) were implanted in the thoracic descending aortae of 30 dogs for up to 
375 days. As controls, Cooley Veri-Soft grafts (Cooley graft, Meadox Inc., indicated 
water porosity: less than 130 ml) were implanted in the remaining 15 dogs in the 
same manner. All specimens excised were submitted to light and scanning electron 
microscopy. The specimens for light microscopy were fixed with 1% glutaraldehyde 
in 0.2 M phosphate buffer, pH 7.4, and embedded in a hydrophilic resin (JB-4, 
JPolyscience, Inc.). The cross sections were examined with hematoxylin and eosin stain, 
as well as Weigert’s elastic fiber stain. Specimens for scanning electron microscopic 
observation were fixed with 1% glutaraldehyde in 0.2 M phosphate buffer, pH 7.4, and 
stained with a 1% 0s04 solution. Specimens were dehydrated in a graded series of 
ethanols and in amilacetate, then critical point dried with carbon dioxide and spattered 
with gold palladium. The examination was performed with a JSM-50-A scanning 
electron microscope (JEOL, accerelating voltage: 15kV).

Results

Preparation of the graft: SEM observations of the cross-sectional and the inner 
surfaces of the graft and control Cooley graft are shown in Fig. 7a and 7b, respectively. 
It should be noted that the difference in fiber diameter between UFPF and OFF is 
very large. In the graft, the napped and entangled UFPFs were seen on the inner 
surface, while in cross section, the tightly woven and entangled UFPF and OFF for 
reinforcement on the outer side were observed. The cut edge shows no raveling. On 
the other hand, the Cooley graft was constituted of tightly woven plain OFF alone, 
without napped fibers which ravels easily. Water permeabilitys of the graft and 
Cooley graft were 92.6 and 134 ml/min./cm2, respectively.
. In vivo experiment: Because the graft was soft and pliable, fitting and suturing 
it to the aortic wall became significantly easier. Although no preclotting was 
performed, blood leakage through the wall of the graft was minimal because of the 
dense structure. Blood infiltrated no further than into the whole cloth, which turned 
reddish but did not leak. On the other hand, the rigidity of the control graft caused 
difficulties in fitting and suturing and, in several cases, the surgical needle became 
bent. All the grafts were patent at the time of harvesting. The following healing 
processes were macroscopically noted in the graft. The red color was seen two hours 
after implantation, but the surface turned white in three days, during a period of 
seven to 37 days after implantation, the suture turned gradually reddish again, 
followed by a final change to yellow. After 42 days of implantation, white, glistening 
areas developed as in growths of the host vessel at both ends of the graft, and 
occasionally similar areas were noticed more centrally. These areas gradually grew 
to cover the whole of the surface in three months. The surface remained white and 
glistening for a long period of time. In the control grafts, however, severe clotting 
occurred immediately after implantation. At the anastomotic sites, healing of the
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Discussion

Ultrafine polyester fibers (UFPF, about 3 pm in thickness) are used for making 
the suede-like fabric "Ultrasuede" (U.S.A.), "Alcantare" (Europe), "Ecsaine" (Japan) 
produced by Toray Industries, Inc. The fabric is brushed to provide a velvetlike feel 
to the surface. Accordingly, the vascular grafts fabricated from such very fine fibers 
are soft and pliable, regardless of their dense textures, and have a low porosity. 
Permeability of the grafts (water permeability: about 93 ml) is much lower than that 
of conventional high-porosity grafts (water permeability: 1,200 to 2,00 ml) made from 
ordinary polyester fibers (OFF, about 16 pm in thickness). Therefore, the grafts are 
expected to solve some of the problems found with implantation of conventional low- 
porosity grafts. For example: 1) Difficulty in fitting and suturing to an aorta which is 
stiffened due to arteriosclerosis and calcification, which can lead to severe bleeding 
at the anastomotic line. 2) Low-porosity grafts which ravel easily at their cut ends 
because of their plain woven structure and can be brushed to prevent raveling as a 
result of its fiber entanglement created thickness. 3) Formation and stabilization, or 
the healing process is significantly delayed compared with that of high-porosity grafts 
oecause the tightly woven structure reduces the number of interstices among the 
fibers, which play an important role as scaffording for cell adhesion and infiltration.

The most important property of a vascular graft is rapid and uniform 
vascularization, which closely correlates with initial clot formation, and subsequent 
adhesion and infiltration by endothelial and other cells. In the high-porosity grafts, 
the quick change of initial clot to a fibrin layer occurs by the elution of erythrocytes. 
This rapid shift is considered to cause much speedier healing of the high-porosity graft. 
The color change in the initial clot layer from red to white at three days after 
implantation of the graft, which indicated the change of the clot to a fibrin layer, took 
place as promptly as in the high-porosity graft, but in the graft the initial clot 
formation remained in the brush layer, and no further growth was noticed. 
Consequently, the clot layer of the graft was very thin (10 to 100 pm). In the control 
graft, however, the color change from red to white was significantly delayed, and 
overgrowth of the initial clot always occurred. These findings suggest that the 
extremely pliable UFPF on the inner surface of the graft effectively prevents 
overgrowth of the initial clot, leading to rapid endothelialization. However, the 
mechanism has not as yet been clarified. In the control grafts, endothelialization took 
place only in the vicinity of the anastomotic line but did not move to the central area, 
wen after long-term implantation, while in the grafts endothelialization was noticed 
m the middle part of the grafts early on (42 days).

A conspicuous characteristic of the graft is shown in Fig. 8a, in which numerous 
fibroblasts can be seen infiltrating into the fibrin layer over the brushed UFPF, 
something not seen without UFPF. This finding suggests that UFPF provides a 
suitable microenvironment for the infiltration and proliferation of these cells, which 
accompany capillary formation on the graft surface, leading to induction of endothelial 
cell colonies. The reddish surface at 7 to 35 days shows this capillary formation. In 
addition, it seems that formation of a neointima, i.e., infiltration and proliferation of 
fibroblasts and other cells, significantly accelerate the proliferation of endothelial cells 
by releasing cell growth factors. On the other hand, in conventional low-porosity 
grafts, such healing was markedly delayed, even after long-term implantation. It is 
therefore concluded that the extremely fine fiber used in the graft improves the 
softness, pliability and the healing seen in conventional low-porosity grafts.
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Furthermore, vasa vasorum was clearly seen in the neointima of the graft surface 
implanted for 375 days. Such formation is thought to prevent degenerative changes 
such as calcification, hyalinization, and arteriosclerosis and leads, as well, to long-term 
stabilization of the neointima. It seems clear, therefore, that the healing process 
strongly depends on the thickness of the fiber. Studies on the correlation between the 
cross-sectional shape of the fiber and the healing process are in progress.

These findings suggest that fine fibers, which provide a suede-like fabric, are a 
promising material applicable to not only vascular grafts, but to a variety of artificial 
organs as well.

SUMMARY

Four kinds of vascular graft prostheses were demonstrated in this communication. 
One is a graft with an artificial antithrombogenic property. The other three have a 
common concept, i.e., natural antithrombogenicity of endothelialization on their 
luminal surfaces. For a small diameter vascular graft, antithroambogenicity is 
essentially required. During the past two decades, antithrombogenic synthetic polymer 
prostheses like a heparinized polymer graft displayed above have been studied. Some 
of them showed marked ability to prevent platelets adhesion and fibrin deposit, 
however, the properties were not long-term. The polymer materials were covered with 
some blood components, such as proteins or cells. The materials were attacked by 
these cells and enzymes. It has been very difficult to maintain the initial property 
against the blood stream, because most of the materials cannot face the blood stream 
directly after implantation. After the covering with such substances, the materials 
have to act as the matrix for cell migration and proliferation, however, many of the 
antithrombogenic polymer materials were not designed for this purpose and the cells 
cannot obtain a stable anchoring on the surface. The floating pannus observed in the 
antithrombogenic graft will be developed in this way.

Except as vascular prostheses for temporary use, most of the prostheses have to 
be implanted for a very long-term, sometimes, more than 30 years. In the 
implantation period, the initial stage just after implantation is very short. Therefore, 
the vascular prostheses have to be designed to have a stable condition for the long
term. To maintain the antithrombogenicity of vascular prostheses, it will be very 
difficult with the properties of the synthetic polymer materials. Permanent 
antithrombogenicity of endothelial cells is the best and natural method for this 
purpose.

In this communication, three grafts were demonstrated to have stability of 
neointima, which were covered with endothelial cells. Artificial antithroambogenicity 
have to be effective within only very short period of time after implantation. 
Heparinization in the biological materials is one example of a temporally used 
antithrombogenicity. After the release of heparin, the graft has to provide the best 
condition in structural and mechanical properties for cell migration and proliferation. 
EPTFE graft is one of the samples with its incomplete structure. It had been believed 
to have an antithrombogenic property on the luminal surface. FIFE is a very 
hydrophobic material with poorly adhesive properties. Expanding gives it a flexible 
property and microporous structure, which was expected to contribute the cell 
anchoring. Ideally, antithrombogenic properties will prevent the cell adhesion, while 
microporous structure will help the cell adhesion.
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Ultrafine polyester fibers accelerate the cell migration and proliferation, resulting 
in a rapid neointima formation with endothelial cell lining. The biological graft 
crosslinked with polyepoxy compounds can give a natural anchoring site for cell 
habitation. The tissue fragments transplantation technology will contribute to rapid 
neointima formation on the prosthesis. These technologies will be useful for the 
development of vascular prostheses in future.

CONCLUSION

There are two concepts of the design of vascular prostheses with respect to 
antithrombogenicity. One is artificial and another is natural. Our experimental data 
showed that the former is suitable for the short-term use and the latter is for 
permanent use. Some temporary antithrombogenicity will be helpful for the very short 
period of time after implantation to maintain early stage patency before 
endothelialization, however, basic structure of the vascular prostheses have to be 

as a best matrix for the host cell migration and proliferations.Resigned
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Natural Antithrombogenic Surface Created In Vivo for an Artificial Heart

Yasuharu Noishiki1, Yoshihisa Yamane2, Yasuko Tomizawa3, Takafumi Okoshi4, Shinichi Satoh5, 
Makoto Mo, Masanori Ishii, Yukio Ichikawa, Kenji Yamamoto, Takayuki Kosuge,
Kiyotaka Imoto, Michio Tobe, Jiro Kondo, and Akihiko Matsumoto1

Summary. Thromboses and embolisms arising from the 
prosthesis surface are among the most significant problems 
in artificial hearts. Although antithrombogenic polymer 
materials have been developed to prevent thrombus forma
tion, they have problems in long-term applications. While 
the natural antithrombogenicity of endothelial cells is reli
able, development of the cell lining requires long periods 
vafter implantation. To overcome this problem, we devel
oped a method to obtain rapid endothelialization by seeding 
autologous venous tissue fragments. The rate of endothe
lialization and the antithrombogenicity were evaluated in 
a small-diameter vascular graft treated by this method. 
A canine jugular vein was minced and suspended with 
heparin. This was sieved through the wall of a fabric 
prosthesis by pressurized injection, causing tissue fragments 
to be trapped in the graft wall. Twenty out of 32 grafts were 
patent up to 400 days, while all 12 control fabric grafts 
with preclotting were occluded. The luminal surface at lh 
showed no thrombus deposition. At 1 month, complete 
endothelialization was noted. There were no degenerative 
changes in any neointimae of the explanted grafts. These 
results indicated that heparin reduces the thrombogenicity 
of collagen by electrostatic binding during endothelializa
tion, and that a natural antithrombogenic surface can be 
obtained by this method within a short period.

Key words: Antithrombogenicity — Endothelialization — 
Neointima — Small-diameter vascular prosthesis — Tissue 
fragment transplantation

)
Introduction

The luminal surface of the artificial heart faces the 
blood-stream, and it thus requires antithrombogenic 
properties to prevent thrombus formation on the
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surface. For this purpose, some synthetic polymers 
with antithrombogenic properties, such as segmented 
polyurethanes [1-3], rigid titanium [4], and biological 
materials like gelatin [5] have been adopted. While 
they showed adequate results over short periods, 
some problems still remain for long-term application. 
After long periods, the surfaces of these polymers are 
covered with certain host substances, such as serum 
proteins [6], and they cannot, therefore, function 
in their original state, since they cannot directly 
face the bloodstream, i.e., they are in a situation 
which will not allow them to display their original 
antithrombogenic properties by direct contact with 
the bloodstream.

There is another way of obtaining antithrombo
genic properties, i.e., via the natural antithrombo
genicity of the endothelial cell lining [7]. Here we 
introduce our new method of acquiring natural anti
thrombogenicity on a fabric prostheses within a short 
period after implantation.

Materials and Methods

To evaluate the antithrombogenicity of the material 
treated by our new method, we adopted a test system 
involving small-diameter vascular graft implantation 
in the carotid arteries of dogs. Small-diameter vascular 
prostheses require perfect antithrombogenicity to 
maintain their patency over long periods.

Fabric Vascular Prosthesis Adopted with the New 
Method

For this evaluation, we made a small-diameter vascular 
prosthesis transplanted with autologous tissue frag
ments, in accordance with a method described 
previously [8,9]. A highly porous Dacron fabric 
prosthesis (Microknit; Golaski, Philadelphia, Pa.; 
water porosity, 4000 ml/cm2 per min at 120mmHg) 
was used as the framework of the graft.

A canine left jugular vein with its surrounding 
connective tissue (10-cm-long; 2-gm weight) was 
resected and minced with scissors into tiny (less than
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the graft acquired the natural and permanent anti- 
thrombogenicity of endothelial cells.

One application of our new method has already 
been reported to be successful, in a pilot study with 
an artificial heart [19]. In that study, the luminal 
surface with tissue fragments seeded in the artificial 
heart showed a uniform smooth surface with complete 
endothelialization. As shown in this experiment and 
in the results for the artificial heart, our new method 
could be applicable not only to coating technology for 
the artificial heart, but also in many artificial organs 
which face the bloodstream for long periods.
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Endothelialization of Vascular Prostheses by Transplantation
of Venous Tissue Fragments

YASUHARU NOISHIKI,* YOSHIHISA YAMANE,f YASUKO TOMIZAWA,i: TAKAFUMI OKOSHI,t

Shinichi Satoh,§ and Charles R. H. Wildevuur11

A method to accelerate the endothelialization of vascular 
prostheses by seeding venous tissue fragments was devel
oped. A piece of peripheral vein was obtained, chopped 
into small fragments, and stirred into 20 ml of saline, mak
ing a tissue suspension. This suspension was sieved through 
the wall of a highly porous vascular prosthesis (water po
rosity: 3,600-4,000). The prostheses, (7 mm ID and 5.7 cm 
in length) seeded with tissue fragments, were implanted 
into the thoracic descending aortae of 20 dogs, and were 
removed from 1 to 371 days after implantation. Ten pros
theses, preclotted with fresh blood, were used as controls. 
In the seeded grafts, an infinite number of endothelial cells
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migrated and proliferated from the fragments. These had 
produced numerous capillaries by 5 days after implantation 
that had reached and opened onto the luminal surface of 
the prosthesis. From these openings, numerous endothelial 
cells spread out and formed colonies. With the increase in 
the size of the colonies, the inner surface was completely 
endothelialized within 5 weeks. This quick neointimal for
mation by seeding venous tissue fragments might be appli
cable to several artificial organs. ASAIO Transactions 1990; 
36: M346-M348.

/xntithrombogenic vascular prostheses will not become 
covered with thrombus or neointima.1 After implantation of 
thrombogenic vascular prostheses, such as fabric Dacron 
grafts, their inner surfaces will be covered with a thin 
thrombus layer. Following this, fibroblasts and smooth mus
cle cells migrate inside, and endothelial cells cover the inner 
surface, forming a permanent and natural antithrombogenic 
surface.2,3 This neointima formation is observed in animal 
experiments, but in humans endothelialization is delayed 
with the surface remaining thrombogenic long after implan
tation.3 To overcome this problem, we evaluated a method 
to accelerate endothelialization by transplantation of 
venous tissue fragments into a fabric vascular graft wall.
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were soft and pliable. Consequently, fitting and suturing to 
the aortic wall was very easy, and almost no leakage of 
blood was noticed at the suture lines. After implantation, 
there was no sign of separation of the seeded tissue frag
ments from the graft wall.

Resected Specimens From Animals

Both the seeded and control grafts were patent at the time 
of harvesting. There were no differences in gross appear
ance of the outer surfaces; however, significant differences 
were seen on the inner surfaces of the grafts left in place for 
more than 5 days. Just after implantation, the inner surfaces 
of the grafts were covered with a fresh thrombus layer, and 
colored red. By the next day, the redness was reduced, and 
on the third day, the color of the inner surface turned white. 
Inner surfaces of the seeded grafts thereafter remained 
white and smooth, and subsequently became shiny. There 
were no degenerative changes in the long-term specimens. 
In contrast, the inner surfaces of the control grafts at 7 days 
had numerous micropolypoid, rough areas, which became 
thick and red colored. At 10 days, these areas increased 
their size and thickness, and after 20 days, they showed a 
red confluent granulation-like tissue covered with fresh 
thrombus. Only the anastomotic sites remained white. 
These white areas gradually spread out from the anasto
motic line, with a 52 day specimen revealing a 7 by 2 mm 
white area from the proximal and distal anastomotic lines, 
respectively; at 122 days, they were about 2.5 and 2 cm, 
respectively, but the middle of the graft still showed granu
lation-like tissue with fresh thrombus.

Microscopic Examinations

By means of light microscopy, the graft wall showed many 
fragments from the venous tissue seeding. After 3 days, nu
merous fibroblasts migrated from the fragments, and after 5 
days endothelial cells migrated and proliferated inside the 
graft wall, forming capillaries that became confluent. There 
were no erythrocytes in these capillaries. At 7 days, some 
reached the inner surface and opened to the lumen of the 
graft, producing colonies of endothelial cells on the surface. 
These capillaries contained erythrocytes. After 14 days, 
much of the inner surfaces were covered with a layer of 
endothelial cells, and at 35 days, this layer was complete. 
Many smooth muscle cells were noticed under the endothe
lial cells, producing a multilayer. Fibroblasts located under 
the smooth muscle cell layer surrounded the polyester 
fibers with collagen fibrils. Neointima formation was already 
completed in this 5 week specimen. Upon long-term obser
vation, there were no degenerative changes, such as ulcer
ation or calcification, on the neointimae. In contrast, in the 
control grafts, endothelial cells were noticed only at the 
anastomotic sites at 14 days, where endothelialization 
began. In the 54 day specimen, only areas near the anasto
moses were endothelialized, and at 122 days, a fresh 
thrombus adhered to the center area of the graft, without 
any endothelialization.

Discussion

To obtain endothelialization of fabric vascular prostheses, 
endothelial cell seeding techniques have been investigated 
over the last decade.5 Some of them produced nice results, 
but they remain unavailable for general use, as they require 
special cell culture techniques and facilities. They are also 
not available for emergency use, since the cell culture re
quires an extended period of time. To overcome this prob
lem, we developed a new technique to accelerate endothe
lialization with an autologous tissue seeding method. This 
was simple and easy to do, and can be available in any 
operating room without special techniques, instruments, or 
facilities. In this experiment, our results showed excellent 
efficacy in seeding of the tissue fragments, and provision of 
complete endothelialization within a short period of time, 
with no negative side effects in the long-term specimens.

Transplantation of autologous tissue fragments has al
ready been used in orthopedic and plastic surgery, as osteo
blasts migrate very rapidly from the cut edges of trans
planted bone fragments, and epidermal cells from skin frag
ments. Multiple tiny fragments have large areas of cut edges 
from which cells can migrate and proliferate very quickly 
under physiologic conditions.

In this experiment, three kinds of cells—fibroblasts, 
smooth muscle cells, and endothelial cells—migrated and 
proliferated at the same time from the fragments. This is a 
very unique phenomenon, that is not observed in cell cul
ture; when fibroblasts and endothelial cells are cultured in 
petri dishes, endothelial cells are suppressed and fibroblasts 
proliferated to form a confluent layer. However, in this in 
vivo experiment, we noticed these cells migrated and prolif
erated together. Endothelial cells produced capillaries, and 
rose to the inner surface of the graft to face the blood 
stream. Accordingly, smooth muscle cells made a multilayer 
beneath the endothelial cells, and fibroblasts crawled down 
under the smooth muscle cell layer around the polyester 
fibers. This phenomenon suggests that growth of these cells 
was controlled by their physiologic environment.

By this in vivo cell culture technique, we could obtain 
rapid and reliable neointima formation on the fabric vascular 
prosthesis. This technique will be applicable not only in the 
field of vascular grafts, but also in many artificial organs of 
the hybrid type.
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A New Cardiac Wall Substitute with High Affinity for 
Fibroblasts that Can Induce an Endothelial Cell Lining

Y. Noishiki,* K. Takahashi,* K. Yamamoto,* M. Mo,* A. Matsumoto,* Y. YAMANE,t and T. Miyata*

A new cardiac wall substitute (PC graft) was developed us
ing equine pericardium cross-linked with a polyepoxy com- 
p xid. Compared with glutaraldehyde cross-linked pericar- 
L n (GA graft), the PC graft showed an approximately 10 
times higher affinity for fibroblasts as measured by our in 
vitro cell migration and proliferation test. Six PC grafts (5 X 
3 cm) were implanted into the right ventricular-pulmonary 
outflow tract position as a cardiac wall patch. Three GA 
grafts were used as controls. The PC grafts showed excellent 
handling during surgery because of their softness and elas
ticity. These grafts were explanted at 2 and 7-8 weeks after 
implantation. All PC grafts showed a white and glistening 
surface without any thrombus formation except in one case 
where thrombus deposition was observed in the center of 
the graft. In the GA grafts, thrombus adhered to the luminal 
surface. Light microscopic observation showed that the PC 
graft surface was covered with a connective tissue layer and 
significant fibroblast infiltration. Approximately 60% of the 
area infiltrated by these fibroblasts was endothelialized, 
whereas in the GA graft, endothelialization was limited to 
within 2-5 mm of the suture line. Other areas were covered 
with a thrombus layer without any endothelial cells or fibro
blast infiltration. PC cross-linking can maintain the biologic 
« Vnechanical properties of the original materials. The PC 
giuVt offered excellent affinity for fibroblast migration and 
proliferation, which induced an endothelial cell lining on 
the surface. The results of this experiment indicated that the 
PC graft, which obtained the natural antithrombogenic 
property, was superior to a GA graft in terms of safety as 
well as mechanical, physiologic, and biologic properties as 
a cardiac wall substitute. ASAIO lournal 1994;40:M751- 
M756.
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endothelialization is required on cardiac wall substi
tutes, because thrombus deposition and its potential de
tachment from the graft can lead to dangerous conse
quences. A newly developed cardiac wall substitute could 
overcome these problems. An expanded polytetrafluo- 
roethylene (ERTFE) patch,1'2 fabric patch,3-4 and biologic 
membrane5"7 were used in clinical situations; however, they 
have parallel advantages and disadvantages. PTFE is nonad
hesive for various substances and was expected to show 
nonthrombogenicity, but it has no active antithrombogenic 
property.8 Thrombus can be produced on the EPTFE graft 
surface, but anchoring of the PTFE surface to the thrombus is 
poor. Therefore, the thrombus can easily detach from the 
surface, resulting in embolization in the peripheral arteries. 
Anchoring of a pannus at the anastomotic sites was also 
poor, and the detached pannus disturbs the blood stream, 
resulting in thrombus formation at the anastomotic sites. In 
the case of a fabric patch, neointima formation was ob
served more frequently, without pannus detachment; how
ever, peeling of the neointima from the low porosity graft 
surface was another problem, whereas tightly woven grafts 
showed cut edge fraying and poor handling because of stiff
ness. Glutaraldehyde crosslinked biologic membranes were 
sometimes selected for cardiac wall substitutes because of 
their elasticity and excellent handling. Despite this, we were 
dissatisfied with the GA grafts because of their poor affinity 
for host cells,9 producing rare neointima formation.10 In this 
experiment, we report a new cardiac wall substitute that 
showed a high affinity for fibroblasts. After fibroblast migra
tion, an endothelial cell lining is expected to form on the 
surface.

Materials and Methods

Preparation of the Graft

Fresh equine pericardium was harvested, crosslinked with 
a 4% polyepoxy compound (Denacol, Nagase Chemical. 
Osaka, Japan) solution at room temperature for 3 days, 
washed with distilled water, and treated with a glycine solu
tion to minimize the residual free epoxy groups. After rinsing
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with distilled water, the membrane (PC graft) was used for 
this series of experiments.

For the controls, glutaraldehyde crosslinked equine peri
cardium (GA graft, Xenomedica, Baxter Healthcare Corp, Ir
vine, CA) was used.

Mechanical Property of the Crafts

Tensile strength of both the PC and GA grafts was mea
sured by the standard tearing test system formulated by Japa
nese Industrial Standards. The fixed size, 37 mm wide speci
mens of PC graft, GA graft, and original nontreated equine 
pericardium were put on a special instrument and were 
pulled at a cross head speed of 500 mm/min until the mem
brane was torn. The tearing was recorded at a chart speed of 
500 mm/min. The mean value was calculated and compen
sation allowed for thickness of each membrane.

In Vitro Cell Affinity Test

Our own in vitro cell culture method was used to evaluate 
the cell affinity of the grafts. Bovine aortic endothelial cells 
(BAECs) were used, with confirmed presence of Factor XIII 
antigen by immunohistochemical staining. Bovine fibro
blasts (Fbs) were also used. These cells were a gift from the 
Japanese Cancer Research Resources Bank, Tokyo, Japan. 
Six 1 X 1 cm PC and GA grafts was used for this experiment. 
They were rinsed with saline solution and then with Hank's 
buffered saline solution. After incubation in cell culture me
dium with 20% fetal bovine serum (Sigma Chemical, St. 
Louis, MO), 2.0 X 105 BAECs and FBs were suspended onto 
the membranes. On the 2nd and 7th days of incubation, cell 
proliferation on the membranes was observed by light mi
croscopy. Morphologic observation of the seeded cells on 
these membranes was performed by scanning electron mi
croscopy (JOEL 15-s, Tokyo, Japan) at an accelerating volt
age of 20 kV. Specimens for scanning electron microscopy 
were fixed with 1% glutaraldehyde buffered physiologic sa
line, and treated with 1% osmium tetraoxide. They then 
were dried with a critical point drier and evaporated with 
gold paladium for observation.

Implantation of the Crafts

Nine mongrel dogs (8.5-17.5 kg) were used for graft im
plantation. Animals were anesthetized with 9-18 ml intrave
nous pentobarbital sodium (2.5% solution) and intubated. 
The animals were mechanically ventilated. The left pleural 
cavity was entered through an incision in the fifth intercostal 
space, the anterior part of the right ventricular outflow tract 
and proximal main pulmonary artery were longitudinally 
clamped, and a 4 to 5 cm incision was made. The PC and GA 
grafts, 3 X 5 cm in size, were sutured in place as patches. 
Antibiotics were instilled into the pleural cavity during sur
gery, but no anticoagulant was used.

Craft Removal

All the implanted grafts were removed at 2 and 7-8 weeks 
after implantation. Before harvesting, sodium heparin (100

lU/kg) was administrated intravenously to prevent clotting 
during graft retrieval. The animals were exsanguinated under 
general anesthesia. All specimens were rinsed with saline 
solution to remove excess blood on the graft surface and 
then were inspected macroscopically.

Histologic Examination

For observation by light microscopy, the removed grafts 
were cut longitudinally into four pieces that were approxi
mately 3 mm in width, from the proximal anastomotic site at 
the right ventricular wall to the distal anastomotic site at the 
pulmonary artery. The specimens were fixed with 1 % glutar
aldehyde in phosphate buffer 0.2 mol/I, pH 7.4, then em
bedded in hydrophilic resin (Technovit 7,100, Kulzer & Co. 
GmbH, Friedrichshsdorf, Germany). Sections were stained 
with hematoxylin and eosin, by the peroxidase (PAP) 
method to stain for Factor VIII in the endothelial cells, an^ x 
with von Kossa's stain to detect calcification of the neoi. ) 
tima.

Specimens for scanning electron microscopic observation 
were treated with the same procedure as that used for speci
mens obtained from tissue culture.

Results

Prepared PC Graft

The PC graft was white, soft, and pliable. The graft con
tained a certain amount of water and was very slightly trans
parent. The control GA graft, which was slightly yellow, was 
also pliable, but the PC graft was softer and more flexible
(Figure 1).

Results of mechanical property measurement showed that 
there was almost no differences between the tensile 
strength of the PC graft and that of the GA graft. Results from 
the PC graft, the GA graft, and nontreated original equine 
pericardium were approximately 1.02 kg, 0.8 kg, and 1.2° . 
kg, respectively. J

Cell Affinity Tests

Under in vitro cell culture on the second day, there was no 
fibroblast or endothelial cell proliferation on the GA graft. 
There was, however, good cell attachment and cell prolifera
tion of both fibroblasts and endothelial cells on the PC graft 
(Figure 2). Most of the surface of the PC graft was covered 
with fibroblasts during the 2 days. These cells were flat. Endo
thelial cells also adhered; however, fewer cells were on the 
surface. The shape of these cells was not completely flat. At 
the 7th day, endothelial cells were well anchored on the pC 
graft, but they did not yet show confluent growth, whereas 
fibroblasts did. With GA grafts, a few fibroblasts adhered to 
the graft surface at 2 days; this was not changed at the sev
enth day. There were almost no flat cells on the GA graft, 
and although a small number of endothelial cells were no
ticed, their shape was round, not flattened, and they showed
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to overcoming the problems we face with cardiac wall sub
stitutes in the clinical setting.
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Sealing of Highly Porous Fabric Vascular Prostheses 
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Abstract Preclotting is an essential procedure for porous fabric vascular prosthe
ses, but fatal bleeding due to fibrinolysis after implantation can occur in some cases. 
To overcome this problem, a method was developed to seal highly porous fabric vas
cular prostheses with adipose connective tissue fragments. A piece of subcutaneous 
adipose connective tissue weighing approximately I g was minced with scissors and 
stirred into 20 mL of saline, thereby creating a tissue suspension. This was sieved 
through the wall of a highly porous fabric prosthesis from the outside to the inside by 
intraluminal suction. The prostheses were implanted in the thoracic descending aor- 
tae of 20 dogs and removed from 1 h to 1 year after implantation. Twelve preclotted 
prostheses were used as controls. None of the treated grafts experienced bleeding 
complications postoperatively. In the controls, the chest wall was closed after the 
bleeding stopped from the suture line and through the prosthesis wall, but problems 
occurred after surgery. Three out of 12 control animals (25%) bled in the pleural cav
ity within 24 h. In the tissue-sealed grafts, smooth neointima formation without any 
degenerative changes was observed during a I-year observation period.

Keywords Vascular prosthesis, preclotting, porosity, adipose tissue fragments, 
autologous tissue sealing.
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prosthetic wall was suctioned again (Fig. 1). By repeating this sieving procedure several 
times, the pores of the fabric were completely sealed with the tissue fragments. The pros
thesis was rinsed with a saline solution to remove free, untrapped fragments.

A Teflon rod was inserted in the prosthesis to preserve a smooth surface by further 
manipulation. The excess solution on the outside of the prosthesis was removed with a 
dry sponge. The prosthesis was poured with fresh blood to cement the tissue fragments 
within the prosthesis wall. This procedure was not for sealing by preclotting, but for the 
fixation of the tissue fragments by fibrin network to prevent entanglement of the suture 
during anastomosis. The Teflon rod was then withdrawn. The prepared prosthesis was 
implanted as a vascular graft in the same dog from which the connective tissue was 
resected. The control prostheses (Milliknit) were only preclotted with fresh blood. The 
procedure of the preclotting was done throughout the four stages of the Sauvage preclot
ting technique without heparin in step 4.

Implantation of the Prostheses
Mongrel dogs of both sexes, weighing 8-12 kg, were used to implant the vascular pros
theses (ID: 7 mm; length: 5.7 cm). Twenty tissue-sealed vascular prostheses were 
implanted in the descending aortae of dogs along the following series. Animals were 
anesthetized with an initial intravenous dose of 8-12 mL pentobarbital (2.5% solution). 
Supplemental doses were given when required. The dogs were intubated and put on a res
pirator at 18 respirations per minute and with a tidal volume of 250 cm3 room air.

The chest was entered via a left thoracotomy at the sixth intercostal space. The 
descending aorta was exposed and mobilized by sacrifying five pairs of intercostal arter
ies. The aorta was then clamped both proximally and distally, and a 5-cm segment of the 
aorta was resected and replaced by the prosthesis. A continuous suturing technique with 
5-0 Tevdeck was used. After suturing was completed, the two vascular clamps occluding 
the aorta were removed. Two chest tubes were placed and the thoracic cavity was closed 
in a normal manner. When the animal was able to breathe spontaneously, mechanical 
ventilation was discontinued and the dogs were extubated. Twelve preclotted fabric pros
theses were also implanted in the descending aortae of dogs in a control group.

During surgery, antibiotics were administered (1 g penicillin) into the pleural cavity, 
and no anticoagulants were used at any time. All animal care was in compliance with the 
Principles of Laboratory Animal Care formulated by the National Academy of Sciences 
and published by National Institutes of Health (NIH publication No. 80-23, revised 1978).

Explantation of the Prostheses
The specimens from the animals were removed from 1 h to 351 days in the tissue-sealed 
prostheses, and from 1 to 340 days in the controls. Before harvesting, sodium heparin 
(100 IU/kg) was intravenously administrated to prevent clotting. All the specimens were 
rinsed with saline solution to remove excess intraluminal blood, inspected macroscopical- 
ly, and prepared for histological examinations. After removal of the prostheses, the kid
neys of each animals were resected and examined for fresh, trapped microemboli.

Histological Examinations
For light microscopical observation, 4-mm-wide sections of the prostheses were cut along 
the longitudinal direction from the proximal to distal anastomoses. Each sample was cut 
into seven pieces. The specimens were fixed with 1 % glutaraldehyde in 0.2 mol/L phos-
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Discussion
Preclotting is one of the most important procedures for implantation of porous fabric vas
cular prostheses.4"6 A porous fabric vascular prostheses cannot be used without preclot
ting. Wesolowski showed that highly porous prostheses could obtain excellent endothe
lial cell lining.1 The role of the pores of vascular prostheses has already been recognized. 
Highly porous prostheses have the serious disadvantage of delayed hemorrhage.2-3 But 
some recent vascular surgeries required many anticoagulants to be administered during 
and after the operations. Under the influence of high amounts of anticoagulants, highly 
porous fabric vascular prostheses will result in dangerous uncontrolled bleeding after 
surgery. Even if bleeding stops during surgery, fibrinolysis after surgery might bring on 
bleeding. The fibrin layer, which sealed the pores of the fabric prosthesis, has always had 
the possibility of being dissolved by fibrinolysis. Therefore, we could not use a large 
dosage of anticoagulants, such as urokynase, even if the implanted prosthesis was occlud
ing. In the treated grafts in this experiment, all the interstices of the fabric were occupied 
with tissue fragments, which were not dissolved by the fibrinolysis. Moreover, these tis
sue fragments contained an abundance of collagen fibrils, which were thrombogenic to 
accumulate platelet aggregation.

The thick thrombus at the 1st day indicated high thrombogenicity. But, no microem
bolisms infarctions occurred in the kidneys resected from these animals. The reason was 
as follows: All tissue fragments were outside the graft and interstices of the fabrics due to 
the intraluminal suction. Therefore, the thrombus on the luminal surface and the tissue 
fragments in the graft wall were not washed off by the blood stream at the luminal sur
face. The fact that no embolization or infarct occurred in the kidneys showed the safety of 
this method. The safety and efficacy of this procedure can be also determined by the fact 
that there was no bleeding during and after implantation in the short term and no degener
ative changes in the long term. The original tissue fragments had been absorbed with 
time. Since these tissue fragments were autologous tissue, there were no problems of 
antigenicity or foreign body reaction with these fragments.

Recently, some highly porous fabric vascular prosthesis coated with biodegradable 
materials, such as gelatin, collagen or albumin, have been used.7 9 The sealing materials 
were treated by heating them or with chemical crosslinking. Adequate results were 
reported in some studies, but not in others. Our tissue fragments are autologous, which 
have the highest affinity with the host. Therefore, our new method would have the most 
natural healing process after implantation compared with that of any other coated fabric 

) vascular prostheses. From these tissue fragments, migration of fibroblasts and endothelial 
cells from capillaries is expected into the inner surface of the neointima. In this experi
ment, the tissue-sealed graft showed quick neointima formation compared with that of the 
control. This was due to the autologous tissue transplantation in the fabric vascular pros
thesis. Autologous tissue fragment impregnation into cardiovascular prostheses was initi
ated by Ghidoni et al. in 1968.10-11 They forced tissue fragments by a tightly fitting piston 
onto the luminal surface of impermeable vascular prostheses and diaphragms of the left 
ventricular bypass pump to produce a cellular blood-prosthesis interface.

We used tissue fragments for sealing a highly porous prosthesis to overcome the 
bleeding problem during and after implantation, and could obtain the merits of both 
autologous tissue fragment transplantation and a highly porous fabric prosthesis 
described by Wesolowski. We are now working to clarify the healing process of the 
neointima with cell migration and proliferation from the tissue fragments in the prosthetic 
wall.
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Rapid Neointima Formation with Elastic Laminae Similar 
to the Natural Arterial Wall on an Adipose Tissue 

Fragmented Vascular Prosthesis

Yasuharu Noishiki,* Yoshihisa YamaneA Yasuko Tomizawa,^ Takafumi Okoshi,§ Shinichi SatohJ 
Kazuhiro Takahashi,* Kenji Yamamoto,* Yukio Ichikawa,* Kiyotaka Imoto,*

Michio Tobe,* Jiro Kondo,* and Akihiko Matsumoto*

A vascular prosthesis that can induce a neointima similar to 
a natural arterial wall is reported. The authors have devel
oped a sealing method using autologous tissue fragments. 
Ine sealed graft showed many advantages, with character
istic neointima formation in an animal study. The grafts 
were implanted in the thoracic descending aortae of 40 
dogs and were removed from 1 hour to 608 days after im
plantation. Another 40 dogs, used as controls, had a fabric 
graft implanted using the preclotting method. The luminal 
surface of the sealed graft was completely endothelialized 
and the original adipose tissue fragments were absorbed 
within 1 month. Smooth muscle cells infiltrated and prolifer
ated at the same time as endothelialization took place. Most 
of the smooth muscle cells were arranged in parallel rows 
and oriented circumferentially within the graft. At 1 month, 
elastic fibers appeared around the smooth muscle cells near 
the anastomotic sites. In the long-term specimens, these 
elastic fibers constituted a fine lamina in the neointima. Inti- 
mal hyperplasia and degenerative changes in the neointima 
were not observed. These results indicated that the sealing 
method could induce a very stable neointima with a smooth 
muscle cell layer and elastic laminae similar to a natural 
arterial wall within a short period of time throughout the 
Jtaft wall, with maintenance of the neointima for a long 
period of time after implantation. ASAIO Journal 
1994;40:M267-M272.

Several kinds of sealed vascular prostheses have become 
commercially available'"3; however, some adverse effects 
have been reported with these devices.4,5 We believe that
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the most reliable sealant is autologous tissues. Until now, 
however, there has been no convenient method to seal fab
ric prostheses with autologous tissues. To overcome this 
problem, we developed a sealing method using autologous 
adipose tissue fragments.6,7 The graft showed characteristic 
neointima formation in an animal study. In this communica
tion, the healing process of the neointima is investigated, 
focusing on endothelialization, the pattern of smooth mus
cle cell arrangement, and elastic fiber formation.

Materials and Methods
Preparation of the Craft

Canine subcutaneous adipose connective tissue (2 g 
weight) was resected and chopped with scissors into tiny 
tissue fragments, then stirred into 20 ml of saline containing 
10,000 IU penicillin. To obtain a smooth, tissue fragmented 
luminal surface, a highly porous Dacron fabric vascular pros
thesis (Microknit, 7 mm ID, Golaski Laboratories Inc., Phila
delphia, PA; water porosity: 4,000 ml/cm2/min, at 120 
mmHg) was invaginated, and the resulting adipose tissue 
fragment suspension was injected several times under pres
sure into the graft, until fragments were trapped in the pros
thesis wall. The sealed graft was reinvaginated to yield a 
completed adipose tissue fragmented (ATF) graft with a 
smooth luminal surface and rough outer surface. The excess 
saline solution on the prosthesis was removed with a dry 
sponge. The prosthesis was covered with fresh blood to ce
ment the tissue fragments within the prosthesis wall. This 
procedure was not for sealing by preclotting, but for fixation 
of the tissue fragments by a fibrin network. The graft was 
implanted into the same animal from which the adipose tis
sue was resected. The control graft was a fabric vascular pros
thesis (Microknit, 7 mm ID) preclotted with fresh blood us
ing the four stage Sauvage preclotting technique.

Implantation of the Crafts

Eighty mongrel dogs (8-12 kg) were used for thoracic 
aorta implantation (40 ATF grafts; 40 controls). Animals were 
anesthetized with 8-12 ml of intravenous pentobarbital
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(2.5% solution) and intubated. The descending aorta was 
dissected and mobilized, sacrificing five pairs of intercostal 
arteries as described by Wesolowski.8 After clamping the 
aorta proximally and distally, a 5 cm segment was resected 
and replaced with the designated prosthesis using a 5-0 Tev- 
dek (Deknatel, NY) continuous suture. Antibiotics were ad
ministered (300,000 IU penicillin) into the pleural cavity, but 
no anticoagulants were given during or after surgery.

All animal care was in compliance with the “Principals of 
Laboratory Animal Care," formulated by the National Soci
ety for Medical Research, and the "Guide for the Care and 
Use of Laboratory Animals," prepared by the National Acad
emy of Science and published by the National Institutes of 
Health (NIH publication No. 80-23, revised 1985).

Craft Removal

All grafts were explanted on a predetermined postopera
tive day. Before harvesting, sodium heparin (100 lU/kg) was 
administered to prevent clotting, and the animals were 
exanguinated under general anesthesia. All specimens were 
rinsed with saline solution to remove excess intraluminal 
blood and then inspected macroscopically. The kidneys also 
were examined for macroscopic thromboemboli.

Histologic Examinations

For light microscopic observation, the explanted grafts 
were cut longitudinally from the proximal to distal anastomo
sis into five 3 mm wide segments. The specimens were fixed 
with 1% glutaraldehyde in 0.2 mol/I phosphate buffer, pH 
7.4, then embedded in hydrophilic resin (Technovite 7,100; 
Kulzer & Co. GmbH, Wehrheim, Germany). Sections were 
stained with 1) hematoxylin and eosin, 2) the peroxidase 
anti-peroxidase method for staining factor VIII in endothelial 
cells, 3) von Kossa's stain to detect calcification of the neoin- 
tima, and 4) van Gieson's stain for the staining of elastic 
fibers.

Results
Preparation of the Craft

The sealing procedure was performed without difficulty, 
taking approximately 15 minutes at the operating table. After 
pressurized injections of the tissue suspension, the outside 
of the graft became very smooth and numerous tiny tissue 
fragments emerged from the interstices of the fabric. With 
reinvagination, the smooth surface was returned to the in
side of the graft, whereas the outer surface was rough with 
multiple tissue fragments.

Implantation of Grafts

The ATF graft was soft and pliable and was easily handled 
during implantation. Fitting of the grafts to the aortae was 
excellent. Immediately after the aortic clamps were released 
the graft was inflated, but there was no blood leakage 
through the graft wall. There was minimal leakage at the stw_ 
ture lines, which stopped spontaneously within 1 minute of

declamping. Two of 40 ATF grafted animals died from graft 
infection at 8 and 11 days. Grafts were explanted at from 1 
hour to 608 days.

In the control group, no bleeding occurred through the 
graft wall or at the suture lines before chest closure; how
ever, eight of these animals bled to death within 24 hours of 
surgery. The explanted grafts from those dogs were white, 
and the preclotted fibrin network had disappeared from the 
graft walls. Two dogs died from pneumonia at 30 and 33 
days, but they had no sign of graft infection. The grafts were 
explanted at from 1 hour to 738 days.

Removal of the Crafts

All grafts were patent at the time of retrieval. The wall of 
the ATF graft was thin, soft, and pliable. The outer surface of 
the grafts at from 1 to 24 hours were without hematoma 
formation, and the grafts removed after more than 3 weeks 
were surrounded with a loose connective tissue that was 
free of any inflammatory reaction. )

The luminal surface of the AFT graft at 1 hour was com
pletely covered with thick red thrombus (Figure 1A). No 
blood leakage through the graft wall was observed. At 1 day, 
the inner surface was predominantly covered with pink 
thrombus. There were numerous white tissue fragments 
under the thin thrombus layer, and red thrombus was spo
radically present among the interstices of the tissue frag
ments. At 3 weeks the surface was glistening white, but small 
(< 2 mm) thrombi were still present sporadically on the lu
minal surface. The grafts obtained at 33, 36, and 37 days 
showed completely white luminal surfaces with no mi
crothrombi among the tissue fragments (Figure 1B). There 
was no difference in the whiteness of the surface between 
the center area and the areas near anastomotic sites. In the 
long-term grafts, the neointima was less than 0.5 mm thick, 
and the fabric of the prosthesis was transparent through the 
neointima. There was no scar formation or wall irregularity in 
the graft or around the graft wall (Figure 1C).

In the control group, local hematoma formation was pres
ent around the grafts in three of six explanted at the ear'" 
stage. At 1 hour, an initial thick red thrombus covered t / 
luminal surface. At 7 to 10 days, the luminal surfaces of the 
grafts were red with fresh thrombus. At 21 days, there were 
white areas, free of red thrombus, near the anastomotic 
sites; however, in the center of the graft, fresh red thrombus 
adhered to the surface (Figure 1D). At 25 days, the white 
areas were 5 to 15 mm from the anastomotic lines. Other 
areas in the midregion of the graft were red with thick 
thrombus adhesion. At 90 days, the luminal surface had 
thrombus deposition 10 mm wide in the center of the graft. 
At 217 days the graft was completely white, with a thin 
neointima. The grafts removed at 341, 412, 734, and 738 
days demonstrated a white neointima without any stiffness 
of the graft wall.

No evidence of thromboemboli was present in the kid
neys of either the ATF or control group.

Microscopic Examination

ATF Graft. Before implantation, each interstice of the ATF 
graft Dacron fibers was occupied by tissue fragments con-
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riod of time in the sealed grafts. Elastic fibers were seen first 
around the smooth muscle cells, and they became mul
tilayered with time. Complete elastic laminae formation 
would have been suggestive of creation of an arterial wall, 
but was never observed. In general, elastic fibers are synthe
sized by smooth muscle cells.'2'13 Very small fillaments of 
elastic fibers have already been recognized in neointimae of 
synthetic fabric vascular prostheses.14"16 On long-term ob
servation of the neointimae, regularly arranged elastic fibers' 
around smooth muscle cells were demonstrated in fabric 
prosthesis.17 In our experiment, however, elastic fibers were 
noticed at an early stage of neointimal formation, and multi
layers of thick elastic fibers, similar to those of natural arterial 
wall, were seen in the long-term specimens.

In the long-term grafts, we observed no degenerative 
changes in the neointima. Maintenance of the neointima in a 
natural condition also will be helped by the physiologically 
arranged smooth muscle cells and elastic fibers.

With our new sealing method, we could provide a safely 
sealed graft that showed rapid endothelialization and stable 
neointima formation within a short period of time. The graft 
was instantaneously sealed with autologous tissue frag
ments, and looked like an autologous tissue tube reinforced 
by a Dacron fabric. The graft enjoyed the many advantages 
of autologous tissue.
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Healing process of vascular prosthesis and a method to accelerate the neointima formation by 
transplantation of autologous tissue fragments

Y. Noishiki

First Department of Surgery, Yokohama City University School of Medicine, 
3-9 Fukuura, Kanazawa-ku, Yokohama 236, Japan

In fabric vascular prostheses, endothelialization begins from the anastomotic sites, however, it is extremely 
delayed in the areas distant from the anastomotic sites. We regarded this delayed healing as a protracted ulcer of 
)lood vessel wall, and this protracted healing can be treated by transplantation of autologous tissue fragments as 
being treated by transplantation of autologous tissue fragments for skin ulcers or bone fractures. An animal study 
for a large caliber graft implanted in the descending aorta showed rapid endothelialization equally all over the 
luminal surface, but the graft was thrombogenic. In order to reduce the thrombogenicity for the application of the 
graft to a small diameter artery, heparin was used with the tissue fragments, since heparin can bind 
electrostatically with collagen fibrils. Such a graft in carotid arterial interposition in the canine model showed 
long-term patency without any degenerative changes of the graft wall.

1. INTRODUCTION

Vascular prostheses have been used safely in 
clinic, although with advantages and disadvantages. 
The two of the major disadvantages are the lack of 
antithrombogenicity and the poor healing 
characteristics of the neointima[l,2,3]. Therefore, 
these prostheses cannot be used as venous and small 
diameter arterial grafts. They are used only in 
arterial system of more than 6 mm in internal 
diameter, in which high pressure and high mean 
blood flow velocity reduce the possibility of large 
thrombus formation on the graft's surfaces. However, 
the luminal surfaces were not endothelialized for 
long period of time after implantation even if they 
maintain their patency [4], Therefore, small diameter 
vascular grafts, require some antithrombogenic 
properties or some ability to induce a quick 
endothelialization[5,6]. For this purpose, we 
developed a new technology, "transplantation of 
autologous tissue fragments in the fabric vascular 
prostheses wall", which can accelerate the neointima 
formation and prevent the early thrombus deposition 
on the graft surfaces[7,8,9]. In this communication, 
usual healing process of the neointima on ordinary 
fabric prostheses and the new technology will be 
explained in detail.

2. HEALING PROCESS OF NEOINTIMA IN 
FABRIC VASCULAR PROSTHESES

Fabric vascular prostheses made of Dacron fibers 
have a porous structure by knitting or weaving of the 
fabrics. Therefore, these are sealed with fresh clot by 
a preclotting procedure before implantation 
[10,11,12]. Therefore, the neointima formation 
always begins from the fresh thrombus layer.

2.1. Early stage of the neointima formation 
Just after implantation, the luminal surface was 

red in color with fresh thrombus deposition. Figure 
la showed the luminal surface of a fabric prosthesis 
implanted in the thoracic descending aorta and 
removed 1 hour after implantation. The graft wall 
was composed of Dacron fibers, fibrin network, 
numerous erythrocytes, platelets, and small number 
leucocytes. After 2 days of implantation, the luminal 
surface appears as white in color. Light 
microscopical observation showed that the luminal 
surface was covered with a thin layer of fibrin. No 
erythrocyte was noticed in the fibrin layer. At 5 to 7 
days, red thrombus deposition was noticed again on 
the surface. Many erythrocytes reappeared in the 
fibrin layer. The redness on the graft surface 
increased at 10 to 20 days.
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RELEASING BEHAVIOR OF HEPARIN

Figure 4. Heparin release from the TFH-grafts and 
the control non-heparin treated grafts into the rinsing 
saline. Reprint from Y. Noishiki et al, Trans. Am. 
Soc. Artif. Intern. Organs, 38,P. 160,1992.

below the endothelial cells, and fibroblasts around 
the Dacron fibers At three weeks, the luminal 
surface was shiny with the same color as a native 
aortic wall, and it remained this way up to 495 days 
postimplantation. Light microscopical observation 
showed that the neointima healing was completed 
between two and four weeks. Following complete 
healing, no intimal hyperplasia at the anastomotic 
sites nor degenerative changes such as calcification 
in the neointima were observed in the explanted 
grafts up to 495 days(Figure 3d).

4.4. Special findings of the healing process of the 
TF-graft

We found that all of the grafts treated with 
autologous tissue fragments were endothelialized 
within a very short period of time. We saw no 
difference in healing between the anastomotic sites 
and other regions distant from the anastomoses, 
including the center of the graft. This was in contrast 
to untreated grafts, in which endothelialization 
occurred only at the anastomoses and was delayed. 
Endothelial cell division is limited to 70 cycles, and 
we believe that endothelialization limited to only the 
anastomotic sites of untreated grafts may be the 
result of cell aging.

5. APPLICATION OF THE NEW 
TECHNOLOGY TO A SMALL DIAMETER 
GRAFT

We showed rapid endothelialization in the TF- 
graft, however, significant thrombogenicity of the 
collagen fibrils on the grafts was the major problem 
when the technique was applied to a small diameter 
graft. Because collagen fibrils have a positively 
charge that aggregate negatively charged 
platelets! 18,19]. Three dimensional structure of 
collagen molecule has also special affinity with 
platelets. We therefore propose that the graft's 
thrombogenicity would be decreased if we could 
mask the collagen molecule, especially positively 
charged areas of the collagen fibers[20]. Based on 
this hypothesis, we masked the fibrils 
electrostatically with heparin, which has a strong 
negatively charge.

5.1. Preparation of the tissue fragmented and 
heaporinized graft (TFH-graft)

The tissue suspension used for the small-caliber 
grafts was produced by adding minced canine 
jugular vein with connective tissue to 20 ml of 
normal saline containing 1,000 IU heparin. To create 
the tissue fragmented heparinized graft (TFH-graft), 
a fabric prosthesis (MICROKNIT, 4 mm ID) was 
first invaginated to turn inside out. After rein
vagination, the graft was implanted into both carotid 
arteries of the same animal from which the jugular 
vein was taken.

5.2. The patency and the healing process of the 
TFH-graft

Twenty out of 32 TFH-grafts were patent at the 
time of the graft removal. Twelve grafts were 
occluded and eight of them were due to the graft 
infection, but 4 grafts which occluded between 2 and 
3 weeks after implantation without infection. The 
luminal surface of the TFH-graft at one hour was red 
in color without thrombus formation(Figure 5a). At 
two weeks, the redness markedly decreased(Figure 
5b). Light microscopical observation showed the 
migration of numerous fibroblasts from the tissue 
fragments into the fibrin layer by two weeks. At 
four weeks, the luminal surface was white and 
glistening with no red thrombus. Light microscopy
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including feeder cells in the suspension. For ex
ample, a single cancer cell separated from its main 
tumor cannot survive to create a metastasis unless it 
is associated with a group of cells[25,26,27,28]. In 
addition, endothelial cell proliferation is greatly 
improved with an underlining base of feeder cells. In 
the skin, fibroblasts act as feeder cells to epidermis 
cells[29]. In a similar experiment, neointima, smooth 
muscle cells and fibroblasts enhance endothelial cell 
growth[30,17]. In our study, we observed a very 
unique phenomena: Three different kinds of cells, 
smooth muscle cells, fibroblasts and endothelial cells 
simultaneously migrated and proliferated from the 
tissue fragments. It is impossible to observe such a 

kiomenon in vitro, since "strong Cells" such as 
fibroblasts grow and make a confluent layer sup
pressing "weaker " cells such as endothelial cells. 
However, in vivo, endothelial cells migrated to face 
the blood stream, and smooth muscle cells create 
multilayers beneath at the same time. Fibroblasts, on 
the other hand, migrated to the Dacron fibers to en
capsulate the foreign body. We were able to develop 
a neointima with the cooperation of endothelial cells, 
smooth muscle cell, and fibroblasts in vivo.

7. MAINTENANCE OF THE GRAFT 
PATENCY

The advantages of these grafts were considered 
as follows: As a raw material, autologous tissue is 
ideal for implantable artificial organs. Both these 
grafts were made of autologous tissue reinforced 

}h Dacron fibers, since the fabric used as the 
framework of the graft was very porous. Therefore, 
the neointima formed in both grafts were created by 
the host, and will maintain the neointima in good 
condition without any degenerative changes as 
observed in the long-term animal experiments.

8. CONCLUSION

In order to overcome the problems associated 
with implantation of fabric vascular prostheses, the 
new technology was introduced. With this method, 
we could create a new vascular wall on the fabric 
prosthesis. What we set importance was the method 
to induce the dynamic function of host cells under 
the physiological and natural environment, i.e., in

vivo tissue culture technique. By this method, we 
could obtain special activities of various cells which 
cannot be observed in any in vitro experiments. This 
in vivo cell culture technology would be useful for 
the development of new artificial organs. The 
matrices used in the artificial organs could induce the 
natural activity of these cells into our desirable 
purpose for the development of our new artificial 
organs. The data shown in this communication is one 
of the samples for designs of new artificial organs.
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NEOINTIMA FORMATION OF FABRIC VASCULAR 
PROSTHESIS AND A METHOD TO ACCERELATE THE 
HEALING PROCESS BY TRANSPLANTATION OF 

VENOUS TISSUE FRAGMENTS

Yasuharu Noishiki
First Department of Surgery, Yokohama City University 
School of Medicine, 3 — 9 Fukuura, Kanazawa-ku, Yokohama 
236, Japan

ABSTRACT

Standard healing process of neointimae of fabric vascular prostheses implanted in 
animals was demonstrated, and a method to accerelate the endothelialization of the 
neointima using venous tissue fragments transplantation into the prosthesis wall was 
introduced. A piece of peripheral vein was obtained, chopped into small fragments, 
and stirred into 20 ml of saline, making a tissue suspension. This suspension was 
sieved through a highly porous prosthesis. The prostheses seeded with tissue frag
ments were implanted into the descending aortae of dogs and were removed from 1 to 
371 days after implantation. Preclotted fabric prostheses were used as the control. In 
the seeded grafts, an infinit number of endothelial cells migrated and proliferated from 
the fragments. These had produced numerous capillaries by 5 days after implantation 
that had reached and opened onto the luminal surface of the prosthesis. From these 
openings, numerous endothelial cells spread out and formed colonies. With the in
crease in the size of the colonies, the inner surface was completely endothelialized 
within 5 weeks.

Keywords: Endothelial cells, fabric vascular prosthesis, neointima, tissue frag
ments transplantation, haemocompatibility.

INTRODUCTION

Fabric vascular prostheses can obtain a permanent haemocompatibility by 
endothelialization of the neointimae on their luminal surfaces. Therefore, neointima 
formation is essential for the graft stable patency.1’ However, it required a certain 
period of time to get an adequate neointimal formation with endothelial cells lining. In 
human, endothelialization is extremely delayed.21 Most of the grafts implanted in 
human were not endothelialized and the luminal surfaces of them were thrombogenic 
long after implantation. To overcome this problem, endothelial cell seeding methods 
were developed and applied in clinic in the last decade,3’ but no satisfactry results were 
reported except some limited animal experiments. Recently, we developed a new
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prosthesis wall. Then the Teflon rod was withdrawn. The prepared prosthesis was 
implanted as a vascular graft in the same dog from which the venous tissue was 
resected.

The control prostheses (MILLIKNIT) were only preclotted with fresh blood. The 
procedure of the preclotting was done throughout the four stages of the Sauvage 
preclotting technique without heparin in the No. 4 step.

2. Implantation of the prostheses
Forty adult mongrel dogs, weighing 8—12 kg were used in these experiments. 

The prepared grafts, 7 mm in internal diameter and 5.7 cm in length, were implanted 
into the descending aortae of 25 dogs along the following series. Animals were 
anesthetized with an initialintravenous dose of 8 to 12 ml pentobarbital (25 mg/kg, 2.5 
% solution). Supplemental doses were given when required. The dogs were intubated 
and put on a respirator at 18 respirations per minute and a tidal volume of 250 cc room 
air. The chest was entered via a left thoracotomy at the sixth intercostal space. The 
descending aorta was exposed and mobilized by sacrifying five pairs of intercostal 
arteries. The aorta was clamped both proximally and distally, and a 5 cm segment of 
the aorta was resected and replaced by the prosthesis. Continuous suturing technique 
with 5 — 0 Tevdeck was used. After suturing was completed, the two vascular clamps 
occluding the aorta were removed. Two chest tubes were placed and then the thoracic 
cavity was closed in a normal manner. When the animal was able to breathe 
spontaneously, mechanical ventilation was discontinued, and the dog was extubated. 
Fifteen preclotted fabric prostheses were also implanted in the descending aortae of 
dogs as the controls. During the surgery, antibiotics were administrated (1 g peni
cillin) into the pleural cavity, and no anticoagulants were used at any time. All animal 
care was in compliance with the "Principles of Laboratory Animal Care” formulated by 
the National Academy of Science and published by National Institutes of Health (NIH 
publication No. 80—23 reviced 1978).

3. Graft harvesting.
The implanted grafts were harvested from 1 to 371 days after implantation. 

Before harvesting, sodium heparin (100 IU/kg) was intravenously administrated to 
prevent clotting. All the specimens were rinsed with saline solution to remove excess 
intraluminal blood, and inspected macroscopically and were served for the following 
histological examinations. After remove the prostheses, the kidneys of each animals 
were resected and examined for fresh, trapped microemboli.

4. Histological examinations.
For the light microscopical observation, 4 mm wide sections of the prostheses were 

cut along the longitudinal direction from the proximal to distal anastomoses. Each 
sample was cut into seven pieces. This series of specimens were treated in the 
following manner. The specimens were fixed with 1 % glutaraldehyde in 0.2 mol/L 
phosphate buffer, pH 7.4. They were embedded in hydrophilic resin (JB — 4, 
Polyscience Inc., Warrington, PA, U.S.A.). Sections were stained with hematoxylin 
and eosin, and Van Kossa stain.
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experiment, no endothelialization was noticed whole over the luminal surface. In 
human, especially in old aged or poor risked patients, no endothelialization is noticed 
on the fabric prosthesis.2’

To obtain endothelialization of fabric vascular prostheses, endothelial cell seeding 
techniques have been investigated over the last decade.31 Some of them have produced 
nice results, but they remain unavailable for general use, as they require special cell 
culture techniques and facilities. They are also not available for emergency use, since 
the cell culture requires an extended period of time. To overcome this problem, we 
developed a new technique to accelerate endothelialization with an autologous tissue 
seeding method. This was simple and easy to do, and can be available in any 
operation room without special techiques, instruments or facilities. In this experi
ment, our results showed excellent efficacy in seeding of the tissue fragments, and 
provision of complete endothelialization within a short period of time, with no negative 
side effects in the long-term specimens.

Transplantation of autologous tissue fragments has already been used in ortho
pedic and plastic surgery, as osteoblasts migrate very rapidly from the cut edges of 
transplanted bone fragments, and epidermal cells from skin fragments. Multiple tiny 
fragmetns have large areas of cut edges from which cells can migrate and proliferate 
very quickly under physiological conditions.

In this experiemnt, three kinds of cells—fibroblasts, smooth muscle cells, and 
endothelial cells—migrated and proliferated at the same time from the fragments. 
This is a very unique phenomenon, that is not observed in cell culture in vitro; when 
fibroblasts and endothelial cells are cultured in a petridish, endothelial cells are 
suppressed and fibroblasts proliferated to form a confluent layer. However, in this in 
vivo experiment, we noticed these cells migrated and proliferated together. 
Endothelial cells produced capillaries, and rose to the inner surface of the graft to face 
the blood stream. Accordingly, smooth muscle cells made a multilayer beneath the 
endothelial cells, and fibroblasts crawled down under the smooth muscle cell layer 
around the polyester fibers. This phenomenon suggests that growth of these cells was 
controlled by their physiological environment.

By this in vivo cell culture technique, we could obtain rapid and reliable neointima 
formation on the fabric vascular prosthesis. This technique will be applicable not 
only in the field of vascular grafts, but also in many artificial organs of the hybrid type.
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INTRODUCTION
In general, endothelialization of fabric vascular prosthesis in human is extre

mely delayed (1). Most of the grafts implanted were not endothelialized, and the 
inner surface remained thrombogenic for a long time after implantation. To obtain 
the endothelialization, endothelial cell seeding on grafts has been initiated(2,3). 
Some of them produced favorable results,(4) but they remain unavailable for 
general use. To overcome this problem, we developed a new method to accelerate the 
endothelialization of the prosthesis by transplantation of autologous venous 
tissue fragments into the wall.

MATERIALS AND METHODS
A highly porous fabric Dacron vascular prosthesis (MICROKNIT, Golaski Lab, Inc., 

Water porosity:4,000) was used. A canine left juglar vein was resected, minced 
with scissors and then stirred into 20 ml of saline, to create a tissue suspension. 
This suspension was sieved through the wall of the prosthesis by repeated injection 
into the closed prosthesis for several times. Then the prosthesis was washed from 
the luminal side by saline solution to remove remnants of tissue fragments and was 
implanted as a vascular graft to the same dog from which the vein was resected.
The prepared grafts, 7 mm ID and 5.7 cm in length, were implanted into the desc

ending aortae of 20 dogs. The control prostheses which were preclotted with fresh 
blood were implanted into 15 dogs. The specimens were explanted from 1 hour to 63 
days after implantation.

RESULTS
Macrostopically, the inner surface was covered with fresh thrombus 1 hour after 

implantation, but after 2 days the thrombus decreased. Small island-like areas 
without thrombus were noticed sporadically on the surface. These areas increased 
their number and size very rapidly. After 10 days, fresh thrombus disappeared. All 
the inner surface was occupied by the white areas. Light microscopical observation 
revealed that these areas contained a lot of smooth muscle cells, fibroblasts and 
numerous capillary blood vessels. Most of them were covered with endothelial cells. 
Within 2 weeks, the inner surfaces were completely endothelialized. Beneath the
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endothelial cells, multi-layers of smooth muscle cells were noticed. By the active 
migration and proliferation of these cells from the tissue fragments, neointima 
was completely healed within 2 weeks. The original tissue fragments were noticed 
at the 21st day, but it became thin in the prosthesis at 28 days and almost disapp
eared at 31 days. At 61 days, they were not observed. There was no degenerative 
changes such as necrosis of smooth muscle cells, ulceration nor calcification.

In the control grafts, endothelialization was limited only near the anastomotic 
sites. The center area was not endothelialized and covered with fresh thrombus 
during the 63 days of observation period.

DISCUSSION
Seeding tissue fragments of veins within a scaffold of highly porous vascular 

grafts a rapid arterialization was induced. Within 14 days, complete endothelial
ization of the whole vascular surface occured, while endothelialization was still 
incomplete in the control grafts, even after 2 months. In these control grafts, 
endothelial and smooth muscle cells migrated from the adjacent aortic tissue into 
the graft, which is a slow and even limited process. In contrast with seeding vein 
fragments over the vascular graft migration and proliferation of endothelial and 
smooth muscle cells as well as fibroblasts started to growth from cut edges of the 
multiple vein fragments and covered rapidly the whole graft surface.

In this experiment, three kinds of cells - fibroblasts, smooth miscle cells, and 
endothelial cells - migrated and proliferated at the same time from the fragments. 
This is a very unique phenomenon, that is not observed in cell culture; when fibro
blasts and endothelial cells are cultured in a petridish, endothelial cells are 
suppressed and fibroblasts proliferated to form confluent layer. However, in this 
experiment, we noticed these cells migrated and proliferated in conjunction. Endo
thelial cells rose to the inner surface of the graft to face the blood stream. 
Accordingly, smooth muscle cells made a multilayer underneath the endothelial 
cells, and fibroblasts crawled doun the smooth muscle cell layer around the Dacron 
fibers. This phenomenon suggested that growth of these cells was controlled by 
their interactions in a physiological environment.

This autologous tissue fragments transplantation method will be applicable not 
only in the field of vascular grafts, but also in many hybrid artificial organs.
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A Functional Neointima with Regularly Arranged Smooth 
Muscle Cells in a Fabric Vascular Prosthesis Transplanted with 

Autologous Venous Tissue Fragments
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Regular arrangement of smooth muscle cells underneath an 
endothelial cell layer was observed in the neointima of a 
fabric vascular prosthesis treated with new technology to 
-ccelerate endothelialization, i.e., transplantation of autolo
gous venous tissue fragments in the graft wall. This finding 
indicated that the neointima has a vital function as the in- 
tima of the blood vessel. A canine left jugular vein was 
minced and stirred into 20 ml of saline containing 1,000 IU 
heparin. It was injected with pressure into a fabric prosthe
sis (4 mm inner diameter [ID], 3.5 cm in length, Water poros
ity: 4,000 ml) to create the tissue fragmented, heparinized 
graft. The graft was implanted into the same animal from 
which the jugular vein was taken. Forty tissue fragmented 
heparinized (TFH) grafts were implanted in both carotid ar
teries of 20 dogs and explanted from 1 hr to 400 days after 
implantation. In this study, the neointimae of the grafts im
planted for more than 1 month are analyzed, with a focus on 
the arrangement of smooth muscle cells in the neointima. A 
circumferential arrangement of smooth muscle cells with a 
thin layer of longitudinally arranged cells underneath was 
seen in the neointimae, which resemble the arrangement of 
smooth muscle cells in the natural arterial wall. Some areas 
had a thin smooth muscle cell layer in the longitudinal direc
tion just under the endothelial cell layer. At anastomotic 
ites, they ran in parallel rows in the longitudinal direction. 
Aie authors previously clarified that the smooth muscle 
cells arrange in parallel rows in the direction of strain 
caused by tensile stress. Thus, these smooth muscle cells 
were subjected to the circumferential tensile stress caused 
by factors such as blood pressure, longitudinal shear stress 
of the bloodstream, and tensile stress on the fabric wall at 
the anastomotic sites. These results indicate that the graft 
has a vital, functional neointima that will contribute to the 
maintenance of graft patency as a physiologic arterial wall. 
ASA/O Journal 1993; 39: M746-M749.

Neointima formation is delayed on fabric vascular prosthe- 
ses.1 To overcome this problem, we have developed a

From ‘the First Department of Surgery, Yokohama City University 
School of Medicine, Yokohama, fthe Animal Clinical Research

method to accelerate the neointima formation by transplan
tation of autologous tissue fragments onto the fabric graft 
wall.2 4 With this method, we observed complete neointima 
formation with a single layer of endothelial cells and multi
layers of smooth muscle cells within 1 month after implanta
tion. In these neointimae of the grafts explanted from experi
mental animals, we found a unique arrangement of smooth 
muscle cells. In this study, special attention was focused on 
the arrangement in the neointimae of grafts explanted from 
animals after more than 1 month of implantation. The pat
tern of arrangement is discussed as a vital sign of the neoin
tima of a new arterial wall.

Materials and Methods
Preparation of the Craft

Preparation of the graft was performed by the method de
scribed elsewhere4; the procedure was as follows: A canine 
left jugular vein and its surrounding connective tissue (10 cm 
length; 2 g weight) was resected and minced with scissors 
into tiny (smaller than 0.2 mm) tissue fragments, stirred into 
20 ml of saline containing 10,000 IU penicillin and 1,000 IU 
heparin. To create the tissue fragmented heparinized graft 
(TFH graft), a 4 mm inner diameter [ID] fabric prosthesis 
(Microknit, Golaski Laboratories Inc., Philadelphia) was first 
invaginated, enveloped by a transparent vinyl chloride bag, 
and connected to a syringe through a three way stopcock to 
create a closed circuit system. The tissue suspension was 
injected with pressure into the prosthesis, causing the tissue 
fragments to seal the pores of the prosthesis completely. 
After re-invagination, the graft was implanted into the same 
animal from which the jugular vein was taken. The control 
graft was a fabric vascular prosthesis (Microknit, 4 mm ID)
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A FUNCTIONAL NEOINTIMA WITH NATURAL SMOOTH MUSCLE CELLS ARRANGEMENT M749

layer of endothelial cells, arranged in parallel rows in the 
circumferential direction as observed in Figures 1 and 2. 
Under this layer, another multilayer of smooth muscle cells 
was arranged in the direction of the graft axis. These two 
layers of smooth muscle cells resembled the direction of 
smooth muscle cells in the natural arterial wall. In general, 
smooth muscle cells participate in contraction. Thus, 
smooth muscle cells may have some vital function in a newly 
formed arterial wall.

Arrangement of smooth muscle cells in the neointimae of 
vascular grafts has been described in fabric prostheses6 and 
in the structural and functional adaptation recognized as fol
lows: they orient in parallel rows in the direction of strain of 
tensile stress caused by such factors as blood pressure, con
striction of surrounding tissue, and contraction of the host 
arterial wall. In studies of repair processes of skin wounds 
and severed tendons, infiltrating cells from neighboring tis
sues grow in parallel rows, and the direction of these rows is 
determined by the direction of the tension to which they are 
subjected.7 Thus, similar phenomena might be observed 
with other tissues, such as neointima, which is a kind of re
pair tissue in the arterial wall.8 10 With this evidence, it could 
be concluded that the orientation of smooth muscle cells in 
the neointima was determined by the strain of tensile stress 
in the graft wall. It then becomes possible to determine the 
prevailing direction of tensile stress on the graft wall during 
implantation by examination of the explanted graft.

In the case of a cylindrical structure, tensile stress is seen 
in the circumferential direction when the stress is caused by 
intraluminal pressure, not in the longitudinal direction. Aor
tic aneurysms always have longitudinal rupture lines; they 
do not rupture in a circumferential direction, which indi
cates that the tensile stress is felt in the circumferential direc
tion. The major arrangement of smooth muscle cells in the 
neointima in this experiment was circumferential, an arrange
ment that could be explained by this hypothesis of tension 
theory. Near the anastomotic sites, the cells arranged them
selves in the longitudinal direction, but this area may have 
different stresses, possibly caused by the suture at the anas
tomosis. A thin layer of smooth muscle cells also was ob
served just underneath the single layer of endothelial cells. 
This would be attributable to shared stress with the blood
stream. This arrangement could be explained by this hy
pothesis, but the longitudinal arrangement of smooth mus

cle cells could not. However, inside the neointima, two 
kinds of strain could work in completely different directions. 
We are attempting to clarify the cause of these arrange
ments.

In the grafts prepared with our new technology, rapid en- 
dothelialization was seen within 1 month throughout the 
graft luminal surface. There were no differences in endothe- 
lialization between the areas near the anastomotic sites and 
the other areas, including the center of the graft. Under
neath the smooth muscle cells, regularly arranged smooth 
muscle cell layers were observed on the fabric vascular graft 
wall.

From these observations, it can be concluded that our 
newly developed method of transplantation of autologous 
tissue fragments into fabric vascular prostheses could intro
duce a functional, vital neointima on the fabric graft wall. 
This functional neointima would contribute to the mainte
nance of graft patency as a natural arterial wall with various 
vital roles.
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and Takayuki Kosuge
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Abstract: A new method of sealing fabric vascular pros- 
theses with autologous adipose tissue was clinically ap
plied as an alternative to preclotting with fresh blood. 
Thirty-six patients with peripheral arterial occlusive dis
ease were implanted with highly porous fabric prosthe- 
ses. The prostheses were prepared by sealing the fabric 
pores with autologous adipose tissue that had been 
chopped up into small pieces and enmeshed in the fabric 
by forceful injection of the tissue suspension through a 
syringe. There was no complication related to the sealed 
graft such as graft bleeding after implantation. In-hospital

mortality occurred in 4 patients: 1 case each of pneumo
nia, pulmonary infarction, sepsis, and acute myocardial 
infarction. During the period of 274 ± 190 days, 3 pros
theses were found to be occluded. All the other grafts 
were patent. The overall patency rate was 91.4%. Post
operative angiography revealed neither intimal thickening 
at the anastomotic sites nor irregularity of the prosthetic 
surface. The method proved safe and useful for implan
tation of smaller caliber artificial grafts. Key Words: 
Vascular prostheses—Autologous tissue—Graft seal
ing—Intimal hyperplasis—Adipose tissue sealed graft.

It was 40 years ago when the first synthetic vas
cular graft was implanted in a patient. Since then a 
variety of modifications (1-3) and the introduction 
of newer materials (4,5) have resulted in a synthetic 
graft satisfactory for clinical use. This is especially 
true for grafts larger than 10 mm in diameter. How
ever, grafts smaller than 6 mm in diameter still need 
further modifications to maintain long-term pa
tency. Two major drawbacks of synthetic arterial 
prostheses are the resultant delay in tissue healing 
with endothelialization over the graft inner surface 
(6) and development of distal anastomotic intimal 
hyperplasia (DAIH), hump formation (7,8). In an 
attempt to overcome these problems, we devised a 
new method to accelerate the neointima formation 
of fabric prostheses using autologous tissue embed
ded in the pores of the grafts and have succeeded in 
producing a graft that may facilitate tissue healing 
and prevent late thrombotic occlusion (9,10). Vari-
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ous types of tissue were initially used as the autol
ogous tissue (11,12), but the adipose tissue was se
lected because of its greater availability (13,14). We 
have previously documented a series of animal ex
perimental results related to safety and reliability of 
the sealed graft. In this paper the first clinical trial 
of the autologous adipose tissue-sealed graft is re
ported.

MATERIALS AND METHODS

Sealing of fabric vascular prostheses 
Subcutaneous adipose tissue obtained from the 

lower abdominal subcutaneous layer of the patient 
was chopped up into small pieces and suspended 
into lactated multiple electrolyte Ringer’s solution 
to create adipose tissue suspension according to our 
original method (13). A highly porous fabric vascu
lar prostheses, Micron (water porosity: 1,200 ml/ 
cm2/min at 120 mm Hg; Intervascular, Clearwater, 
FL), MILLIKNIT (water porosity: 3,000 ml; Go- 
lasky Laboratories, Inc., Philadelphia, PA), and 
Sauvage externally supported graft (Sauvage EXS) 
(water porosity: 1,500 ml, C.R. Bard, Inc., Biller
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ica, MA) were used. Micron and MILLIKNIT were 
soft without reinforcement, they were invaginated, 
and the suspension of tissue fragments was force
fully injected by a syringe into the graft lumen sev
eral times until all the pores were filled with the 
fragments and no liquid leaked through the graft 
wall. Then the graft was everted again, returning 
the smooth surface to the inside of the graft and 
leaving the outer surface rough with multiple tissue 
fragments. Since Sauvage EXS, which was exter
nally supported with polypropylene monofilament, 
cannot be everted, the graft preparation was per
formed without eversion. Injection of a suspension 
of tissue fragments was followed by fresh blood in
fusion into the graft and insertion of a Teflon rod 
whose diameter exactly equaled the inner diameter 
of the graft to cement the tissue fragments with a 
fibrin network to the graft luminal surface. This pro
cedure made the inner surface smooth. Heparin was 
added to prevent early thrombotic occlusion due to 
the high thrombogenicity of adipose tissue. The size 
of the grafts ranged from 16-8 mm (Y graft) to 5 mm 
in internal diameter.

Patients
Thirty-six patients were randomly selected for 

this study from those diagnosed at the Yokohama 
City University Hospital and one of our affiliated 
hospitals as having peripheral artery occlusion or 
aneurysm. They consisted of 35 patients with arte
riosclerosis and 1 patient with an aneurysm of the 
common iliac artery. The mean age was 71.4 ± 8.7 
years, ranging from 44 to 90 years. The male:female 
ratio was 3:2. The anastomotic sites and diameters 
of the vascular grafts were preoperatively chosen 
based on angiographical findings. The grafts used 
included the Micron, 16-8 mm diameter (Y graft) in 
8 cases, 10 mm diameter in 2 cases, 8 mm diameter 
in 4 cases, and 6 mm in 1 case; the Sauvage EXS, at 
6 mm in 18 cases and 5 mm in 2 cases; and the 
MILLIKNIT of 6 mm diameter in 1 case. All the 
anastomoses were performed using the continuous 
suturing technique.

General inhalation anesthesia combined with epi
dural anesthesia was used in all cases. Approxi
mately 30 g of adipose connective tissue was ob
tained from the subcutaneous layer of the lower 
abdomen with careful hemostasis, and the vascular 
prosthesis was prepared intraoperatively as de
scribed above. An atraumatic needle with polypro
pylene thread was used for the anastomosis. During 
the operation, systemic heparinization was per
formed (100 IU Heparin/kg) intravenously.

The patients were treated after the graft implan

tation with antiplatelet medication. The patency of 
the grafts was confirmed by Doppler echo sonogra
phy and x-ray angiography according to a predeter
mined schedule.

RESULTS

Preparation of the graft was easy. It took approx
imately 30 min on the operating table during the 
surgery. The surgery was started with the removal 
of the adipose tissue and then exposure of the oc
cluded artery. Therefore, during the exposure the 
graft preparation had been completed. The graft 
was soft and pliable and the suturing was performed 
without any problems. Adaptation of the graft to the 
arterial wall was excellent. Just after the blood ves
sel clamps were released, bleeding through the graft 
wall and at the suture lines was observed, but it was 
controllable.

There were no bleeding problems at the sites of 
the adipose tissue removal. At first we took the 
adipose tissue from the femoral region in the case of 
femoropopliteal bypass surgery, but lymph edema 
appeared after the surgery at the site. It healed 
about 1 month later. From this experience, we de
cided to take the adipose tissue from the lower ab
dominal subcutaneous layer separated from the ar
eas of the graft implantation. For safety during and 
after the surgery with anticoagulant therapy, careful 
hemostat was required. Therefore no problems with 
the adipose tissue retrieval were experienced.

After surgery, there was no embolism in the pe
ripheral areas due to the detachment of tissue frag
ments nor bleeding problems due to the hyperfibrin
olysis phenomenon or anticoagulant treatment. The 
patients with patent grafts showed satisfactory 
postoperative results of the bypass surgery. Reop
eration was performed in 1 patient, a 72-year-old 
male with a partially infected graft, at 134 days after 
implantation, i.e., the previously implanted graft 
was removed and a new graft without the tissue 
fragmentation was implanted.

Operative or in-hospital death occurred in 4 
cases: 1 case each of pneumonia, pulmonary infarc
tion, sepsis, and acute myocardial infarction. Dur
ing an average observation period of 274 ± 190 
days, an occlusion of the graft occurred in 3 cases: 
1 instance is the Micron of 6 mm diameter and 2 
instances in the Sauvage EXS of 6 mm diameter due 
to the graft infection and poor run-off of the periph
eral blood flow. The occlusion was not correlated to 
both the diameter and the type of the grafts.

Patency was confirmed in 87.5% of the Micron 
grafts of 16 mm diameter and in 100% of those of 10,
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have a good healing of their neointimae. Some of 
them, coated with collagen or gelatin and cross- 
linked with glutaraldehyde or formaldehyde, 
showed unusual reactions such as fluid accumula
tion, bleeding, or seroma formation around the 
grafts (28,29). Antigenicity against the bovine col
lagen was pointed out as a cause of the unusual 
reactions (30); however, we had also pointed out 
endotoxin contamination in the graft sealant as one 
of the causes (31). Another problem might come 
from the cross-linker, glutaraldehyde (32). It has 
already been shown that the toxic effect of glutar
aldehyde can be released very slowly after implan
tation. Some of these problems look inevitable at 
present.

By contrast, the sealing with autologous tissue is 
an ideal method. It has many advantages including 
viability, resistance to infection, good healing char
acteristics, and no foreign body reaction. In the 
case of adipose tissue, it is easily obtainable without 
any difficulties. With our own enmeshing proce
dure, sealing with very tightly anchored tissue frag
ments sealing is available within a short period of 
time. The prepared graft is an instantaneously pro
duced, autologous tissue tube reinforced with Dac
ron fibers. Consequently, the graft safety, reliabil
ity, and healing would be expected for long-term 
implantation.

CONCLUSION

Autologous adipose tissue-sealed grafts were 
clinically implanted. The observation period is not 
long enough, but we have found some remarkable 
advantages related to graft healing and safety. We 
are now observing long-term graft performance and 
are continuing to implant the graft clinically. This 
sealing method will be suitable not only in vascular 
grafting but also for other implant applications such 
as a cardiac wall substitute. We are trying to expand 
further the applications of this technology.
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Abstract: An expanded polytetrafluoroethylene (e-PTFE) 
/aft with long fibrils transplanted with bone marrow 
showed rapid and uniform neointima formation in a dog 
study. The e-PTFE grafts (fibril length, 90 p.m; 6 mm 
internal diameter; length, 6-8 cm) transplanted with au
tologous bone marrow were implanted in the abdominal 
aortae of 10 dogs and retrieved at 3 weeks and 3 months 
after implantation. Control e-PTFE grafts without bone 
marrow treatment were also implanted in the same man
ner in 8 dogs. Macroscopically the treated graft wall ap
peared red in color; however, there was no thrombus 
deposition on the surface. Light microscopic observation 
revealed that the treated grafts were completely lined 
with endothelial cells at 3 weeks. The neointima was uni
form without intimal hyperplasia at the anastomotic sites.

Inside the graft wall many capillary blood vessels were 
observed. At 3 months moderate intimal hyperplasia 
throughout the graft with complete endothelialization was 
observed. In the control grafts, endothelialization was ob
served at the anastomotic sites; however, half of the other 
areas were covered with a fibrin layer devoid of endothe
lial cells even in the 3-month grafts. These results indi
cated that neointima formation was effectively acceler
ated with the autologous bone marrow transplantation, 
but moderate intimal hyperplasia throughout the graft 
was inevitable in e-PTFE grafts even after complete en
dothelialization. Key Words: Bone marrow transplanta
tion—Endothelial cell—e-PTFE graft with long fibrils— 
Vascular prosthesis—Neointima—Intimal hyperplasia.

Commercially available expanded polytetrafluo
roethylene (e-PTFE) grafts with 30 p,m of fibril 
length do not show neointima formation except at 
he anastomotic sites (1-3). Arterial cells at the 

anastomoses are the only source of intimal cells. 
Endothelial cells grow along the luminal surface 
from the suture line, followed by an underlining of 
smooth muscle cells (3). It was believed that these 
smooth muscle cells proliferate to produce an inti
mal hyperplasia with some stimulation such as 
platelet-deprived growth factor (PDGF) (4). With an 
e-PTFE graft with long fibrils, some possibilities 
exist for endothelialization with transmural capillar
ies originating from the surrounding granulation tis
sue (3,5); however, they were not always con
firmed, and frequently these grafts occluded within
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versity, School of Medicine, 3-9 Fukuura, Kanazawa-ku, Yoko
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24 h (6,7). Accordingly most of the luminal surface 
of e-PTFE grafts was covered with fresh thrombus 
or with a thin layer of fibrin. These are the major 
problems with e-PTFE grafts. In this paper the 
e-PTFE graft with long fibrils transplanted with au
tologous bone marrow was evaluated as a graft that 
can overcome these problems.

MATERIALS AND METHODS 

Preparation of the graft
As the basic matrix, e-PTFE grafts with a fibril 

length of 60-150 |xm (average 90 |xm) were used as 
the basic matrix for this experiment. The graft was 
specially donated from the Vascular Group, Baxter 
Healthcare, Vascular Systems Division (Irvine, 
CA). Autologous bone marrow was obtained from 
the iliac bone of experimental dogs by a needle 
puncture kit under general anesthesia. To obtain 
sufficient bone marrow, a small sharp spoon was 
required to scrape off the spongy substances of the
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proximal to the distal area to observe the entire 
length of the graft in sequence. These series of spec
imens were treated in the following manner. The 
specimens were fixed with 1% glutaraldehyde in 
phosphate buffer, 0.2 mol/L, pH 7.4. These tissues 
were embedded in a hydrophilic resin (Technovit 
7,100, Kulzer & Co. GmbH, Friedrichsdorf, Ger
many). Sections were stained with hematoxylin and 
eosin, the peroxidase antiperoxidase (PAP) method 
for the staining of Factor VIII of endothelial cells, 
and Von Kossa’s stain for detection of calcification 
of the neointima.

In vivo culture test
In order to examine the viability of the seeded 

bone marrow, cells in the tissue suspension after 
enmeshing were cultured in vivo using a standard 

) cell culture system with 10% calf serum in a 5% C02 
incubator. Cell migration and proliferation were ob
served for 10 days.

RESULTS

)

Preparation of the graft
The procedure to create the bone marrow suspen

sion was simple. The e-PTFE graft used as the basic 
matrix of the treated graft was very soft and pliable 
due to the special mechanical characteristics cre
ated by the long-fibril lengthened framework. The 
procedure of the bone marrow sieving into the graft 
wall was also easy and took about 15 min on the 
surgical table. After several repeated injections of 
the suspension through the graft wall, multiple tiny 
tissues of the bone marrow were trapped in the 
e-PTFE graft wall. These trapped tissues were 
firmly fixed and could not be washed away by flush
ing the luminal surface of the prosthesis. After this 
treatment, the graft became reddish with the im
pregnated bone marrow, but the graft maintained 
the elasticity of the original e-PTFE graft.

wet and looked like a hydrous autologous tissue 
tube containing bone marrow and blood compo
nents. The cut edge of the treated graft wall was 
also soft and pliable and approximately 0.6 mm in 
thickness, which was similar to that of the natural 
aortic wall of the experimental animal. Conse
quently, fitting and suturing to the aortic wall was 
easy, and almost no leakage of blood was noticed at 
the suture line or the suture holes. Immediately af
ter the blood vessel clamps were released, the graft 
turned completely red, and a small amount of blood 
leaked through the graft wall. However, this bleed
ing stopped spontaneously within 1 min. There 
were no postoperative complications associated 
with the treated grafts.

In the control graft, there was a small amount of 
bleeding at the anastomotic line and the suture 
holes. But the bleeding was controllable. Through 
the control graft wall, a certain amount of bleeding 
continued. It required 5 min to repeat a procedure 
of clamping and declamping the aorta several times 
to stop the bleeding throughout the graft wall. Even 
after the bleeding stopped, a very small amount of 
blood “sweating” through the graft wall was seen 
continuously.

Graft removal
All of the animals with graft implantation looked 

healthy during the observation period; however, 
chronic ileus symptom with a distended abdomen 
due to intestinal adhesion was noticed in 1 animal 
with a treated graft. It survived during the observa
tion period; however, for the treated grafts, 4 out of 
10 were retrieved at 3 weeks after implantation. 
One of them was occluded, and the other 3 were 
patent. The other 6 grafts were explanted at 3 
months. All of them were patent. As for the control 
graft, 3 grafts were removed at 3 weeks, and the 
other 5 grafts were retrieved at 3 months. All of 
them were patent.

Graft implantation
The mechanical properties and the handling of 

the treated grafts did not show any differences com
pared with those of the control grafts. Both were 
soft and pliable. They could be elongated easily in 
the longitudinal direction, but no tendency of graft 
dilatation was observed. The suturing with an atrau
matic needle presented no difficulties. There was no 
bleeding problem through the suture holes of the 
treated grafts; however, in the case of the controls, 
a small amount of bleeding through the suture holes 
continued. It was stopped within 3 min by fingertip 
pressure.

Compared with the control, the treated graft was

Macroscopic appearance
The treated grafts removed at 3 weeks were dark 

red in color along the entire luminal surface, but 
there was no fresh thrombus observed (Fig. la). 
The graft wall was soft and pliable. There was no 
unusual adhesion, hematoma, seroma formation, 
inflammatory reaction, or scar tissue around the 
graft wall. One occluded graft was hard along the 
entire graft and dark brown in color. Its lumen was 
completely occupied with connective tissue, but 
there were no inflammatory reactions either inside 
or outside the graft. At 3 months, the luminal sur
faces of the treated grafts were still red in color, but 
the degree of the redness decreased compared with
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In vitro cell culture study
The bone marrow cells obtained from the suspen

sion after the sieving procedure were cultured in 
vitro without any difficulties. They made some col
onies of bone marrow tissue such as erythroblasts, 
granulocytes, endothelial cells, and fibroblasts. 
They grew without any suppression with each other 
for 10 days of the observation period.

DISCUSSION

Autologous tissue fragments transplantation
From the results it is obvious that the autologous 

bone marrow fragment transplantation in the 
e-PTFE graft with long fibrils accelerated the 
neointima formation effectively. Since an ordinary 
e-PTFE graft is not endothelialized except at anas
tomotic sites (1,2), this method had a remarkable 
advantage for endothelialization. Bone marrow 
cells were tough enough (9) and could survive dur
ing the sieving procedure and after the graft implan
tation and induced complete endothelialization 
throughout the graft within a short period of 
time.

We had developed an original method to acceler
ate the endothelialization of a fabric vascular pros- 
theses by transplantation of chopped autologous tis
sue fragments (8,10), but the method was not 
applicable in e-PTFE grafts. Tissue fragments 
chopped with scissors were too large to impregnate 
the interstices of the grafts. Another problem we 
faced was a source of the autologous tissue frag
ments. First, we started the method with a piece of 
autologous venous tissue (10), but the source of the 
venous tissue was limited. Second, we used an ad
ipose tissue (11,12), but the adipose tissue varied in 
each case, i.e., age, sex, nutritional condition, and 
other complications such as diabetes mellitus. Con
sequently, two problems exist. To obtain more tiny 
fragments at the cellular level and to obtain more 
active cells for transplantation even from an aged 
patient should satisfy the original method.

With bone marrow we could produce a cellular 
level tissue suspension without chopping, and it al
ways contains active numerous undifferentiated 
mesenchymal cells (9,13) which can differentiate 
into various kinds of cells and can produce many 
kinds of cytokines at the location and environment 
where they are situated. These tissue fragments 
were entrapped in the interstices of the specially 
expanded-PTFE graft wall. The washing of the lu
men to remove excessive free fragments eliminated 
the possibility of unexpected microemboli.

Bone marrow has already been applied to pro
duce new organs in orthopedic surgery. Ohgushi 
and his associates (14,15) implanted marrow cells 
with porous hydroxyapatite and tricalcium phos
phate into a rat subcutaneous connective tissue 
layer to induce ectopic bone formation. The hy
droxyapatite showed osteogenic ability in the pres
ence of marrow cells. Bone marrow tissue has the 
potential to create some new organs if they are 
transplanted in suitable conditions.

e-PTFE graft with long fibrils 
In the 1970s, an optimal fibril length of e-PTFE 

grafts was discussed (6,7,16); however, reevalua
tion of the fibril length has recently become a con
troversial issue (3,5,17,18). Especially for the pur
pose of endothelial cell seeding onto e-PTFE graft 
(19,20), the currently available grafts of 30 gm have 
pores too small to anchor the cells. Basically, PTFE 
has a nonadhesive properties to prevent not only 
thrombus adhesion, but also cell adhesion (21). To 
give flexibility to the PTFE tube, it was expanded 
thereby giving numerous internodular spaces. If the 
fibril length is highly expanded, the total surface of 
PTFE area on the luminal surface of the graft will 
decrease, resulting in a reduction of the nonadhe
sive properties against thrombus. However, the 
graft will obtain a new advantage, i.e., neointima 
anchoring, since numerous large bundles of tissue 
penetrating through the graft wall can bind the 
neointima to the adventitial tissue (6). In the current 
experiment, an —90 |xm e-PTFE graft was used to 
give enough anchoring spaces for the bone marrow 
enmeshing; therefore, the nonthrombogenic prop
erty of the graft should be low compared with that 
of a 30 |im e-PTFE graft. However, some advan
tages of an e-PTFE graft with long fibrils were ob
served in the control graft without bone marrow 
transplantation. Even in the center area of the graft, 
some isolated endothelialized areas were noticed. 
We did not observe any capillary blood vessels pen
etrating through the graft wall; however, these en
dothelial cells might bring through the transmural 
capillaries originating from the adventitia side (3,5). 
Another advantage was the thickness of the fibrin 
layer. At 3 weeks the thickness ranged from 100- 
300 |xm, but at 3 months it became thin (10-100 
(xm). The thin fibrin layer was ready to be endothe
lialized, and about half of these areas had been cov
ered with endothelial cells.

Intimal hyperplasia at anastomosis 
Hump formation (development of distal anasto

motic intimal hyperplasia) (22) was not present in 
the treated grafts nor in the control grafts. We ob-
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served pannus ingrowth from the host aortic wall 
beyond the suture line, but they were formed to 
make the luminal surface smooth between the host 
aorta and the graft. The observation period was too 
short to discuss the future hyperplasia at the anas
tomotic sites, but from these results, there were no 
differences between the anastomotic sites and the 
center areas related to the intimal hyperplasia.

We believe that one of the causes of the humps is 
the separation of the pannus from the e-PTFE graft 
surface. Compliance mismatch is also one of the 
causes (23). However, since PTFE has a tendency 
to separate from the surrounding tissue, detach
ment has a baneful influence upon the stability of 
the tissues on an e-PTFE graft. In case of a highly 
porous fabric graft, the anchoring of the pannus is 
strong enough to be separated from the graft sur
face. After implantation endothelial cells proliferate 
and connect each other to cover all the luminal sur
face that contacts the blood stream. It is a kind of 
mother nature of endothelial cells. Therefore, at the 
suture line, pannus covered with endothelial cells is 
always extending toward the graft surface. In an 
ordinary 30 p,m e-PTFE graft, neointima formation 
is limited to the pannus at the anastomotic sites. 
Therefore, the intimal hyperplasia or pannus hyper
plasia always means hump formation at the anasto
motic sites. Since the anchoring of the pannus to the 
ordinary 30 |xm e-PTFE graft surface is poor (6,7), 
the pannus always tends to detach, resulting in a 
thrombus formation in the space produced between 
the pannus and the graft surface. Smooth muscle 
cell migration from the host artery into the throm
bus is quite possible due to platelets derived growth 
factor (PDGF) (4) in the thrombus layer. With the 
migration of smooth muscle cells, the thrombus 
layer was organized but was still in an unstable con
dition for the next detachment. Repeated thrombus 
formation in the detached area will always supply 
PDGF into the pannus even if the pannus were com
pletely endothelialized to prevent platelet infiltra
tion from the luminal surface, resulting in hump for
mation at the anastomotic site.

In the current experiment we used a 90 p,m 
e-PTFE graft which offers enough anchoring area to 
the pannus. Even if PTFE tended to separate from 
the connective tissue (as shown in the results sec
tion), large bundles of tissue containing fibroblasts 
and collagen fibers penetrating through the inter
stices of the long-fibril lengthened PTFE graft wall 
can anchor the pannus to the graft and to the tissue 
in the adventitia. Fibroblasts, infiltrated into the in
terstices of the graft, produced collagen fibers, 
which were the strongest framework for the anchor

ing. This is the reason both the treated graft and the 
control did not show hump formation at the anas
tomosis.

Intimal hyperplasia throughout the graft
In this study thin but intimal hyperplasia was ob

served throughout the graft surface retrieved at 3 
months. It was uniform and smooth. In the 1960s it 
was believed that a thick initial thrombus formation 
would lead to a thick neointima formation (21,24,
25). However, from our previous experiment, the 
initial thrombus became a thin fibrin layer within 2 
days after implantation, and then another red 
thrombus was produced on the surface to become a 
thick thrombus formation (26). It was believed in 
general that after endothelialization, the thickness 
of the neointima decreased in time; however, in the 
current experiment, we could observe very rapid ) 
endothelialization followed by moderate intimal hy
perplasia throughout the graft wall. This evidence 
refutes the hypothesis that the areas with endothe
lial cell injury or endothelial cell defect can accel
erate macrophage adhesion and platelet infiltration 
resulting in the intimal hyperplasia on the arterial 
wall (27).

From our previous experience, a biological vas
cular prosthesis obtained from an animal artery and 
crosslinked with a polyepoxy compound graft did 
not show intimal hyperplasia, and the graft wall was 
soft and compliant (28). A graft made of polyure
thane also showed a low rate of intimal hyperplasia.
Miwa et al. (29) demonstrated less intimal hyperpla
sia at the anastomotic sites in cases of compliant 
polyurethane grafts, but we think his data also in
dicate less intimal hyperplasia throughout the graft. 
Moreover, an extremely porous fabric vascular 
prosthesis did not show any intimal hyperplasia, ) 
and the graft wall was also sufficiently compliant 
(30). For aortacoronary bypass grafting, vein grafts 
showed a high rate of intimal hyperplasia but less in 
the case of arterial grafts (31,32). These results are 
similar to those observed in the case of arterioscle
rosis. In young people the arterial wall is soft and 
compliant, and the wall does not have any intimal 
hyperplasia, but in older people, the artery loses 
elasticity, and the intimal hyperplasia starts to ac
celerate arteriosclerosis.

From this evidence, it is speculated that the inti
mal hyperplasia throughout the graft wall was cor
related with the compliance of the graft wall. Endo
thelial cells on the neointima of a less compliant 
graft wall might provide a greater opportunity for 
injury, resulting in production of a PDGF-like pro
tein (33). Since the e-PTFE graft is flexible but less
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compliant in the circumferential direction, moder
ate intimal hyperplasia throughout the graft wall 
may be inevitable in e-PTFE grafts even after com
plete endothelialization.
Further application of the method

The bone marrow transplantation was easy to 
perform without a special technique, instruments, 
or facilities. The graft was completely endothelial- 
ized within a short period of time. Although further 
investigation with long-term observation is war
ranted, intimal hyperplasia was minimal. The bone 
marrow transplantation into the e-PTFE graft with 
long fibrils might be applicable as a small diameter 
vascular prosthesis. The only problem in this stage 
will be the high thrombogenic property of the graft 
after enmeshing of the bone marrow. The fibril 

j length was very long; therefore, the graft was 
thrombogenic itself. Moreover, bone marrow tissue 
is not antithrombogenic. During the first 3 weeks of 
the term of full endothelialization therefore, we 
need a temporally antithrombogenic graft and anti
coagulant therapy to prevent the thrombus forma
tion.

CONCLUSION
In conclusion the e-PTFE graft transplanted with 

bone marrow showed rapid and uniform neointima 
formation and maintained patency without intimal 
hyperplasia at the distal anastomotic sites, indicat
ing that the method may overcome the problems 
that we are facing with the e-PTFE graft in general. 
However, minimal hyperplasia throughout the graft 
wall may be inevitable in e-PTFE grafts even after 
complete endothelialization.
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Guest Editorial

Progress and Problems in the Development of 
Vascular Prostheses

After Voorhees’ use of a synthetic fabric tube as 
a vascular prosthesis in 1952 (1), various kinds of 
synthetic vascular prostheses have been produced. 
Creech et al. reported in 1957 that Dacron and 
Teflon are suitable raw materials for implantable 
vascular prostheses due to their biostability and 

) nontoxicity (2). In the 1960s, Wesolowski, who pro
posed the “porosity hypothesis,’’ and other earnest 
researchers clarified the healing process of vascular 
grafts using animal and clinical data (3). We
solowski found that highly porous grafts will have 
complete and rapid neointima formation without de
generative changes. All the vascular prostheses 
produced thereafter have been influenced by this 
hypothesis. In 1972, e-PTFE grafts were introduced 
(4,5). In the 1970s, an autologous tissue tube was 
used (6,7). In 1986, a fabric graft made of ultrafine 
polyester fibers was introduced (8). Chemically 
treated biological grafts with glutaraldehyde, dial
dehyde starch, or hydrophilic polyepoxy com
pounds (9) were also introduced in this field. Re
cently, fabric prostheses coated with biodegradable 
materials such as collagen and gelatin have been 
introduced in clinic.

After these activities, a variety of knitted and wo- 
) ven fabric grafts, e-PTFE grafts, coating grafts, and 

biological grafts have been developed and have be
come available for clinical use. Today, worldwide 
more than 20 companies are producing more than 50 
kinds of vascular prostheses. Now we can choose 
any of them as the most appropriate one for each 
patient case. However, how we select one of them 
as the best vascular prosthesis for each case in 
clinic is a problem. With such a vast number of 
available grafts, there should be the best one, the 
second best, the third, . . . , and the worst one. Do 
we have enough data to understand the tremendous 
numbers of vascular grafts in detail perfectly for the 
appropriate selection?

In clinic, we select a certain one for each case 
from several available vascular prostheses, but it is 
always with very little information. Our individual 
knowledge is limited and different from each other.

In the world, a large number of vascular prostheses 
are implanted with very little information on graft 
performance characteristics. It is feared that we 
might be evaluating the vascular prosthesis using 
patients like animal experiments: with a poorly or
ganized database on a large number of prostheses 
and very low overall efficiency. Who would put to
gether and publish this as one study? Someone 
should organize all the data related to the vascular 
grafts including their advantages, disadvantages, 
special properties, nonspecific characteristics, etc., 
in detail with an unbiased view for the user’s deci
sion. Public organizations such as the FDA are try
ing to accumulate such data. They set certain guide
lines for safety and efficacy, but it is impossible for 
them to explain everything in detail.

We implant a large number of vascular prostheses 
in clinic, but we have not understood what is hap
pening to the grafts in the patient’s body after im
plantation. This is the second problem. Sometimes, 
we have opportunities to see the grafts at autopsy or 
in surgery in the case of reoperation for graft- 
related complications. These findings show some 
phases of the healing process, but they are not 
the entire healing process of each vascular graft. 
We need to have enough knowledge related to the 
condition of the graft after implantation in de
tail. In clinic, these findings are limited. Therefore, 
we have to obtain these real findings from animal 
experiments even though the healing process is dif
ferent in each species (10). It is possible to obtain 
some information related to some advantages and 
special characteristics of grafts from their makers 
and on side effects and complications from clinical 
reports, but this information is fragmented insuffi
cient. We are also unable to reorganize this infor
mation into a useful, clear, and concise format 
because of our poor previous, disorganized infor
mation.

Another problem with data obtained from animal 
experiments is that there is not sufficient informa
tion available that would predict the life-time per
formance of the vascular prosthesis. For example,
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sometimes the animal results show unexpected phe
nomena. These unusual occurrences cannot be 
merely regarded as a fluctuation, but unfortunately 
researchers do not have enough time to search for 
the root cause because of a predetermined sched
ule. Animals never tell a lie. Due to a variety of 
reasons, such as high cost and limited resources, we 
cannot perform long-term animal experiments. We 
regret to say that we have insufficient knowledge to 
understand the real reason behind the apparently 
unusual phenomena in each experimental animal. 
As a result the clinician can only obtain limited 
data, and these unexpected phenomena can occur 
in clinic. There is a great need for an organized 
knowledge base related to vascular prostheses in 
general and in detail.

For example, it has been some time since the 
evidence pointed out that vascular prostheses are 
not healed except to the anastomotic sites (11). We 
still do not know the real reason the midsection 
areas are not endothelialized after such a long pe
riod of time. Other questions also remain unan
swered. Why cannot small diameter vascular grafts 
maintain their patency even with powerful antico
agulant therapy? Why do recent biodegradable ma
terial-coated grafts show unexpected noninfectious 
reactions (12) such as fluid accumulation around the 
grafts? These grafts have been given FDA approval, 
yet these unusual reactions are observed in many 
cases (13,14). Some researchers explained that this 
is due to an immunological response against bovine 
collagen (15). The graft makers explain that they are 
quite rare and are negligible. But the rate of appear
ance of the unusual immunological response against 
purified bovine collagen is extremely low in cases of 
injectable collagen for cosmetic use (16).

In this special issue, we have tried to expand our 
knowledge related to the basic phenomena ob
served in vascular prostheses after implantation. 
First of all, I will explain the healing process of 
neointima of fabric vascular prostheses with vicious 
cycle (fresh red thrombus formation, increasing fi
brin deposition, a decreasing fibrin layer due to fi
brinolysis and its becoming low in density with mul
tiple pores, infiltration of blood components into 
the holes of the fibrin network, and the resulting 
fresh thrombus formation again inside the fibrin net
work) on the luminal surface of the grafts in an an
imal experiment. This evidence will show the 
reader why the vascular grafts do not heal and why 
small diameter grafts occlude despite administra
tion of powerful anticoagulant therapy. The throm
bus is always fresh, and never stops producing the 
next new thrombus. Anticoagulant therapy will ac

celerate the vicious cycle. To arrest the vicious cy
cle, transplantation of autologous tissue fragments 
is the best method. The paper related to the trans
plantation of bone marrow in this issue will show 
the most effective method to overcome these prob
lems. The sealing method of fabric vascular pros
thesis with autologous adipose tissue fragments in 
the manuscript by Drs. Matsumoto and Kajiwara is 
one of the applications of autologous tissue trans
plantation. The readers will appreciate the effec
tiveness of this technology.

Dr. Satoh explains a clinical report of a fabric 
prosthesis made of ultrafine polyester fibers that 
shows no bleeding and is easy to handle without any 
biodegradable material coating. With the coming 
century, many say that the time of micromachining 
and ultrafine technology will arrive. Ultrafine fiber 
technology in the field of vascular prostheses will ) 
have a prosperous future. The ultrafine polyester 
fibers are soft, elastic, and strong and have a special 
property to induce host cell migration resulting in 
acceleration of the neointima. From the biological 
standpoint, host cells want to adhere along the edge 
of materials, and this phenomenon is well known as 
“contact guidance.” It is natural for cells to adhere 
to the edge of materials. Therefore, the ultrafine 
fibers can induce the migration of cells onto the 
fibers very naturally. In future, the fibers will be
come one of the essential materials not only for 
vascular prostheses but also for various kinds of 
implantable artificial organs.

For example, in the case of intervention treat
ment, thin wall grafts made of ultrafine polyester 
fibers will become the essential prostheses. Dr. No- 
jiri will show the possibility of an antithrombogenic 
polymer graft without endothelialization. This tech
nology also has great potential to create a perma- ) 

nent antithrombogenic surface with synthetic mate
rials. Due to endothelial cell aging, it is impossible 
for a graft to be endothelialized from the anasto
motic sites throughout the graft wall. Approxi
mately 70 cell divisions make the cell old enough 
(17). Therefore, endothelialization from the anasto
motic sites are actually impossible. We need a 
nonthrombogenic surface on a small diameter graft 
without endothelialization in the case of some syn
thetic grafts. Dr. Ninomiya discusses long-term pa
tency of biological grafts in clinic and will explain 
how good the biological materials are. In general, 
biological materials obtained from animals have 
unique and special properties microstructurally, 
mechanically, hemodynamically, and biochemically 
that cannot be simulated by any currently available 
technology. Therefore, biological materials have a
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great potential to be used as raw materials for 
implantable artificial organs. However, many bio
logical materials have been treated with glutaralde- 
hyde which is very cytotoxic. Host cells cannot mi
grate inside the graft wall. Dr. Ninomiya used the 
less toxic and hydrophilic cross-linker “polyepoxy 
compound’’ instead of glutaraldehyde for his 
group’s graft preparations. Dr. Okoshi explains a 
new hypothesis related to the porosity of vascular 
prostheses using very small diameter grafts in a rat 
model. He explains how important the porous 
structure is in vascular grafts in general. His hy
pothesis is independent from that of Dr. We- 
solowski (3). Dr. Tomizawa shows the vascular 
prostheses for aortocoronary bypass grafting and 
explains how difficult it is to create a new vascular 
prosthesis.

) With these unique papers, I am sure the readers 
will obtain a limited but reorganized knowledge of 
vascular prostheses to make a judgment for selec
tion of the best graft from a large number of 
choices. As our reorganized knowledge is increas
ing, some vascular prostheses currently commer
cialized will survive for clinical use, and some will 
disappear.

In the 21st century, we expect that newly pro
duced vascular prostheses will have special proper
ties that can induce a healing ability of host cells. 
Many cytokines, growth factors, tissue fragment 
transplantation technology, and gene technologies 
will be used to accelerate the neointima formation. 
Some high technologies in polymer science will be 
introduced to prepare the framework of vascular 
prostheses since special matrices made of unique 
polymers can change the environments of residence 
areas of host cells resulting in induction of new or- 

)gan formation using the nature of these cells. All of 
these manipulations with materials, cytokines, and 
gene treatments will only be possible within the lim
itation of the provisions of nature, while taking ad
vantages of the dispensation of nature, as ultrafine 
polyester fibers offer a suitable matrix for cell mi
gration and proliferation resulting in acceleration of 
neointima formation.

Another great difference will be expected in the 
procedure of vascular prosthesis implantation. In
terventional therapy (18) will become more popular. 
A very high percentage of graft implantations will 
be performed by this method. As in the case of 
cancer therapy, the effort of early diagnosis and 
early treatment has reduced cancer deaths mark
edly in the last two decades. In the case of vascular 
surgery, early diagnosis and early treatment with 
interventional or very simple and safe treatment

will change the concept of the treatment of vascular 
disease.

I would like to thank Dr. Yukihiko Nose, who 
offered me the opportunity to edit a special issue of 
Artificial Organs about vascular prostheses. Fur
thermore, I would like to thank Mrs. Joanne Elser 
for her help in editing this issue. I hope all of the 
readers can understand the most advanced informa
tion and create their own reorganized database for 
the selection of the best vascular prosthesis for each 
case in clinic, and I hope this issue will help to 
increase our knowledge about artificial organs for 
the coming century.

Yasuharu Noishiki, M.D., Ph D. 
Yokohama City University, School of Medicine

Yokohama, Japan
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The Vicious Cycle of Nonhealing Neointima in Fabric
Vascular Prostheses
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Abstract: Delayed neointimal healing of a fabric vascular 
prosthesis was investigated in an animal study focusing 
on the relationship between red thrombus, fibrinolysis, 
and endothelialization on the luminal surface. Fabric vas
cular prostheses were implanted into the descending aor
tas of 72 dogs. Fifty-nine grafts were explanted from 1 h 
to 1,705 days after implantation. One hour after implan
tation, the graft wall was red in color due to fresh throm
bus; however, at 1 day the luminal surface became white. 
Red thrombus reappeared at 1 week and remained 
present in the long-term. Microscopically the initial red 
thrombus contained numerous erythrocytes. The white 
thrombus at 1 day was composed of a dense fibrin net
work without erythrocytes. At 2 days numerous lacunae 
appeared in the fibrin layer, and at 3-5 days cavernae and 
low density fibrin areas were present secondary to fibri
nolysis. These areas allowed the blood components to 
infiltrate into the fibrin layer, and as a result red thrombus

reformed within it. The thrombi on the luminal surface in 
the long-term was always red in color and composed of 
complicated, multiple stages of thrombus formation, i.e., 
fresh thrombus with erythrocytes, dense fibrin without 
erythrocytes, low fibrin density areas, lacunae and cav
ernae in the fibrin layer, and blood component infiltration 
into these spaces. Thrombus was always newly formed 
and present, and involuted in parallel due to fibrinolysis, 
suggesting that these phenomena perpetuated in a vicious 
cycle. However, at the anastomoses fibrinolysis was 
present, but blood component infiltration was prevented 
by the endothelial cell lining. These results suggest that 
endothelialization may arrest the vicious cycle of non
healing neointima in fabric vascular prostheses. Key 
Words: Vascular prosthesis—Neointima—Vicious cycle 
in the neointima formation—Fibrinolysis—Endothelial 
cell—Incomplete healing of vascular prosthesis.

Neointima formation of vascular prostheses in 
humans is extremely delayed (1). Most grafts never 
endothelialize (2), and their inner surface is covered 
with thrombus long after implantation (3-6). The 
cause of this delay has not been clarified, and even 
in animal studies, complete endothelialization along 
the entire luminal surface is not always present (7). 
Highly porous fabric vascular prostheses are ex
pected to have rapid healing (8); however, neointi
mal formation is also delayed except at the anasto
moses (9,10). This study was designed to assess the 
process of neointimal formation in an animal model, 
and we observed that the newly formed red throm
bus on the graft surface was always present and
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involuted in parallel due to fibrinolysis. The rela
tionship among thrombus formation, fibrinolysis, 
and the role of the endothelial cell lining was exam
ined.

MATERIALS AND METHODS 

Vascular prosthesis
A highly porous fabric Dacron vascular prosthe

sis (MILLIKNIT, Golaski Lab., Inc., PA; Water 
porosity: 3,000 ml/cm2/min at 120 mm Hg) was pre
clotted with fresh blood using a modification of the 
four-stage Sauvage technique (11) (heparin was not 
used during the fourth stage).

Implantation of the graft
Seventy-two adult mongrel dogs of both sexes 

(8-12 kg), underwent graft implantation (internal di
ameter, 7 mm; length, 5.7 cm) in the descending

7
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aorta. Animals were anesthetized with 8-12 cc of 
intravenous pentobarbital (2.5% solution) and intu
bated. The chest was entered via a lateral thoracot
omy in the fifth intercostal space. The descending 
aorta was exposed and mobilized sacrificing 5 pairs 
of intercostal arteries. A 5 cm segment of the aorta 
was resected and replaced by the preclotted fabric 
prosthesis without any temporary external bypass 
(12). A continuous suture technique with 5-0 Tev- 
deck (Deknatel of Pfized Products Group, Inc., Flo
ral Park, NY) was used. During the operation, an
tibiotics (1 g of penicillin) were administered into 
the pleural cavity, but no anticoagulants were used 
at any time. Any dog that did not survive for 24 h 
was excluded from the study and replaced. Any 
dogs that died from unassociated diseases were ex
cluded from the study. All grafts were explanted on 
a predetermined postoperative day (1 h to 1,705 
days after surgery) as demonstrated in Table 1. All 
animal care was in compliance with the “Principles 
of Laboratory Animal Care” formulated by the Na
tional Society for Medical Research and the “Guide 
for the Care and Use of Laboratory Animals” pre
pared by the National Academy of Sciences and 
Published by the National Institutes of Health (N1H 
publication No. 80-23, revised 1985).

Explantation of the graft
Animals were divided into 6 groups to observe 

neointima formation at various times. The first 
group was explanted between 1 h and 14 days to 
observe initial thrombus formation and its absorp
tion. The second group was explanted between 15 
days and 2 months to observe initial cell infiltration 
into the fibrin layer. The third group was explanted 
between 3 and 6 months to observe neointima for
mation. The fourth group was explanted between 7

TABLE 1. Animal number and the observation period 
of each group

Group 1 1 h to 14 days (12 dogs)
1 h, 1 h, 1 day, 1, 2, 3, 5, 7, 8, 10, 12, 

and 14 days
Group 2 15 days to 2 months (12 dogs)

15, 16, 18, 20, 25, 30, 34, 44, 47, 56, 63, 
and 65 days

Group 3 3-6 months (10 dogs)
93, 94 , 98, 103, 103, 104, 122, 141, 168, 

and 187 days
Group 4 7-12 months (11 dogs)

209, 216, 233, 249, 252, 261, 273, 291, 294, 
297, and 340 days

Group 5 1-3 years (11 dogs)
373, 378, 416, 435, 498, 573, 671, 783, 828, 

874, and 988 days
Group 6 more than 3 years (3 dogs)

1,188, 1,240, and 1,705 days

and 12 months to observe the stable neointima. The 
fifth group was explanted between 1 and 3 years to 
observe the neointima over the long term. The last 
group was explanted later than 3 years to observe 
the degenerative changes of the neointima. There
fore, all grafts were explanted from 1 h to 1,705 
days after implantation. Before harvesting, heparin 
sodium (100 IU/kg) was administered intravenously 
to prevent clotting. All the specimens were rinsed 
with saline solution to remove excess intraluminal 
blood and were inspected macroscopically. The 
kidneys of each animal were resected and examined 
for fresh trapped microemboli.

Histological examination
For light microscopic observation, 4 mm wide 

sections of the prostheses were cut longitudinally 
from the proximal to the distal anastomoses. Each 
sample was cut into 7 pieces, and identification 
marks were placed to observe the entire length of 
the graft in sequence. The specimens were fixed 
with 1% glutaraldehyde phosphate buffer (0.2 mol/ 
L, pH 7.4) and embedded in a hydrophilic resin 
(JB-4, Polyscience, Inc., Warrangton, PA). Sec
tions were stained with hematoxilin and eosin, PAP 
Method of Factor VIII of endothelial cells, and Von 
Kossa’s stain for detecting calcification of the 
neointima.

RESULTS

Graft implantation
Graft implantation was performed without major 

complications. The occlusion time of the descend
ing aorta was less than 15 min in all cases, and the 
average was 12 min. There were no bleeding com
plications prior to chest closure; however, 5 out of 
72 animals (6.9%) bled to death into the pleural cav
ity within 24 h of implantation. These prostheses 
demonstrated red thrombus adhesion on their walls 
at implantation that disappeared from the graft wall 
at explantation. Therefore, 5 additional implanta
tions were performed. No animal had a neurological 
complication following surgery. Four animals died 
within 2 weeks from graft infection, and 9 died at 
40, 84, 103, 297, 616, 845, 1,229, and 1,956 days of 
unassociated diseases. The remaining 59 animals 
were evaluated for the study.

Macroscopic aspects
At the time of explantation, all the grafts were 

patent, and their walls were very soft and pliable. 
The grafts from the first group were obtained from 
12 dogs (1 h—14 days). The inner surface of the graft 
at 1 h was covered with fresh red thrombus (Fig.
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ties of erythrocytes would cause the graft’s surface 
to change from red at 1 h to white by 24 h. From 
these observations, we can assume that a red 
thrombus containing numerous erythrocytes in an 
arterial graft is very fresh.

Multiple lacunae with a small number of leuko
cytes and macrophages were observed by the sec
ond day. The fibrin network was dissolved by pro
tease secreted by these cells, resulting in lacunae 
formation with fibrinolysis. By 3-5 days, low den
sity fibrin and fibrin-free areas (cavernae) appeared 
in addition to the small lacunae, and the fibrin net
work had obviously disappeared. These areas were 
created by fibrinolysis, starting from the lacunae, 
which allowed plasminogen to circulate easily and 
penetrate into the fibrin network. The activated 
plasmin dissolved fibrin to produce the low density, 
translucent areas and the cavernae. At this time, 
both the thickness and density of the fibrin layer 
had remarkably decreased on the lumen. Fibrinoly
sis is a physiologic phenomenon occurring in any 
thrombus in the native arterial system; however, it 
causes the thrombi on fabric prostheses to develop 
the very complicated features observed in this 
study.

Protracted healing started during the second 
week, during which various appearances of the 
thrombi were observed, i.e., fresh thrombus forma
tion with erythrocytes, erythrocytes disappearance 
from the fibrin network, a dense fibrin network 
without erythrocyte, low density areas in the fibrin 
layer, cavernous formation with blood component 
infiltration into these spaces, and the formation of 
new thrombus in the fibrin layer. These various 
stages of the healing process were concurrently 
present within the same graft due to continued fi
brinolysis. The spaces produced by fibrinolysis al
lowed the infiltration of blood components within 
the fibrin layer due to the high blood pressure of the 
arterial system; new bleeding occurred within the 
graft wall, and new thrombus began to form. This 
sequence was always observed within all thrombi in 
the specimens obtained after 2 weeks. This phe
nomenon created a vicious cycle as the cavernae 
created by the active fibrinolysis were formed in 
parallel with fresh intrawall bleeding.

Fresh intrawall bleeding brought the graft back to 
the starting point of neointimal healing. As ob
served at 10 days in Fig. 3f, the fibrin network on 
the graft wall partially disappeared, and blood com
ponents infiltrated into the interstices of the Dacron 
fibers creating a fresh thrombus similar to that seen 
following preclotting. Neointima formation did not 
occur away from the anastomoses after 10 days.

Crack formation within the thrombus layer created 
a medium for intrawall bleeding, and as the cracks 
spread within the thrombus, the bleeding would re
sult in detachment of the thrombus layer. Thrombus 
detachment would then stimulate further thrombus 
formation and distal microemboli. (While thrombus 
detachment was obvious from the graft’s appear
ance, we saw no microemboli in the kidneys of 
these animals.) The macroscopic appearance of the 
graft surfaces correlated with these microscopic ob
servations. The thrombus layer on the graft surface 
became thick and rough over time as shown in Figs.
1 and 2. In this vicious cycle, neointima formation 
cannot occur. The vicious cycle started on the sec
ond day with the infiltration of leukocytes into the 
fibrin layer and was followed by fibrinolysis at 3-5 
days.

Anticoagulant or antithrombogenic therapy may 
accelerate fibrinolysis and increase intrawall bleed
ing, thereby perpetuating the vicious cycle. In pa
tients, some grafts demonstrate excellent short
term patency, but occlude 1-4 weeks after im
plantation even with a powerful anticoagulant. 
These grafts might be experiencing the vicious cy
cle we observed in this study.

At the anastomoses, endothelial cells migrated 
from the host aortic wall, creating a white surface 
free of bleeding into the fibrin layer even after fibri
nolysis occurred as shown in Fig. 5e. The endothe
lial cell lining prevents blood leakage into the wall, 
and under the protection of the endothelial cells, 
fibrinolysis occurred naturally. With this fibrinoly
sis, the healed neointima became thin compared 
with the thick fibrin layer present in the early 
stages. In eliminating the vicious cycle, rapid en- 
dothelialization on the luminal surface was most ef
fective.

Endothelial cells are derived from host blood ves
sels either from the suture line (common) or from 
capillary ingrowth (rare) (8,9). In the specimens ob
tained at 44 and 47 days, the isolated white areas in 
the middle of thrombus might have been introduced 
by capillary ingrowth. When numerous fibroblasts 
infiltrate into the luminal fibrin layer of an im
planted graft, capillary blood vessels follow (natural 
angiogenesis). However, it takes a significant 
amount of time for fibroblasts to migrate into the 
luminal fibrin layer through the Dacron fiber inter
stices.

Endothelial cell division is limited due to cell ag
ing (20-22). The cells extending from the suture line 
cannot produce enough cells to cover the entire sur
face of the prosthesis so the endothelial lining is 
limited to the anastomoses. As a result most of the
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graft surface remains covered with a complicated 
thrombus layer. In this study the entire luminal sur
face of one graft at 56 days was completely endot- 
helialized, but many others did not endothelialize 
even after 3 years. The grafts at 1,240 and 1,705 
days showed complete endothelialization without 
any degenerative changes; however, it is uncom
mon to see complete endothelialization even after 5 
years in humans. Even with highly porous prosthe- 
ses (8), complete endothelialization is rare.

Natural healing with endothelialization can only 
occur after the vicious cycle has been eliminated, 
and to eliminate the vicious cycle, introduction of 
endothelial cells into the graft wall is essential. En
dothelial cell seeding methods have been reported 
during the last decade (23-25). These attempts have 
met with limited success thus far because the 

^eded cells frequently wash off due to high arterial 
flow following implantation. Some studies have 
demonstrated favorable results (26), but most re
main inappropriate for general use due to special 
cell culture techniques and facilities. These tech
niques are also not available for emergency use 
since the cell cultures require an extended period of 
time to grow. Complete endothelialization on a fab
ric vascular prosthesis 2 weeks after implantation in 
a canine study was reported using a method to ac
celerate endothelialization by the transplantation of 
autologous venous tissue fragments into the graft 
wall (27). All the tissue fragments survived to pro
duce multiple colonies of endothelial cells, smooth 
muscle cells, and fibroblasts rapidly forming a sta
ble neointima. This tissue fragment method may be 
the best way to eliminate the vicious cycle of 
neointimal healing and to obtain complete endothe- 
'ialization on a fabric vascular prosthesis.

CONCLUSION

The delayed healing of the neointima on fabric 
vascular prostheses was examined in a canine 
study. Thrombus on the delayed healing areas 
showed a complicated structure containing a fibrin 
network with numerous erythrocytes, a dense fibrin 
network without erythrocytes, and fibrinolysis with 
recurrent thrombus formation in the spaces pro
duced by the fibrinolysis. These appearances were 
observed in all cases with red thrombus formation. 
The thrombus was always involuted due to fibrino
lysis and was perpetuated by intrawall bleeding into 
the spaces produced by the fibrinolysis thereby cre
ating the vicious cycle of nonneointimal healing. 
This phenomenon causes protracted healing of the 
neointima on fabric vascular prostheses, which may

be prevented by early endothelialization of the 
grafts.
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Abstract: A woven fabric graft made of ultrafine polyes
ter fibers (UFPF) (Foray Graft, water porosity: 100 ml/ 
min/cm2:120 mm Hg HzO) was clinically applied in 81 
cases (28 thoracic aortic aneurysms, 6 thoracoabdominal 
aortic aneurysms, 42 abdominal aortic aneurysms, and 5 
atherosclerotic obstructions of the peripheral arteries). 
Eight patients died after surgery due to causes unrelated 
to the graft. The other 73 patients were in good condition 
after surgery. For operations requiring extracorporeal cir
culation, the graft was presealed with human albumin. 
For the abdominal aortic aneurysms, the graft was pre
clotted in situ with nonheparinized autoblood after the 
completion of the proximal anastomosis. It took about 2 
min to complete the preclotting. A nonsealed graft was 
used for the reconstruction of peripheral arteries for the

intraaortic balloon pumping procedure. The graft was 
easy to handle. There was no cut edge fraying problem 
with the graft in any direction of cutting. Even after pre
sealing, the graft was soft and pliable enough to enable 
easy adaptation and anastomosis. Just after implantation, 
bleeding was minimal from the graft wall, anastomotic 
sites, and suture pores, and it stopped spontaneously. 
These clinical data showed that the woven UFPF graft 
exhibited both easy handling despite in spite of low po
rosity and safe application in the reconstruction of arterial 
systems even under totally heparinized conditions during 
extracorporeal circulation. Key Words: Ultrafine poly
ester fibers (UFPF)—Woven structure—Low water po
rosity—Foray graft—Presealing—Extracorporeal circula
tion.

It has been emphasized that ultrafine polyester 
fibers (UFPF) of around 3 (xm in thickness exhibit 

v higher affinity with cells; that is, both in vitro and in 
' vivo studies have revealed that UFPF induced pro

nounced proliferation of fibroblasts on their sur
faces in comparison with conventional polyester fi
bers of around 12 p,m in diameter (1,2). On this 
basis a vascular graft fabricated with woven UFPF 
has been developed (Toray Graft, Tor ay Co., To
kyo, Japan). The graft was tightly woven with spe
cial UFPF, which was veloured both inside the graft 
wall and on its inner and outer surfaces and entan
gled with each other very densely (3). Therefore, 
the graft had low porosity but was still soft and 
pliable like a highly porous knitted fabric prosthe-
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sis. In 1989, the graft became available for clinical 
use with the approval of the FDA (Food and Drug 
Administration) in the U S A. and the Welfare Min
istry of Japan. The graft enables easy handling ow
ing to the soft and pliable characteristics of the 
UFPF and accelerates tissue regeneration by host 
cell migration inside the graft wall as shown in a 
preliminary study with animal experiments (4-7). 
The graft has enough durability for aortic recon
struction and a low water permeability of 100 ml/ 
min/cm2:120 mm Hg H20 and basically does not 
need pretreatment to seal the interstices of the fab
rics to avoid profuse hemorrhage. In our depart
ment, the prostheses have been applied for clinical 
use since 1990 after a preclinical study using an in 
vitro circuit model (8) that showed that the amount 
of blood leakage through the graft wall was not sig
nificantly greater than that of a conventional low 
porosity woven Dacron prosthesis. This report will 
describe our clinical results with the graft and its 
further application.
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nificant clefts on the graft walls. The weak structure 
of this textile fabric should not be ignored. We have 
to take significant risks during use of knitted grafts 
for long periods of implantation.

Recently, another problem was reported with the 
presealed fabric prostheses with collagen and gela
tin (16,17). These prostheses showed unusual in
flammatory responses without any graft infection. 
High amounts of endotoxin were detected from the 
sealants of these prostheses. These unexpected re
actions prevented the neointima formation on the 
prostheses walls, accelerated the peel phenomenon, 
and induced bleeding problems after implantation. 
Collagen or gelatin were believed to have special 
characteristics to arrange a suitable scaffold for cell 
migration and proliferation in general (18,19). How
ever, once they were contaminated with some mi- 

* croorganisms, which grow very rapidly in number 
inside the sealants during the manufacturing pro
cess, high amounts of endotoxin were exhausted 
inside the prostheses wall when they were killed 
during the prostheses sterilization (20).

Another type is the low porosity woven Dacron 
prosthesis. The structure of the low porous woven 
prosthesis is firm enough for long-term implanta
tion. Few cases with formation of pseudoaneu
rysms were reported. In addition, even under ex
tracorporeal circulation, the leakage of totally 
heparinized blood from its wall is minimal. How
ever, the woven Dacron prostheses are very rigid 
and hard to handle. Moreover, low water porosity 
of these prostheses interferes with tissue regenera
tion. A woven Dacron prosthesis of middle porosity 
with collagen coating has been introduced recently 
in this field to minimize the graft stiffness and blood 
leakage through the graft wall; however, the sealant 

) of the prosthesis results in the same situation as that 
of the knitted fabric Dacron prostheses mentioned 
above. During our clinic experience described in 
this paper, the UFPF graft was soft like a highly 
porous knitted prosthesis, although it has a low po
rous woven structure, showed no bleeding prob
lems, and required no troublesome sealing materi
als.

As described above the ideal aortic prosthesis 
should have high durability, easy handling, and high 
affinity with living tissues. To achieve high durabil
ity by avoiding dilatation and shortening of the 
grafts after long-term implantation, woven structure 
is though to be indispensible. We have developed a 
low porosity woven graft made of UFPF of 3 |xm in 
fiber thickness, which contribute softness and pli
ability providing an excellent manipulative quality 
with no cut edge fraying in comparison with those

made of conventional Dacron fibers 12 |xm in diam
eter. It has been emphasized that UFPF has a high 
affinity with living cells. The prosthesis made of 
UFPF also exhibits excellent affinity with living tis
sues. The grafts implanted into experimental ani
mals exhibited a rapid healing process despite the 
rather low water permeability (100 ml/min/cm2) (1). 
These phenomena have been explained by the fol
lowing hypothesis. Cells in general have a special 
affinity with very fine fibers or some sharp edges. 
Cells want to adhere along these fine fibers or sharp 
edges. This phenomenon is known as “contact 
guidance.” It is a kind of mother nature of cells. In 
the case of fibroblast cell cultures in vitro, we have 
observed this phenomenon frequently.

In the case of blood filters made of another type 
of UFPF (21), it has been reported that leucocytes 
accumulated around the UFPF selectively due to 
this phenomenon of contact guidance. Leucocytes 
in the blood actively adhered to the UFPF by them
selves. Therefore, we could collect the leucocytes 
selectively from the blood (21). While in the vascu
lar graft made of the UFPF, fibroblasts want to ad
here to the UFPF actively resulting in a great num
ber of fibroblasts migrating along the UFPF inside 
the graft wall. These migrated and proliferated cells 
require nutrition. Therefore, capillary blood vessels 
follow the fibroblast migration. With this sequence 
the graft wall can acquire natural angiogenesis. 
Therefore, the mechanism of rapid healing ob
served in the UFPF grafts is mainly due to the 
UFPF nature itself and not explained by the hy
pothesis of water porosity advocated by We- 
solowski (22). In this study we had no opportunity 
to obtain the grafts from the patients, but we are 
expecting improved healing of the neointima in the 
UFPF grafts that have been implanted in patients, 
compared with that of the ordinary Dacron prosthe
ses.

Though the grafts are made of UFPF, their dura
bility was enhanced by using polyester fibers (12 
|xm) of conventional thickness concurrently. There
fore, mechanical strength is well preserved even af
ter being subjected to three billion load cycles in a 
fatigue test (3). Moreover, using fiber entanglement 
and double velour structure, suture retention of 
UFPF grafts is rather high compared with that of 
conventional low porosity Dacron grafts (Cooley 
Low Porosity Woven Dacron Graft, 50 ml/min/cm2, 
Meadox Medicals Inc., NJ) (3). These results show 
that the UFPF graft will exhibit enough durability 
upon long-term implantation into high pressure pul
satile circulation systems.

Prior to the clinical application of the UFPF graft,
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we have investigated time-dependent changes of the 
blood leakage from the graft wall in comparison 
with that of a conventional Cooley graft (8). Both 
grafts of 26 mm ID and 5 cm in length with no pre
treatments were assembled into an in vitro circuit 
model filled with totally heparinized (more than 
1,000 s in ACT) human blood diluted with phos
phate buffered Ringer’s solution (20% in hemato
crit, donated from volunteers) with a luminal pres
sure of 100 mm Hg. The results showed that the 
UFPF graft exhibited a significantly larger volume 
of leakage than that of the Cooly Grafts for the first 
min (p < 0.05). However, 2 min later, the leakage of 
both groups decreased rapidly, and there was no 
significant difference between them (Fig. 5). There
fore, we concluded that the UFPF graft is applica
ble for arterial reconstruction even under totally 
heparinized extracorporeal circulation. Based on 
this result, we applied presealing in a precise man
ner suitable for each case prior to implantation in 
order to avoid the first 1 min of profuse hemorrhage 
as described above. Actually, as shown in this com
munication, application of suitable treatments re
sulted in little hemorrhage from the graft wall even 
under totally heparinized extracorporeal circulation 
of ultrahypothermia as well as in little deterioration 
in its excellent handling performance.

CONCLUSION

In conclusion, the UFPF graft demonstrated 
safety related to the blood leakage resistance with
out any use of sealants and no cut edge fraying, and

Cooley Graft

(n=5)

Time (min)

FIG. 5. Time-dependent change of the totally heparinized hu
man blood leakage from the graft walls with no presealing, 
which was measured using an in vitro circuit system, is 
shown.

it also exhibited easy handling due to its softness 
and elasticity. The graft is also expected to have an 
excellent affinity with host cells due to its ability to 
induce cell migration into the graft wall using the 
nature of cells, eventually leading to endothelializa- 
tion with natural angiogenesis. The graft could be 
used safely with patients with hemorrhagic diathe
sis, poor risk, old age, poor nutrition, and a low 
ability of wound healing.
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Matsumoto A. A VASCULAR PROSTHESIS SEALED WITH AUTOLOGOUS ADIPOSE 
TISSUE FRAGMENTS INSTEAD OF PRECLOTTING BY FRESH BLOOD. A highly 
porous fabric vascular prosthesis sealed with autologous adipose tissue 
fragments into the wall was evaluated in an animal study. A piece of 
subcutaneous adipose connective tissue approximately weighing 2 g was 
minced with scissors and stirred into 20ml of saline, thereby creating 
a tissue suspension. A fabric vascular prosthesis was turned inside 
out. The suspension was poured into the closed prosthesis by repeated 
pressurized injections using a syringe. Then, the prosthesis was turned 
inside out again. Consequently, the tissue fragments were squeezed into 
the prosthesis wall and sealed all the pores of the prosthesis. The 
treated grafts were implanted into the thoracic descending aortae of 24 
mongrel dogs. No bleeding was noticed with the graft during and after 
implantation. Neointima with complete endotheloalozation was observed 
in all the grafts implanted for more than 30 days. Twenty-four preclot
ted prostheses were used as the control. Although the chest wall was 
closed after confieming that the bleeding from the suture line and 
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the control grafts. Five out of 24 control animals ( 21 %) bled in the 
pleural cavity and died within 24 hours after implantation. Neointima 
formation in the control grafts was limited near anastomotic sites in 
all cases up to 39 days of obserzation period. These results indicated 
that the sealing method was an ideal procedure of fabric vascular 
prostheses for cardiac wall substitutes. The results from an animal 
experiment could be expected in human if the property of the adipose 
tissue from human has a similar ability.KEYWORDS: Vascular prosthesis, 
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Noishiki Y., Yamane Y., Kajiwara H., Hoshlno K., Ishii M., Suzuki S., 
Kosuge T., Mo M., Imoto K., Tomiyama I., Yamazaki I., Ichikawa Y., 
Kondo J., Matsumoto A.: HEALING PROCESS AND LONG-TERM EVALUATION OF 
FABRIC VASCULAR PROSTHESES TRANSPLANTED WITH AUTOLOGOUS VENOUS TISSUE 
FRAGMENTS Fabric vascular prostheses transplanted with autologous 
venous tissue fragments showed extremely rapid healing of neointima in 
our previous study. In this communication, stability of the neointi
ma in long-term was evaluated in an animal study. Highly porous 
fabric vascular prostheses (water porosity:4,000) were implanted into 
the descending aortae of 35 dogs, and were explanted from 1 hour to 
495 days after implantation. A highly porous graft with preclotting 
was used as the control after the sealing by the original preclotting 
technique in 25 dogs ( 1 hour to 783 days). The neointima with the 
transplantation of autologous venous tissue fragments showed no degen
erative changes such as calcification nor ulceration in the neointima. 
Control prostheses showed also no degenerative changes, however, in 9 
out of 25 cases, hemothorax or perigraft hematomae were noticed. From 
these observations, stability of the neointima of fabric graft with 
autologous tissue fragments transplantation was confirmed clearly in 
this animal study. KEY WORDS: Autologous tissue fragments trans
plantation, Neointima, Degenerative changes, Calcification, Fabric 
vascular prosthesis.
Jpn J Artif Organs 21(1), 290-294 (1992)
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Noishiki Y, Yamane Y, Kajiwara H, Hoshino K, Ichikawa Y, Ishii M, Kosuge T, Mo M, 
Imoto K, Yamazaki K, Kondo J, and Matsumoto A. A NEW HYBRID ARTIFICIAL ORGAN WITH 
A CHARACTERISTIC ADVANTAGE OF IN VIVO TISSUE CULTURE TECHNOLOGY An applicability 
of a new technology of tissue culture jm vivo on a hybrid type artificial organ 
was discussed with data of an animal experiment of vascular prosthesis which showed 
a rapid healing of neointima. The prosthesis has transplantation of autologous 
venous tissue fragments in its wall. After implantation of the graft in vivo, 
endothelial cells, smooth muscle cells as well as fibroblasts migrated and prolife
rated from the tissue fragments at the same time, resulting to form a neointima. 
This was a very unique phenomenon that is not.observed in cell culture in vitro; 
when fibroblasts and endothelial cells are Cultured in a petridish, endothelial 
cells are suppressed and fibroblasts proliferated to form a confluent layer. How
ever, in this experiment, endothelial cells rose up to the inner surface of the 
graft to face the blood stream. Accordingly, smooth muscle cells made a multi
layer underneath the endothelial cells, and fibroblasts crawled down under the 
smooth muscle cells layer around the Dacron fibers to encapsulate them. These 
different kinds of cells made a new organ with their cooperation. This phenomenon 
suggested that the active but controlled growth of these cells was regulated by 
nature and their interactions in a physiological environment. This natural activ
ity of cells in vivo will be applicable to form new artificial organs of hybrid 
type in various fields. KEYWARDS: Hybrid artificial organ, jin vivo cell culture, 
vascular prosthesis, neointima, tissue fragments transplantation.
Jpn J Artif Organs 21(3), 1207-1211 (1992)
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Noishiki, Y. , Yamane, Y,, Satoh, S. , Niu, S. , Murayama, U., Tomizawa, Y., Okoshi, T. , and 
Koyanagi, H. LONG-TERM OBSERVATIONS OF A GROWABLE VASCULAR GRAFT 
I NAN ANIMAL STUDY Long-term animal study of a vascular graft that can grow with 
the growth of its recepient was performed. Human saphenous vein was used as the 
substrate material. It was dipped into distilled water and sonicated, resulting in cell 
destruction, and followed by cross-linking with polyepoxy compound. Four milimeter 
inner diameter (ID) grafts, enveloped with polyester mesh tubes of 10 mm ID, were 
implanted in the thoracic descending aortae of 15 puppies. The diameter of the grafts 
grew to 9.5 mm from original 4mm after 1 year. Eight animals were used for the 
long-term observation of more than 300 days till 2 years and 11 months. The grafts 
maintained their expected size after their full growth. There was no degenerative 
changes such as calcification of the graft wall. The light microscopical observations 
revealed that the original saphenous vein graft was absorved after 1 year- 
Neoarterial wall with full endothelialization was formed with polyester mesh 
reinforcement. These results supported that the graft has high fesicability of 
clinical use without any problem. KEYWORDS I Growable vascular graft, Small 
diameter vascular graft, Denacol, Biodegradable graft, Calcification.
Jpn J Artif Organs 19(3), 1292-1296 (1990)
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Noishiki, Y., Miyata, T., Furuse, M., and Yamane, Y. HEPARIN SLOW
RELEASE ANTIADHESIVE PERICARDIUM WITH NATURAL TISSUE ELASTICITY. 
Antiadhesive pericardium with heparin slow release was newly developed. 
Fresh porcine pericardium was soaked in distilled water and sonicated 
in order to cause cell destruction. In this way, a natural tissue 
membrane composed of collagen was obtained. The membrane was cross- 
linked by a hydrophilic epoxy compound instead of glutaraldehyde to 
maintain the natural tissue elasticity and hydrophilicity, and 
heparinized ionically using protamine as a binding site. Heparin 
prevents the precipitation of fibrin, which leads to cellulofibrous 
adhesive tissue. Therefore, the membrane with heparin slow release 
can prevent the adhesion in its early stage. Animal experiment
revealed that the membrane had excellent antiadhesive property. The 
pericardium in the long term experiment was covered with a layer of 
mesothelial cells which has a natural and permanent antiadhesive 
property. KEYWORDS, Pericardium, Antiadhesive membrane, Heparin, 
Slow release of heparin, Polyepoxy compounds.
Jpn. J. Artif. Organs 17(2), 578-581 (1988)
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Noishiki, Y., Yamane.Y., Mori.Y. : Characteristics of a now, low porous vascular prosthesis made of 
a textile of ultra fine fibers of polyester. Soft and pliable, low porous vascular prosthesis has been 
developed. In general, low porous vascular prostheses, the fabrics of which are knitted very tightly, 
are hard and tough to use. Besids, the healing of their neointimae are very poor. In this study, a soft 
and pliable textile made of ultra fine fibers of polyester were used as a low porous vascular prosthesis. 
The fibers ( 0.1 2 denier, 3. 0 micron in diameter) are produced by Toray Co. Ltd. for an artificial 
leather. Six vascular prostheses made of the textile of 7 mm in internal diameter and 5.7 cm in length 
were implanted in the thoracic descending aortae of 6 dogs. The porosity of them was 2 0 0 cc/ci , 120 
*»Hg , H20 ). As for the control, a dacron knitted prosthesis of the market (2. 0 denier, 2 0 micron 
in diameter, porosity:4 0 0) was used. The prostheses were removed from the experimental animals 
from 2 days to 9 9 days after the implantation. Compared with the control, the prosthesis showed a 
rapid healing of their neointimae. There were no degenerative changes, nor carcification, in their 
neointimae. Fibroblasts invaded very rapidly into the intersticis of the fibers of the ultra fine polyester. 
The ultra fine fibers of the prosthesis showed excellent affinity with the cells which composed the 
neointimae. From these results, the softness of the prosthesis and the cell affinity of the fibers are 
the biggest advantages of the new prosthesis. Keywords, Low porous graft, Ultra fine polyester fiber, 
Knitted vascular prosthesis, Soft graft.
Jpn. J. Artif. Organs 15(1), 331-334 (1986)
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Noishiki, Y. , and Yamane, Y. A METHOD TO INTRODUCE CELL COMPONENTS OF 
BLOOD VESSELS INTO A MATRIX OF VASCULAR PROSTHESIS A simple 
method to introduce cell components of blood vessels into a fabric vascular prosthesis 
was developed. This method showed prompt healing of the graft after implantation in an 
animal study. Tissue fragments suspension was prepared using a piece of peripheral 
vein. Highly porous fabric vascular prosthesis was immerced into the suspension 
fluid. The tissue fragments were trapped from the outer surface of the prosthesis 
by suction from the inside. Preclotting procedure was adopted to immobilize the 
tissue fragments to the fabric of the prosthesis. The prostheses were implanted into 
the thoracic descending aortae of 15 dogs. There was no bleeding at the time of the 
implantation. Numerous endothelial cells proliferation was observed in the specimen 
for 5 days after implantation. The surface was covered with thin layer of fibrin.
Full endothelialization was noticed in the specimens of 35 days. The graft wall was 
completely healed. This method was very simple and easy to prepare, but the efficacy 
to promote the healing of the neointima was excellent. KEYWARDS Endothelialization, 
Tissue fragment transplantation, Vascular prosthesis, Preclotting, Neointima.
Jpn J Artif Organs 19(3), 1369-1372 (1990)
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Noishiki, Y. , and Miyata, T. Hsparin releasing antiadhesive merrfarana
A hewly developed antiadhesive membrane with slow release of heparin was demonstrated In the 
animal experiments, an excellent antiadhesive effect using heparinized amnion was observed on the 
large intestine surface of which serosa (5x5 a# area) was pealed off previously The amnion membrane 
can be ionically heparinized along the procedure described as follows 1. The membrane was dipped 
into \% solution of protamine sulfate 2. The protamine impregnated membrane was treated with 02£95 
glutaraldebyde solution (pH 40) to crosslink protamine to collagen and wash with distilled water 
3. The membrane was soaked into 15* heparin solution for 24 hours at 4512 and repeatedly washed with 
distilled water Heparin prevents the fibrin deposition which is ahead of the adhesion, After 
the heparin releasing natural serosa covered on the membrane. Thus, this antiadhesive membrane 
can induce the natural antiadhesive ability permanently. Keywords, Heparinized collagen. 
Antiadhesive membrane, Heparinization, Fibrin deposition
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Noishiki, Y., Kodaira, K., Furuse, M., Miyata, T., Yamane, Y. DEVELOPMENT OF A 
PUNCTURABLE SMALL CALIBER VASCULAR GRAFT. A small caliber vascular graft was 
developed. The graft, which was made of modified carotid artery from animals, 
has enough compliant property like a native artery. The soft graft wall showed 
easy puncturability with a 18 gauge needle and it took short bleeding time after the 
needle was removed. In general, biological materials for implantable artificial 
organs were crosslinked with glutaraldehyde (GA). The crosslinking with GA makes 
the materials insoluble, less biodegradable, and less antigenic, but its disadvantage 
is to make the materials more stubborn. We introduced a new hydrophilic cross- 
linking reagent, Polyepoxy Compounds (PC), instead of GA. After the crosslinking 
with PC, biological materials become white in color. Softness and elasticity of 
the original material could be preserved even after the crosslinking. The vascular 
graft developed was crosslinked with PC. The graft got high hydrophilic and 
elastic properties. Thirty-two grafts of 3.0 to 3.5mm in internal diameter and 6 
cm in length were implanted in both carotid arteries of 18 dogs. Each graft was 
punctured 5 times with a 18 gauge syringe needle after the implantation. The grafts 
were removed from 1 to 30 days after the surgery. The patency rate was 87.5%.
The bleeding time after the needle was removed was 10 min. 12 sec. in average. Eight 
carotid artery grafts crosslinked with GA were adopted as control experiments. It 
showed 25% patency and 22 min. 25 sec. of the bleeding time. These results showed 
that the graft developed has an antithrombogenicity and puncturable property. Thus, 
the graft is very promissing as a A-V bypass graft for artificial kidney. KEYWORD 
Small caliber vascular graft, Puncturable vascular graft, Polyepoxy compounds, 
crosslink, Biological materials.
Jpn. J. Artif. Organs 16(3), 1424-1427 (1987)
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tl'feo AS0fi/rJIXMd'A®l£2BBKI£TFAW©Jlllt;:lfl£ b, 5B B ClittHlIBKftALTt'fc„ 
7BB<bFGFB%C&e*fl&. ^TIi7BBX6AXSW 
HH©Eiiffl^bFGFIlttt^fe$fxfco 7BB1CliBMSWr-liMJE^A16^1*1-^E'J'SWAsgA LT 
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Tomizawa Y, Noishiki Y, Okoshi T, Nishida H, Endo M and Koyanagi H. BASIC FIBROBLAST 
GROWTH FACTOR IN NON-FUNCTIONING VASCULAR GRAFTS: EXPERIMENTAL STUDY. 
Recently, many different growth factors have been identified and characterized. Basic fibroblast growth 
factor (bFGF) is an angiogenic agent and affects all cell types involved in wound healing. Autologous 
connective tissue was minced and impregnated into a fabric vascular graft wall (TF-graft). Autologous 
bone marrow was obtained and impregnated into an eFTFE graft (BM-ePTFE graft). Untreated grafts 
were used as control. Pieces (1x3 cm^) of the grafts were implanted subcutaneously in a canine study. 
These samples were removed from one day to two weeks after implantation and were evaluated. At 
second day, around the TF-graft, many capillaries were microscopically observed, while no host tissue 
was adhering to the untreated graft. From day three, cell proliferation was observed in the TF-graft and it 
was intensely immunoreactive for bFGF in the tissue fragments in the graft wall, whereas the control had 
no cell infiltration. At day seven, cell proliferation and migration was remarkable in the TF-graft. At day 
14, capillaries were infiltrating into the BM-ePTFE graft while no cell migration was observed in the 
control. bFGF immunoreactivity in the TF-graft and BM ePTFE-graft suggests that wound healing 
already started early after implantation subcutaneously. KEYWORD: bFGF, vascular graft, fabric 
prosthesis, EPTFE
Jpn J Art if Organs 25(2), 443-447 (1996)
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Noishiki, Y., Kodaira, K., Miyata, T., Furuse, M., Yamane, Y. FUNDAMENTAL STUDY 
OF A GROWABLE GRAFT Vascular grafts being available in the market cannot grow
up along with the children patents growth. We designed a new growable vascular 
graft and the basic experiment was performed using a special vascular graft, which 
was composed of polyester mesh tube and connective tissue surrounded. They were 
implanted into the thoracic descending aortae of experimental animals. There was 
no wall bleeding nor aneurysmal dilatation in the grafts. From these results, 
a new growable graft was designed as follows. At first, polyester mesh tube was 
stitched with a biodegradable suture in advance, and was coated with collagen.
After the'implantation, the biodegradable suture will be absorbed, then the mesh 
tube will be inflated with inner blood pressure. The neoarterial wall will be 
synthesized along with the expanding of the flamework of the graft. Therefore, 
the growable vascular graft will be realized. KEYWORD Growable vascular graft, 
biodegradable suture, Collagen, Polyester mesh tube, Vascular graft.
Jpn. J. Artif. Organs 16(3), 1527-1529 (1987)
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