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•• Permanent biomaterials for thePermanent biomaterials for the 
fabrication of vascular prosthesesfabrication of vascular prostheses

•• Biomaterials for scaffolds for blood vesselBiomaterials for scaffolds for blood vessel 
tissue engineeringtissue engineering

BLOOD VESSELS 



Diagrams of healing process (cell migratioDiagrams of healing process (cell migration, 
mitosis) removed due to copyright restrictions. 
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••TunicaTunica intimaintima
i l  l  fi l l fsingle layer ofsingle layer of

endotheliumendothelium

••TunicaTunica mediamedia
–– circumferential layercircumferential layer

of smooth muscle cellsof smooth muscle cells 

••TunicaTunica adventitiaadventitia
(externa)(externa) 

fib ifib i–– fibrous connectivefibrous connective 
tissuetissue

Figure by MIT OpenCourseWare. 
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EXAMPLE OF A HOLLOW, LAYERED STRUCTURE

THE VASCULAR WALL
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Diagram removed due to copyright restrictions. 
Detailed structure of vascular wall. 

Figure by MIT OpenCourseWare 

Netter FH, Heart , The Ciba Collection, 1969 
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Vein Artery 

Photo removed due to copyright restrictions. 
Histology photo comparing vein and artery 
vascular wall structures. 



Normal coronary artery Lipid deposits in the wall 

Two histology photos removed 

due to copyright restrictions. 
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Cardiac Infarct Resulting from 
Coronary Artery OcclusionCoronary Artery Occlusion 

Left Anterior Descending 

Diagram removed due to 
copyright restrictions. 

Zone of infarct 

Left Anterior Descending 

Functional Anatomy of the Heart 



Image removed due to copyright restrictions. 
Figure 3 in Michaels, A. D., and K. Chatterjee. “Angioplasty Versus 
Bypass Surgery for Coronary Artery Disease.” Circulation 106 (2002):yp g y y y ( ) 
e187-e190.  DOI: 10.1161/01.CIR.0000044747.37349.64 
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Anastomotic Hyperplasia in an ePTFE 
Femoropopliteal GraftFemoropopliteal Graft 

Image removed due to copyright restrictions. 
Source: Schoen, F. J, and R. S. Cotran. “Blood Vessels.” In Pathologic 
Basis of Disease, 6th edition. Saunders, 1999. p. 537. 
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Vascular Response to Injury: Rabbit Model
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•• Permanent artificial vesselPermanent artificial vesselsPermanent artificial vesselsPermanent artificial vessels
•• Autografts (saphenous vein)Autografts (saphenous vein)

Ti i d bl d lTi i d bl d l•• Tissue engineered blood vesselTissue engineered blood vessel

VASCULAR IMPLANTS 









VASCULAR PROSTHESES
 
Graft Size Type Used 

LLarge di  ter (12(12  -38 Aortdiamet 38 mm)); A ta P l  th  l  t  hth l t  (PET D )Polyethyleneterephthalate (PET; Dacron) 
Medium diam. (5-10 mm); Femoral artery PET, polytetrafluoroethylene (PTFE; Teflon) 
Small diam. (< 4 mm); cerebral/coronary Vessel autografts; Saphenous vein 

• The distinction between large and small diameter vessel replacements is arbitrarily 
based on the degree of blood compatibility. 

• Dacron was introduced into America in 1946 as a polyester polymer of ethylene glycol 
and terephthalic acid; Polytetrafluoroethylene (Teflon) first became available as aand terephthalic acid; Polytetrafluoroethylene (Teflon) first became available as a
 
multifilament yarn in 1954.
 
– PET and PTFE conduits do not deteriorate after implantation. 
– Strong, nonreactive, noncarcinogenic and tend to retain tensile strength 
 

i d  fi  it  ely.
indefinit l 
• Nearly all large diameter vascular prostheses are made of Dacron (Bard and 

Meadox). 
– 75% are bifurcated (replace the lower ppart of the aorta where it branches into the ( p 


femoral arteries); 25% are straight.
 
• 70 % of the medium diameter Gore-Tex; 25%  Dacron; and 5% biologicals. 
• Currently only 1 % of the small diameter market is held by synthetic grafts due to

lack of blood compatible materialslack of blood compatible materials. 

http://www.biomed.metu.edu.tr/courses/term_papers/BurcuUnal.htm 

http://www.biomed.metu.edu.tr/courses/term_papers/BurcuUnal.htm


Bifurcated Grafts 

Photo removed due to 
copyright restrictions.copyright restrictions. 





Photos of textile vascular prostheses removed due to 
Photos of textile vascular prostheses removed due to 

copyright restrictions.
 
Hemashield Gold ™ grafts from Boston Scientific.
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Shortly after a Dacron graft is exposed to arterial blood flow, a predictablShortly after a Dacron graft is exposed to arterial blood flow, a predictable
sequence of events occurs.sequence of events occurs.

•• Fibrin is absorbed onto the inner graft surface.Fibrin is absorbed onto the inner graft surface.
•• In largeIn large--diam prostheses subjected to high volume flow this fibrin layerdiam prostheses subjected to high volume flow this fibrin layerIn largeIn large diam. prostheses subjected to high volume flow this fibrin layerdiam. prostheses subjected to high volume flow this fibrin layer

usually remains thin, typically less than 1 mm.usually remains thin, typically less than 1 mm.
•• In smallerIn smaller--diam. Dacron prostheses in low flow environments, the fibrin layediam. Dacron prostheses in low flow environments, the fibrin layer

may increase in thickness, ultimately promoting graft occlusion.may increase in thickness, ultimately promoting graft occlusion.
•• Immediately following implantation the outer lining of the graft is alsoImmediately following implantation the outer lining of the graft is also 

completely encapsulated with fibrin.completely encapsulated with fibrin.
–– Organization of the outeOrganization of the outer fibrinousfibrinous capsule begins within 2 daycapsule begins within 2 days. 
–– Outer layer contains nutrient vessels middle layer of dense collagen andOuter layer contains nutrient vessels middle layer of dense collagen andOuter layer contains nutrient vessels, middle layer of dense collagen, andOuter layer contains nutrient vessels, middle layer of dense collagen, and

an inner layer, in contact with the graft, of organized tissue and foreigan inner layer, in contact with the graft, of organized tissue and foreign
body cellular infiltrate.body cellular infiltrate.

–– Capsule causes a loss ofCapsule causes a loss of preexistingpreexisting elasticity(compliance mismatch.elasticity(compliance mismatch.
•• Platelets adhere to thePlatelets adhere to the intraluminalintraluminal fibrin layer and are one of the majorfibrin layer and are one of the major 

constituents of thrombus formed on the surface of a prosthetic conduit.constituents of thrombus formed on the surface of a prosthetic conduit.

VASCULAR PROSTHESES 

Host Responses 



•• Infection in approximately 2% of synthetic graft.Infection in approximately 2% of synthetic graft.
––Grafts may become infected by direct inoculation witGrafts may become infected by direct inoculation with 

microbes during the operative procedure as well as bymicrobes during the operative procedure as well as bymicrobes during the operative procedure, as well as bymicrobes during the operative procedure, as well as by
hematogenous seeding from transient bacteriemias months ohematogenous seeding from transient bacteriemias months or 
years after implantations.years after implantations. 

•• Structural failures, including aneurysm formation, are rareStructural failures, including aneurysm formation, are rare 
occurences and are most commonly due to mechanical failureoccurences and are most commonly due to mechanical failures 
in fabrication.in fabrication.
––10 to 20% increase in graft diameter is common following10 to 20% increase in graft diameter is common following

implantation.implantation.

VASCULAR PROSTHESES 

Complications 



furtherfurther

toto intimalintimal or evenor even

•• Prosthetic grafts, once implanted, are not as compliant asProsthetic grafts, once implanted, are not as compliant as
indigenous arteriesindigenous arteries
––subsequent graft incorporation further hampers compliancesubsequent graft incorporation further hampers compliance.subsequent graft incorporation hampers compliance.subsequent graft incorporation hampers compliance.

•• Compliance mismatch between graft and artery and theCompliance mismatch between graft and artery and the
resulting hemodynamic effects at thresulting hemodynamic effects at the anastomosisanastomosis mightmight
predispose topredispose to intimalintimal hyperplasia, graft thrombosis, or evenhyperplasia, graft thrombosis, or evenpredisposepredispose hyperplasia, graft thrombosis,hyperplasia, graft thrombosis,
false aneurysm formation.false aneurysm formation.

•• SyntheticSynthetic elastomerselastomers, introduced in 1957, were designed as one, introduced in 1957, were designed as one
solution to problems of compliance mismatchsolution to problems of compliance mismatch.solution to problems of compliance mismatch.solution to problems of compliance mismatch.
––These conduits simulate the elastic modulus of the arteryThese conduits simulate the elastic modulus of the artery,

giving an elastic response to the graft in both the longitudinagiving an elastic response to the graft in both the longitudinal
and lateral directionsand lateral directions.and lateral directions.and lateral directions.

VASCULAR PROSTHESES 
Compliance Mismatch 



SmallSmall--caliber (< 10 mm) vesselscaliber (< 10 mm) vessels 
•• Occlusion of synthetic prosthesesOcclusion of synthetic prostheses
•• Morbidity of donor site for autograftMorbidity of donor site for autograftsMorbidity of donor site for autograftsMorbidity of donor site for autografts

VASCULAR PROSTHESES 

PRINCIPAL PROBLEMS 



Relationship 
between patency 
rate and graft 
survival time. Grafts 
with diameterwith diameters

greater than 6 mm 
have the best 
survival ratesurvival rates. 


190:292;2000 (data from190:292;2000 (data from
Abbott WM, et al. J Vasc Surg 
1993; 17: 746-756 

S. E. Greenwald,S. E. Greenwald, JJ PatholPathol 

Copyright (c) 2000 John Wiley & Sons, Inc. Reprinted
Decreasing diameterDecreasing diameter with permission of John Wiley & Sons, Inc. 



Mechanical 
environment of 

the graft 
anastomosis 

S. E. Greenwald, JS. E. Greenwald, J 
PatholPathol 190:292;2000190:292;2000

Copyright (c) 2000 John Wiley & Sons, Inc. Reprinted 
with permission of John Wiley & Sons, Inc. 
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•• Large numbers of vascular grafts (excluding valves) used iLarge numbers of vascular grafts (excluding valves) used in
currently,currently, more than 1 million being inserted each yearmore than 1 million being inserted each year

–– Majority are grafts or conduits intended to bypass or replace vesselMajority are grafts or conduits intended to bypass or replace vessels
that have become blocked or severely stenosed by disease or traumathat have become blocked or severely stenosed by disease or trauma.that have become blocked or severely stenosed by disease or trauma.that have become blocked or severely stenosed by disease or trauma.

–– Most are synthetic, but human or animal tissues, denatured in somMost are synthetic, but human or animal tissues, denatured in some 
way, are also used, as are autologous vessels (usually veins).way, are also used, as are autologous vessels (usually veins).

•• The first prostheses were metal, glass or ivory tubes, whichThe first prostheses were metal, glass or ivory tubes, which
rapidly and invariably became blocked by clotted bloorapidly and invariably became blocked by clotted bloodrapidly and invariably became blocked by clotted blood.rapidly and invariably became blocked by clotted blood. 

•• Extensive vascular surgery only became possible after theExtensive vascular surgery only became possible after the
development of adevelopment of a reliable technique for suturing the cut ends ofreliable technique for suturing the cut ends of
blood vessels in the early years of the 20th centurblood vessels in the early years of the 20th centuryblood vessels in the early years of the 20th centuryblood vessels in the early years of the 20th century

–– Techniques rapidly improved as a consequence of treating combatantTechniques rapidly improved as a consequence of treating combatants 
in World War II and Korea.in World War II and Korea.

•• Subsequently, human allografts (removed from cadavers anSubsequently, human allografts (removed from cadavers and 
then sterilized) employed to repair damaged arteriethen sterilized) employed to repair damaged arteriesthen sterilized) employed to repair damaged arteries.then sterilized) employed to repair damaged arteries. 

•• The success rate of this procedure was poor, due to thThe success rate of this procedure was poor, due to the
problems of rejectionproblems of rejection, which were not well understood., which were not well understood.

HISTORICAL PERSPECTIVE 
S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000
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•• In the early phases of the use of prostheses, theIn the early phases of the use of prostheses, the 
establishment of flow without leakage or thrombosisestablishment of flow without leakage or thrombosis 
and the survival of flowand the survival of flow--dependent tissues were thdependent tissues were the 
main objectives.main objectives.

••As longAs long--term survival of grafted patients became theterm survival of grafted patients became the 
norm, other problems presented themselves and itnorm, other problems presented themselves and it 
became clear that the mechanical and haemodynamibecame clear that the mechanical and haemodynamicbecame clear that the mechanical and haemodynamicbecame clear that the mechanical and haemodynamic
properties of the prosthesis were very significant.properties of the prosthesis were very significant. 

HISTORICAL PERSPECTIVE 
S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000
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•• By the early 1950s, a number of polymeric materials such as polyethyleneBy the early 1950s, a number of polymeric materials such as polyethylene 
and methacrylate had been tried as arterial substitutes in animaland methacrylate had been tried as arterial substitutes in animal 
experimentsexperiments 
–– it was hoped that their smooth and impermeable surfaces might help to minimizeit was hoped that their smooth and impermeable surfaces might help to minimize 

the formation of thrombus.the formation of thrombus.
•• In 1952, VorheesIn 1952, Vorhees et al.et al. reported that a silk suture exposed for several monthsreported that a silk suture exposed for several months 

t fl  i  bl  d  i  h  i  h  i  l  b  d  b  li  i  filt fl i bl d i h i h i l b d b li i filto flowing blood in the right ventricle became covered by a glistening filmto flowing blood in the right ventricle became covered by a glistening film 
of tissue free of microscopic thrombi and this observation inspired the ideaof tissue free of microscopic thrombi and this observation inspired the idea 
that a woven rather than a smooth materialthat a woven rather than a smooth material
–– by stimulating the formation of this layer, would provide aby stimulating the formation of this layer, would provide a nonnon--thrombogenicthrombogenicby stimulating the formation of this layer, would provide aby stimulating the formation of this layer, would provide a nonnon thrombogenicthrombogenic

surfacesurface suitable for an arterial prosthesis.suitable for an arterial prosthesis. 
•• Blakemore and Vorhees described the first clinical use of this fabric as anBlakemore and Vorhees described the first clinical use of this fabric as an 

arterial prosthesis and showed that all detectablearterial prosthesis and showed that all detectable leakage of blood throughleakage of blood through 
the weave had ceased within 1the weave had ceased within 1 minmin after the prosthesis was filled with bloodafter the prosthesis was filled with blood 
at arterial pressure.at arterial pressure.

HISTORICAL PERSPECTIVE 
S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000
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•• Once the idea of porous woven fabrics was introduced, a varietyOnce the idea of porous woven fabrics was introduced, a variety 
of materials including nylon, Teflon, Orlon, Dacron, andof materials including nylon, Teflon, Orlon, Dacron, and 
polyurethane were tested.polyurethane were tested. 

–– Nylon was soon abandoned because it was found to degenerate rapidlyNylon was soon abandoned because it was found to degenerate rapidly 
following implantation.following implantation.

•• Early clinical comparisons of graft success suggested thatEarly clinical comparisons of graft success suggested that
Dacron was the most promising material.Dacron was the most promising material. 

–– Although Dacron (polyethylene terephthalate) is still widely used as aAlthough Dacron (polyethylene terephthalate) is still widely used as a 
graft material (it remains the most widely used for aortic and iliacgraft material (it remains the most widely used for aortic and iliac 
grafts), in the last 25 years a number of other compounds have beengrafts), in the last 25 years a number of other compounds have been 
developed, the most important being expanded polytetrafluoroethylenedeveloped, the most important being expanded polytetrafluoroethylene 
(PTFE) d l th(PTFE) d l th(PTFE) and polyurethane.(PTFE) and polyurethane. 

HISTORICAL PERSPECTIVE 
S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000
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Scanning Electron Micrographs 
Mersilene Dacron Mesh: 
1 000 l 

Teflon Mesh: 1,000 um scale 
1,000 um scale. 

Photos removed due to 
copyright restrictions. 

Gore-Tex : 10 um scale. 
Marlex Polypropylene Mesh: 
1,000 um scale. 
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The physical and mechanical properties of commerciallyThe physical and mechanical properties of commercially 
available grafts vary widely, but a number of characteristicsavailable grafts vary widely, but a number of characteristics 
common to all successful vascular prostheses may be identifiedcommon to all successful vascular prostheses may be identified.common to all successful vascular prostheses may be identified.common to all successful vascular prostheses may be identified.

•• biocompatibilitybiocompatibility
•• lack of chemical reactivitylack of chemical reactivity
•• very low thrombogenicityvery low thrombogenicityy g yy g y
•• porosity; the prosthesis should allow the leakage of a small amount ofporosity; the prosthesis should allow the leakage of a small amount of 

blood. This leads to a tightly adherent thrombus, permitting itsblood. This leads to a tightly adherent thrombus, permitting its 
subsequent replacement by fibrin and fibrous tissue. The end result ofsubsequent replacement by fibrin and fibrous tissue. The end result of 
this process is the formation of a nonthis process is the formation of a non-thrombogenic surface resemblingthrombogenic surface resembling 
that of the native vessel.that of the native vessel.

•• sterilitysterility
•• no leaching of chemicals used in the manufacturing process; thereno leaching of chemicals used in the manufacturing process; there 

should be a longshould be a long--term ability to resist the elution of these chemicalterm ability to resist the elution of these chemicals. 

HISTORICAL PERSPECTIVE 
S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000



••

yy

d d i fd d i f

pp

The physical properties essential for simple insertion and longThe physical properties essential for simple insertion and long
term success of a graft include:term success of a graft include:

•• flexibilityflexibility
•• the ability to resist kinking and squashingthe ability to resist kinking and squashing
•• the ability to stretchthe ability to stretch
•• availability in a range of sizes to match the dimensions of thavailability in a range of sizes to match the dimensions of theavailability in a range of sizes to match the dimensions of theavailability in a range of sizes to match the dimensions of the

native vesselsnative vessels
•• tensile and shear strength sufficient to resist fraying at cuttensile and shear strength sufficient to resist fraying at cut 

edges and tearing out of suturesedges and tearing out of sutures
•• circumferential strength sufficient to withstand arterialcircumferential strength sufficient to withstand arterial 

pressurespressures
•• mechanical properties approximate to those of the native vesselsmechanical properties approximate to those of the native vessels 

to which they are attached.to which they are attached.

HISTORICAL PERSPECTIVE 
S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000
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••Many of these requirements for a vascular graft,Many of these requirements for a vascular graft, 
except the matching of mechanical properties, areexcept the matching of mechanical properties, are 
provided by modern materialprovided by modern materialsprovided by modern materialsprovided by modern materials

–– the success rate of the implantation procedure and thethe success rate of the implantation procedure and the 
longlong--term patency of large grafts (those with a diameterterm patency of large grafts (those with a diameter 
greater thangreater than 6 mm) is high and continues to improve.mm) is high and continues to improve.

••The materials of choice for small grafts are autologousThe materials of choice for small grafts are autologous 
blood vessels such as saphenous vein or for coronaryblood vessels such as saphenous vein or for coronaryblood vessels such as saphenous vein or, for coronaryblood vessels such as saphenous vein or, for coronary
artery grafting, the internal mammary artery.artery grafting, the internal mammary artery.

–– However, in at least 30% of patients the saphenous orHowever, in at least 30% of patients the saphenous or 
other veins cannot be used, due to preother veins cannot be used, due to pre--existing disease orexisting disease or 
previous use.previous use.

HISTORICAL PERSPECTIVE 
S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000
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•• The major causes of failure in the short term include:The major causes of failure in the short term include:
–– infectioninfection
–– haemorrhagehaemorrhage

tearing t the suture linetearing t the suture linetearing at the suture linetearing at the suture line
–– failure of the graft material itselffailure of the graft material itself

•• The longThe long--term success rate of grafts with a diameter of less thanterm success rate of grafts with a diameter of less than 6 mm is farmm is far 
from satisfactory and falls steadily as the diameter becomes smallerfrom satisfactory and falls steadily as the diameter becomes smallery yy y

•• The most common cause of longThe most common cause of long--term failure in these small grafts iterm failure in these small grafts is intimalintimal 
hyperplasiahyperplasia at the anastomotic siteat the anastomotic site

–– proliferation and migration of vascular smooth muscle cells from the media toproliferation and migration of vascular smooth muscle cells from the media to 
the intimathe intima

–– subsequent synthesis of matrix proteins and other extracellular materialsubsequent synthesis of matrix proteins and other extracellular material
•• Intimal hyperplasia in vascular grafts is still poorly understood, but itsIntimal hyperplasia in vascular grafts is still poorly understood, but its 

development is strongly associated with disturbed blood flow and furthedevelopment is strongly associated with disturbed blood flow and furtherdevelopment is strongly associated with disturbed blood flow and furtherdevelopment is strongly associated with disturbed blood flow and further
injury to the vessel wallinjury to the vessel wall 

HISTORICAL PERSPECTIVE 
S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000



;;•• Thrombosis; Pseudointimal HyperplasiaThrombosis; Pseudointimal Hyperplasiayp pyp p
•• Neointimal HyperplasiaNeointimal Hyperplasia

VASCULAR PROSTHESES 
TISSUE RESPONSETISSUE RESPONSE



Natural Vessel 

Set of three diagrams removed 
due to copyright restrictions. 

Neointima Biomaterial 

Pseudointima F. Schoen, 
1989 

Natural Vessel 

Biomaterial Neointima 

Pseudointima 
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•• Thrombosis; “pseudointimal hyperplasia”Thrombosis; “pseudointimal hyperplasia”
Blood clot formation on the intimal surfacBlood clot formation on the intimal surfaceBlood clot formation on the intimal surfaceBlood clot formation on the intimal surface

–– Fibrin, platelet debris, red blood cellsFibrin, platelet debris, red blood cells
Forms ithin 24 hours of implantationForms ithin 24 hours of implantationForms within 24 hours of implantationForms within 24 hours of implantation

–– Problem: thrombus formation and contributionProblem: thrombus formation and contribution 
to neointimal thickening and occlusioto neointimal thickening and occlusionto neointimal thickening and occlusionto neointimal thickening and occlusion

–– Solution: prevent adherence and activation ofSolution: prevent adherence and activation of 
platelets; patients must remain on antiplatelets; patients must remain on anti-p ; pp ; p
coagulant therapiescoagulant therapies

VASCULAR PROSTHESESVASCULAR PROSTHESES
TISSUE RESPONSETISSUE RESPONSE



Image removed due to copyright restrictions. 
See Fig. 10.2, “The role of platelets in thrombosis.” 
In Rubin, E., and H. M. Reisner, editors. Essentials of Rubin’s 
Pathology. Lippincott Williams & Wilkins, 2008. 

http://books.google.com/books?id=7HdzBBhtxycC&pg=PA197 

http://books.google.com/books?id=7HdzBBhtxycC&pg=PA197
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TISSUE RESPONSETISSUE RESPONSE

•• Neointimal HyperplasiaNeointimal Hyperplasia
–– Tissue growth onto the surface from theTissue growth onto the surface from the 

anastomosesanastomoses
–– Smooth muscle and endothelial cells migratSmooth muscle and endothelial cells migrate

f h i th ft d liff h i th ft d liffrom the artery into the graft and proliferatefrom the artery into the graft and proliferate 
under the influence of various cytokines (alsunder the influence of various cytokines (also
referred to as pannus and fibromuscularreferred to as pannus and fibromuscularpp
hyperplasia)hyperplasia) 

–– Pannus advances at the rate of 0.1 mm/wkPannus advances at the rate of 0.1 mm/wk
–– Never covers the entire surface in humans;Never covers the entire surface in humans; 

max. 1max. 1--2 cm2 cm 

VASCULAR PROSTHESESVASCULAR PROSTHESES
TISSUE RESPONSETISSUE RESPONSE
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•• Neointimal HyperplasiaNeointimal Hyperplasia
–– Problem: intimal thickening and occlusionProblem: intimal thickening and occlusion
–– Solution: reduce thrombosis or cell proliferationSolution: reduce thrombosis or cell proliferation

VASCULAR PROSTHESES 
TISSUE RESPONSETISSUE RESPONSE
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•• Neointimal Hyperplasia; Other ContributingNeointimal Hyperplasia; Other Contributing
FactorsFactorsFactorsFactors
–– Compliance mismatch; the prosthesis is stiffeCompliance mismatch; the prosthesis is stiffer 

than the natural artery, at the junctiothan the natural artery, at the junctionthan the natural artery, at the junctionthan the natural artery, at the junction
–– Hemodynamic shear stress; elevated shear stressHemodynamic shear stress; elevated shear stress

inhibits smooth muscle cell proliferation andinhibits smooth muscle cell proliferation and 
neointimal thickening (in porous PTFE grafts inneointimal thickening (in porous PTFE grafts in
baboons); wall shear stress primarily determinebaboons); wall shear stress primarily determined 
by the prosthesis diameteby the prosthesis diameterby the prosthesis diameterby the prosthesis diameter

VASCULAR PROSTHESES 
TISSUE RESPONSETISSUE RESPONSE
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A complete description of the elastic properties of the arterialA complete description of the elastic properties of the arterial 
wall or of a graft must take into account the followingwall or of a graft must take into account the following 
phenomena:phenomena:phenomena:phenomena:

•• anisotropy: different physical properties in the radial,anisotropy: different physical properties in the radial, 
circumferential, and longitudinal directionscircumferential, and longitudinal directions
i l ti it th tiff f h l d d thi l ti it th tiff f h l d d th•• viscoelasticity: the stiffness of the vessel depends on the rate atviscoelasticity: the stiffness of the vessel depends on the rate at

which it is deformedwhich it is deformed
•• the nonthe non--linear stresslinear stress--strain relationshipstrain relationship -- a consequence of thea consequence of the 

fact that blood vessels are composed of several materials, eachfact that blood vessels are composed of several materials, each 
with different elastic propertieswith different elastic properties

•• the presence of residual stressesthe presence of residual stresses -- the forces that remain withinthe forces that remain withinthe presence of residual stressesthe presence of residual stresses the forces that remain withinthe forces that remain within
the vessel wall when all external loads have been removed.the vessel wall when all external loads have been removed.

MECHANICAL FACTORS 
S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000
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Material ComplianceMaterial Compliance
% per mmHg% per mmHg××1010-22 

Human femoral arteryHuman femoral artery 6 06 0Human femoral arteryHuman femoral artery 6.06.0
Human saphenous veinHuman saphenous vein 4.64.6
GlutaraldehydeGlutaraldehyde--treatedtreated 

umbilical veinumbilical vein 3.93.9
Denatured bovine carotidDenatured bovine carotid 2.92.9
DD 2 02 0DacronDacron 2.02.0
PTFEPTFE 1.51.5
** Data fromData from in vitroin vitro measurements.measurements.

R. Walden,R. Walden, Arch SurgArch Surg 1980; 115: 11661980; 115: 1166--11691169

Compliance of Natural and Artificial 
Materials for Vascular ProsthesesMaterials for Vascular Prostheses



ff i i iff i i i

p ap a

y gy g

COMPLIANCE MISMATCCOMPLIANCE MISMATCHCOMPLIANCE MISMATCHCOMPLIANCE MISMATCH
S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000

•• Realizing that most vascular prostheses are much stiffer than the arteries toRealizing that most vascular prostheses are much stiffer than the arteries to 
which they are attached, Gozna and others suggested that the elasticwhich they are attached, Gozna and others suggested that the elastic 
properties of a vascular graft may be important in determining itsproperties of a vascular graft may be important in determining its 
effectiveness, especially in the long term.effectiveness, especially in the long term.

•• This notion soon became widely accepted, although there are very few wellThis notion soon became widely accepted, although there are very few well-
controlled studies that demonstrate a clear association between improvedcontrolled studies that demonstrate a clear association between improved 
longlong term graft erformance (as measured by patency rates) nd closeterm graft erformance (as measured by patency rates) nd closelonglong--term graft performance (as measured by patency rates) and closeterm graft performance (as measured by patency rates) and close
matching of graft and artery elastic properties.matching of graft and artery elastic properties.

•• Grafts with a diameter of more than 6Grafts with a diameter of more than 6 mm are mostly made of Dacron,mm are mostly made of Dacron, 
which is at least three times stiffer than a typical large artery and in thoswhich is at least three times stiffer than a typical large artery and in thosewhich is at least three times stiffer than a typical large artery and in thosewhich is at least three times stiffer than a typical large artery and in those
grafts, the 5grafts, the 5--year patency rate approaches 100%.year patency rate approaches 100%. 

•• However, the majority of the smallest grafts fail within 5 years and of these,However, the majority of the smallest grafts fail within 5 years and of these, 
most do so because the vessel immediately downstream of the graft becomesmost do so because the vessel immediately downstream of the graft becomes 
blocked due to intimal hyperplasiablocked due to intimal hyperplasia 
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•• During the last 25 years, most attempts to test the hypothesis that the failure of smallDuring the last 25 years, most attempts to test the hypothesis that the failure of small 
grafts is due to compliance mismatch have taken either a functional approach, ingrafts is due to compliance mismatch have taken either a functional approach, in 
which the patency rates of stiff grafts have been compared with those of morewhich the patency rates of stiff grafts have been compared with those of more 
compliant grafts placed in a similar environment or an experimental approach incompliant grafts placed in a similar environment or an experimental approach incompliant grafts placed in a similar environment, or an experimental approach, incompliant grafts placed in a similar environment, or an experimental approach, in
which a mechanism for the known association between small grafts and intimalwhich a mechanism for the known association between small grafts and intimal 
hyperplasia is sought.hyperplasia is sought.

•• Many of the functional studies are handicapped by the problem of poor controls.Many of the functional studies are handicapped by the problem of poor controls.
–– the possibility that the different rates of failure are due to differences in surfacethe possibility that the different rates of failure are due to differences in surface 

properties, wall thickness, the ability to resist tearing, etc. rather than complianceproperties, wall thickness, the ability to resist tearing, etc. rather than compliance 
cannot easily be dismissed.cannot easily be dismissed. 

•• WaldenWalden et alet al.reported a striking correlation between the compliance of femoro.reported a striking correlation between the compliance of femoro
popliteal grafts in man and the fraction remaining patent after 2 years.popliteal grafts in man and the fraction remaining patent after 2 years.

–– However, as the authors themselves point out, these differences in compliance (measuredHowever, as the authors themselves point out, these differences in compliance (measured 
in vitroin vitro under static conditions) were achieved by  using a range of disparate materialsunder static conditions) were achieved by  using a range of disparate materials 
with different surface properties, different degrees of biocompatibility, and a differingwith different surface properties, different degrees of biocompatibility, and a differing
tendency to become stiffer during the time that they are implanted as the materialtendency to become stiffer during the time that they are implanted as the material 
becomes invested with thrombus and fibrous tissue.becomes invested with thrombus and fibrous tissue. 

COMPLIANCE MISMATCH 
S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000
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•• Other mechanical factors which are thought to stimulate the formation ofOther mechanical factors which are thought to stimulate the formation of 
intimal hyperplasia areintimal hyperplasia are

–– suture line stress, in which distortions in the native vessel due to the holessuture line stress, in which distortions in the native vessel due to the holes 
f d b h ll th i d th if d b h ll th i d th iformed by the sutures as well as the tension due to their presence causeformed by the sutures as well as the tension due to their presence cause 
concentrations of forceconcentrations of force 

–– increased circumferential tension in the vessel wall adjacent to theincreased circumferential tension in the vessel wall adjacent to the 
anastomosis.anastomosis. 

•• It has also been suggested that bending in the region of the anastomosis dueIt has also been suggested that bending in the region of the anastomosis due 
to the different degrees of pulsatile strain resulting from complianceto the different degrees of pulsatile strain resulting from compliance 
mismatch may contribute to the formation of intimal hyperplasia.mismatch may contribute to the formation of intimal hyperplasia. 

–– However, the radial movement due to a pulse pressure of 20However, the radial movement due to a pulse pressure of 20 mmHg of ammHg of a 
femoral artery with a diameter of 4femoral artery with a diameter of 4 mm and compliance of the order ofmm and compliance of the order of 
0.13%/mmHg would be less than 0.030.13%/mmHg would be less than 0.03 mm (i.e. less than 1% of the diameter)mm (i.e. less than 1% of the diameter) 
and that of a PTFE graft would be approximately oneand that of a PTFE graft would be approximately one--third of this.third of this.and that of a PTFE graft would be approximately oneand that of a PTFE graft would be approximately one third of this.third of this.

–– It is questionable, therefore, whether such a small degree of bending wouldIt is questionable, therefore, whether such a small degree of bending would 
cause an injury comparable to that due to the suture itselfcause an injury comparable to that due to the suture itself 

OTHER MECHANICAL FACTORS 
S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000
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that of the into which it isthat of the into which it is

SummarySummary
•• In the last 40 years, the success rate of vascular prostheses withIn the last 40 years, the success rate of vascular prostheses with 

a diameter greater than 6mm has risen steadilya diameter greater than 6mm has risen steadily
–– 55--year survival rates exceeding 95% in most centryear survival rates exceeding 95% in most centres 

•• With smaller grafts no comparable improvement has occurredWith smaller grafts no comparable improvement has occurred
–– the majority failing within 5 yearsthe majority failing within 5 years
–– failure due to intimal hyperplasia and, ultimately atherosclerosisfailure due to intimal hyperplasia and, ultimately atherosclerosis
–– failure in and around the downstream anastomosisfailure in and around the downstream anastomosis

•• Clinical evidence suggests that the patency rates of small graftsClinical evidence suggests that the patency rates of small grafts 
are improved by matching the elastic properties of the graft toare improved by matching the elastic properties of the graft to 
that of the artery into which it is placedthat of the artery into which it is placed.artery placed.artery placed.

S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000

Improving Vascular Grafts: The Importance of 
Mechanical and Haemodynamic PropertiesMechanical and Haemodynamic Properties
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•• Although there is little reliable evidence that elastic mismatchAlthough there is little reliable evidence that elastic mismatch per seper se is theis the 
cause of intimal hyperplasia, it is generally accepted that mechanicalcause of intimal hyperplasia, it is generally accepted that mechanical 
factors, including the following, are important in its genesis.factors, including the following, are important in its genesis. 

–– disturbed flow at the anastomosis leading to fluctuations in shear stress at thedisturbed flow at the anastomosis leading to fluctuations in shear stress at the 
endothelium (a known cause of intimal hyperplasia in normal arteries)endothelium (a known cause of intimal hyperplasia in normal arteries)

–– injury due to suturinginjury due to suturing
stress concentration at the anastomosistress concentration at the anastomosisstress concentration at the anastomosis.stress concentration at the anastomosis.

•• Few suitable materials or techniques have yet been developed to improveFew suitable materials or techniques have yet been developed to improve 
the longthe long--term survival rates of small graftterm survival rates of small grafts. 

•• Recent advances in tissue engineering in which prostheses areRecent advances in tissue engineering in which prostheses areg g pg g p
manufactured by culturing vascular smooth muscle cells on a tubularmanufactured by culturing vascular smooth muscle cells on a tubular 
scaffold of biodegradable polymer may ultimately make it possible toscaffold of biodegradable polymer may ultimately make it possible to 
manufacture biologically and haemodynamically compatible grafts withmanufacture biologically and haemodynamically compatible grafts with 
diameters as small as 1mm.diameters as small as 1mm. 

S. E. Greenwald, J Pathol 190:292;2000S. E. Greenwald, J Pathol 190:292;2000

Improving Vascular Grafts: The Importance of 
Mechanical and Haemodynamic PropertiesMechanical and Haemodynamic Properties



•• Permanent artificial vesselPermanent artificial vesselsPermanent artificial vesselsPermanent artificial vessels
•• Autografts (saphenous vein)Autografts (saphenous vein)

Ti i d bl d lTi i d bl d l•• Tissue engineered blood vesselTissue engineered blood vessel

VASCULAR IMPLANTSVASCULAR IMPLANTS






Cell-Seeded Prostheses
 

Vascular Tissue Engineering
Vascular Tissue Engineering


Diagram removed due to 
copyright restrictions. 
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Drawings of vascular implant in flat (unrolled) and rolled forms.
 

D Seliktar and R Nerem 
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•• Atherosclerotic vascular disease, in the form of coronary arteryAtherosclerotic vascular disease, in the form of coronary artery
and peripheral vascular disease, is the largest cause of mortalityand peripheral vascular disease, is the largest cause of mortality
in the United States.in the United States.

•• Surgical mainstays of therapy for affected vessels less thaSurgical mainstays of therapy for affected vessels less than 
66 mm in diameter include bypass grafting with autologous veinmm in diameter include bypass grafting with autologous veins
or arteriesor arteries

–– however, adequate tissue for bypass conduits is lacking in many patients.however, adequate tissue for bypass conduits is lacking in many patients.
•• Artificial materials, when used to bypass arteries that are lesArtificial materials, when used to bypass arteries that are less 

than 6than 6 mm in diameter, have thrombosis rates greater than 40%mm in diameter, have thrombosis rates greater than 40% 
after 6after 6 months.months. 

•• Although novel approaches for producing smallAlthough novel approaches for producing small--caliber arterialcaliber arterial 
grafts have been developed, problems with mechanicalgrafts have been developed, problems with mechanical 
properties or the utilization of neonatal cells have heretoforproperties or the utilization of neonatal cells have heretofore 
prevented clinical implementation.prevented clinical implementation. 

Functional Arteries Grown in Vitro 
L. E. Niklason, et al. Science 284:489;1999 
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•• A tissue engineering approach was developed to produceA tissue engineering approach was developed to produce
arbitrary lengths of vascular graft material from smooth musclarbitrary lengths of vascular graft material from smooth muscle 
and endothelial cells derived from a biopsy of vascular tissue.and endothelial cells derived from a biopsy of vascular tissue.

•• Bovine vessels cultured under pulsatile conditionsBovine vessels cultured under pulsatile conditions
–– rupture strengths greater than 2000rupture strengths greater than 2000 millimeters of mercumillimeters of mercury 
–– suture retention strengths of up to 90suture retention strengths of up to 90 gramsgramsg pg p g ag a
–– collagen contents of up to 50collagen contents of up to 50 percentpercent

•• Cultured vessels showed contractile responses tCultured vessels showed contractile responses to
pharmacological agentpharmacological agentsagentsagentspharmacologicalpharmacological

•• Smooth muscle cells displayed markers of differentiationSmooth muscle cells displayed markers of differentiation
–– calponin and myosin heavy chainscalponin and myosin heavy chains

•• TissueTissue-engineered arteries implanted in miniature swineengineered arteries implanted in miniature swine
–– patency documented up to patency documented up to 24 days by digital angiographydays by digital angiography

Functional Arteries Grown in Vitro 
L. E. Niklason, et al. Science 284:489;1999 
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•• Suspension of cultured SMCs isolated from the medial layer ofSuspension of cultured SMCs isolated from the medial layer of
bovine aorta was pipeted onto tubular biodegradablebovine aorta was pipeted onto tubular biodegradable 
polyglycolic acid (PGA) scaffolds that were secured inpolyglycolic acid (PGA) scaffolds that were secured in 
bioreactors.bioreactors.

•• The surface of the PGA scaffolds was chemically modified witThe surface of the PGA scaffolds was chemically modified with 
sodium hydroxide, which caused ester hydrolysis on the surfacsodium hydroxide, which caused ester hydrolysis on the surface
of the fibers leading to increased hydrophilicity increasedof the fibers leading to increased hydrophilicity increasedof the fibers, leading to increased hydrophilicity, increasedof the fibers, leading to increased hydrophilicity, increased
adsorption of serum proteins, and improved SMC attachment.adsorption of serum proteins, and improved SMC attachment.

•• After an initial SMC seeding period of 30After an initial SMC seeding period of 30 min, the bioreactorsmin, the bioreactors 
were filled with medium and the SMCs were cultured underwere filled with medium and the SMCs were cultured under 
conditions of pulsatile radial stress for 8conditions of pulsatile radial stress for 8 weeks.weeks. 

• To produce an endothelial layer, an EC suspension of 3 million 
cells/ml was injected into the lumen. 

•• Control vessels were cultured without pulsatile radial stresControl vessels were cultured without pulsatile radial stress
under otherwise identical conditions.under otherwise identical conditions. 

Functional Arteries Grown in Vitro 
L. E. Niklason, et al. Science 284:489;1999 
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L. E. Niklason, et al. Science 284:489;1999 





 



L. E. Niklason, et al. Science 284:489;1999 L. E. Niklason, et al. Science 284:489;1999 

Vessel type* 

5 P 

5 NP 

8 P 

8 NP 

Native 

Wall 

thickness 


( )
(cm) 


0.019 ± 0.006 


(n = 4)
(n = 4) 


0.009
 

(n = 1)  
  

0.038 ± 0.004
 

(n = 5)  
  

0.023 ± 0.004
 

(n = 3)  
  

0.029 (18)
 

Collagen (% dry
 
weight)weight)

 

29 ± 6
 

(n = 4)(n = 4) 

50 ± 5
 

(n = 6)  
  

(P < 0.005) 

35 ± 3 

(n = 4)  

45  ±  9  

Suture 
retention (g) retention (g) 

40 ± 16
 

(n = 4)(n = 4) 

(P < 0.001)
 

2.7 ± 1.2
 

(n = 3)  
  

91 ± 26
 

(n = 6)  
  

(P < 0.005) 

22 ± 8 

(n = 6)  

273 ± 31 

SMC density (108 

cells/ml)cells/ml) 

0.40 ± 0.16 

(n = 4)(n = 4) 

0.93 ± 0.37
 

(n = 5)  
  

1.19 ± 0.14
 

(n = 3)  
  

2.87 ± 0.14§
 

* P, pulsed; NP, nonpulsed; number represents weeks. 
Data insufficient. 
Measured from bovine muscular arteries stripped of adventitia. 

§ Measured from bovine arteries by fluorometric assay. 
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Requirement for Growing Tissue-Engineered Vascular Grafts 
SL Mitchell, Cardiovasc. Path. 12:59 (2003) 

Collagen and elastin are excreted by smooth muscle cells Cross-linking stabilizesCollagen and elastin are excreted by smooth muscle cells. Cross linking stabilizes 
collagen and elastin, making them less suseptible to proteolysis.  Well-organized 
layers of insoluble collagen and elastin result in a strong, compliant vessel. 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. 
Used with permission. 

http://www.sciencedirect.com


SL Mitchell, Cardiovasc. Path. 12:59 (2003) 

Development of (a) collagen gel-based, (b) rolled sheet, and 
(c) degradable scaffold vascular grafts. 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. 
Used with permission. 

http://www.sciencedirect.com


SL Mitchell, Cardiovasc. 
Path. 12:59 (2003)

Elastin immunostaining (arrows) in a native (A) 
and an explanted tissue-engineered artery (B). 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com.
Used with permission. 

SL Mitchell, Cardiovasc. 
Path. 12:59 (2003)

http://www.sciencedirect.com




Bursting Strength of Tissue-Engineered Blood Vessel 
 

((TEBV;; EN,, collaggen sheet,, SMC,,FB ))


Two graphs removed due to copyright restrictions. 

N L’Heureux, et al, FASEB J 12:47;1998 
IM: inner membrane, collagen 
HSV: human saphenous vein 
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