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Abstract 
 

Background: Poorly designed animal models with short, non-isolated grafts have led 
researchers to exclusively investigate transanastomotic endothelialization(TAE), which 
is known to be limited to the perianastomotic region in humans.  Alternative 
spontaneous forms of endothelialization (fallout and transmural) need to be 
independently investigated and optimised to redirect future conduit research. 
 
Methods: All implants were performed in infra-renal rat aorta.  TAE was determined at 
2, 4, and 6 weeks (n=6/time-point) (ePTFE;ID1.7mm;IND15-25µm). High-porosity 
polyurethane (internal diameter 1.7mm- 150mm pore size) grafts were interposed 
between ePTFE grafts for 2, 4, 6, and 8 weeks (n=6/time point).  Grafts were looped to 
increase their length and were implanted for 6, 8, 12, and 24 weeks (n=8/time-point).  
Perigraft isolation included (PU skin, 50µm, or 350µm wall thickness wrap,  
(IND30µm;ePTFE) to prevent transmural ingrowth; 12-weeks.  The mid-graft was 
further surface-treated with heparin or heparin-VEGF/PDGF and implanted for 3 weeks 
(n=10/group).  Explanted samples were analysed by light, immunofluorescence and 
scanning electron microscopy for vascularization and endothelialization. 
 
Results: TAE occurred at 0.6±0.4mm/wk., which slowed from 0.8±0.4 to 
0.5±0.3mm/wk., [p=0.039] from 2 to 6 weeks.  Straight composite grafts separation 
zones were too short to isolate transmural ingrowth beyond four weeks.  However, a 
broad endothelial-free zone was preserved in all looped composite grafts (23.6±10.1, 
23.7±8.2, 13.4±11.0, 10.5±5.6mm for 6, 8, 12, and 24 weeks respectively), [p=0.0031].  
Mid-graft pre-confluence was reached by 6 weeks (55±45%) and confluence between 
week 12 and 24 (95.0±10.0% and 84.0±30.13%).  The subintimal thickness did not 
increase (91.8±93.9 mm vs. 71.4±59.4 mm at 6 and 24 weeks, respectively; NS).  All 
sealed grafts occluded. Mid-graft endothelialization was not influenced by 50µm-
Filmwrap (93±8.3%), but the 350µm-Wrap significantly reduced coverage (16±30%, 
pre 
 
Conclusions: Transmural endothelialization can be clearly distinguished from TAE in a 
high throughput rat model.  A looped interposition graft model provides sufficient 
isolation length to separate the two events for up to half a year without an increase in 
intimal hyperplasia.  Growth factor surface modification further enhances this form of 
healing, while perigraft isolation confirms that fallout endothelialization is insufficient to 
heal the mid-graft with confluence.  These findings may be useful for the development 
of clinical peripheral vascular (including endoluminal) grafts, as TM endothelialization 
remains a viable healing mode in humans. 



 

 viii 



Preface 

 ix 

 

Acknowledgements 
 

The completion of this dissertation would not have been possible without the support of 

the Chris Barnard Division of Cardiothoracic Surgery.  I greatly appreciate the 

Division’s recognition of the importance for the completion of a PhD degree in my 

formative years as a cardiothoracic surgeon.  I would like to specifically acknowledge 

the support I have received for the following people: 

 

To my supervisor Assoc. Prof. Deon Bezuidenhout, head of biomaterials at the 

Cardiovascular Research Unit.  Thank you for the major contributions you have made 

in the concept, design and implementation of this thesis.  Your patience, criticism and 

optimism have been invaluable through the journey that has resulted in this collection 

of work, and assistance in this dissertation. 

 

Head of the Chris Barnard Division of Cardiothoracic Surgery and co-supervisor 

Professor Peter Zilla.  Thank you for creating opportunities by providing an 

environment that is conducive to research and a centre of excellence that allows for 

scientific pursuit.  Most importantly, I appreciate the enthusiasm you have shared with 

me as well as the time you have spent to council and motivate me when I have lost 

direction.  I feel very privileged to have worked under such and influential and inspiring 

leader in my short career as a cardiothoracic registrar and researcher. 

 

To staff at the Cardiovascular Research Unit, in particular Helen Ilsley, Neil Davies, 

Paul Human, Raymond Michaels, Josepha Koehne, and Melanie Black thank you for 

sharing your knowledge, expertise and time with me. 

 

I wish to thank my best friend, wife and part time statistical advisor Kathryn for the 

constant support you have shown. 

 

Funding 

 

Funding for this study was provided through the competitive programme for rated 

researchers (CPRR; Grant No: 78760) awarded to Dr D Bezuidenhout by the National 

Research Foundation, and by the Medical Research Council of South Africa.



 

 x 



Preface 

 xi 

Table of Contents 
 

Declaration+....................................................................................................................................................+iii!

Abstract+..........................................................................................................................................................+vii!

Acknowledgements+.....................................................................................................................................+ix!

Table+of+Contents+.........................................................................................................................................+xi!

List+of+figures+..............................................................................................................................................+xvii!

List+of+tables+................................................................................................................................................+xxi!

Abbreviations+..........................................................................................................................................+xxiii+

 

Section+I+

Thesis+Overview+.............................................................................................................................................+3!

Chapter+1+Aims+and+Outline+.......................................................................................................................+3!

1.1#Introduction#...................................................................................................................................................................#3!

1.2#Research#Objectives#....................................................................................................................................................#5!

1.2.1!Problem!Statement!.......................................................................................................................................!5!

1.2.2!Thesis!Statement!............................................................................................................................................!5!

1.2.3!Aims!.....................................................................................................................................................................!6!

1.2.4!Study!outline!....................................................................................................................................................!6!

 

Section+II+

Literature+review+...........................................................................................................................................+9!

Chapter+2+Cardiovascular+Disease+........................................................................................................+11!

2.1#Introduction#.................................................................................................................................................................#11!

2.2#Atherosclerotic#disease#...........................................................................................................................................#12!

2.2.1!Pathogenesis!.................................................................................................................................................!12!

2.2.2!Clinical!implications!..................................................................................................................................!14!

2.3#Summary#.......................................................................................................................................................................#22!

Chapter+3+Vascular+Grafts+........................................................................................................................+23!

3.1#Introduction#.................................................................................................................................................................#23!

3.2#Bioprosthetic#...............................................................................................................................................................#23!



Preface 

 xii 

3.2.1!Autologous!grafts!(Autografts)!.............................................................................................................!23!

3.2.2!Homologous!grafts!(Homografts)!........................................................................................................!24!

3.2.3!Heterologous!grafts!(Xenografts)!........................................................................................................!25!

3.3#Synthetic#grafts#..........................................................................................................................................................#25!

3.3.1!Clinically!implanted!materials!..............................................................................................................!25!

3.4#Experimental#materials#..........................................................................................................................................#28!

3.4.1!Polyurethanes!(PU)!....................................................................................................................................!28!

3.4.2!Degradable!polymers!................................................................................................................................!29!

3.5#Tissue#engineering#....................................................................................................................................................#30!

3.5.1!Endothelial!cell!transplantation!...........................................................................................................!30!

3.5.2!Completely!tissue!engineered!blood!vessel!....................................................................................!32!

3.5.3!Graft!modifications!....................................................................................................................................!34!

3.5.4!Angiogenesis!.................................................................................................................................................!36!

3.5.5!Summary!........................................................................................................................................................!38!

Chapter+4+Determinants+of+Graft+Failure+............................................................................................+41!

4.1#Introduction#.................................................................................................................................................................#41!

4.2#Physical#properties#...................................................................................................................................................#42!

4.2.1!Compliance!....................................................................................................................................................!42!

4.2.2!Calibre!..............................................................................................................................................................!44!

4.2.3!Porosity!...........................................................................................................................................................!46!

4.3#Biological#interaction#..............................................................................................................................................#52!

4.3.1!Early!response!..............................................................................................................................................!52!

4.3.2!Late!host!response!.....................................................................................................................................!53!

4.4#Surgical#technique#....................................................................................................................................................#55!

4.4.1!Continuous!vs.!Interrupted!anastomosis!.........................................................................................!55!

4.4.2!Anastomotic!cuffs!and!patches!.............................................................................................................!56!

4.5#Summary#.......................................................................................................................................................................#56!

Chapter+5+Surface+Endothelium+.............................................................................................................+57!

5.1#Introduction#.................................................................................................................................................................#57!

5.2#Endothelial#preservation#in#autografts#...........................................................................................................#57!

5.3#Spontaneous#endothelialization#of#vascular#grafts#....................................................................................#58!

5.3.1!Transanstomotic!endothelialization!(TAE)!.....................................................................................!58!

5.3.2!Transmural!endothelialization!(TM)!.................................................................................................!60!

5.3.3!Fallout!endothelialization!.......................................................................................................................!65!

5.4#The#lack#of#healing#in#humans#.............................................................................................................................#66!



Preface 

 xiii 

5.5#In#vivo#model#designs#...............................................................................................................................................#68!

5.5.1!Animal!models!.............................................................................................................................................!68!

5.5.2!Site!of!implant!..............................................................................................................................................!69!

5.5.3!Graft!length!....................................................................................................................................................!70!

5.5.4!Isolation!..........................................................................................................................................................!71!

5.6#Summary#.......................................................................................................................................................................#72#

 

Section+III+

Experimental+Work+....................................................................................................................................+75!

Chapter+6+Materials+and+Methods+.........................................................................................................+77!

6.1#Study#Design#................................................................................................................................................................#77!

6.2#Group#allocation#........................................................................................................................................................#79!

6.3#Graft#Construction#.....................................................................................................................................................#81!

6.3.1!Porous!graft!production!...........................................................................................................................!81!

6.3.2!Composite!graft!construction!................................................................................................................!82!

6.3.3!Quality!control!.............................................................................................................................................!86!

6.3.4!ePTFE!Systemic!pressure!testing!.........................................................................................................!86!

6.4#Surgical#procedures#..................................................................................................................................................#88!

6.4.1!Housing!and!monitoring!..........................................................................................................................!88!

6.4.2!Rat!implant!....................................................................................................................................................!89!

6.4.3!Graft!explant!.................................................................................................................................................!92!

6.5#Implant#allocation#....................................................................................................................................................#94!

6.6#Graft#processing#and#analysis#..............................................................................................................................#94!

6.6.1!Patency!............................................................................................................................................................!94!

6.6.2!Histological!processing.!...........................................................................................................................!95!

6.6.3!CrossVsectional!vessel!analysis!.............................................................................................................!95!

6.6.4!Scanning!electronmicroscopic!processing!.......................................................................................!96!

6.6.5!Graft!length!measurement!......................................................................................................................!97!

6.7#Outgrowth#calculation#............................................................................................................................................#97!

6.8#Capillary#ostia#quantification#..............................................................................................................................#98!

6.9#Intimal#hyperplasia#measurement#.....................................................................................................................#99!

6.10#Calibre#offset#calculation#.....................................................................................................................................#99!

6.11#Analysis#of#pressurized#ePTFE#...........................................................................................................................#99!

6.12#Data#capture#..........................................................................................................................................................#100!

6.13#Statistical#Analysis#..............................................................................................................................................#100!



Preface 

 xiv 

Chapter+7+Results+.....................................................................................................................................+101!

7.1#Phase#A#........................................................................................................................................................................#101!

7.1.1!Simple!ePTFE!grafts!V!SePTFE!.................................................................................................................!101!

7.2#Summary#....................................................................................................................................................................#105!

7.3#Phase#B#........................................................................................................................................................................#106!

7.3.1!Straight!composite!ePTFE!midVgraft!V!SCePTFE!..............................................................................!106!

7.3.2!Straight!composite!PU!midVgraft!V!SCPU!..........................................................................................!107!

7.3.3!Loop!composite!PU!midVgraft!LCPU!..................................................................................................!108!

7.3.4!Summary!.....................................................................................................................................................!113!

7.4#Phase#C#........................................................................................................................................................................#114!

7.4.1!Differentiating!fallout!from!transmural!endothelialization!..................................................!114!

7.4.2!Mechanical!ePTFE!testing!....................................................................................................................!118!

7.4.3!Summary!.....................................................................................................................................................!120!

7.5#Phase#D#........................................................................................................................................................................#120!

7.5.1!Optimising!transmural!endothelialization!...................................................................................!120!

7.5.2!Summary!.....................................................................................................................................................!123!

7.6#Combined#experimental#analysis#.....................................................................................................................#124!

7.6.1!Calibre!offset!..............................................................................................................................................!124!

7.6.2!Aortic!cross!clamp!time!.........................................................................................................................!124!

7.6.3!Quantification!of!surface!capillary!ostia!........................................................................................!125!

7.6.4!Patency!.........................................................................................................................................................!126!

Chapter+8+Discussion+and+Concluding+Remarks+............................................................................+127!

8.1#Modes#of#spontaneous#healing#..........................................................................................................................#127!

8.1.1!Transanastomotic!endothelialization!.............................................................................................!127!

8.1.2!Transmural!endothelialization!..........................................................................................................!130!

8.1.3!Fallout!endothelialization!....................................................................................................................!135!

8.2#Local#growth#factor#surface#modification#...................................................................................................#138!

8.3#Model#design#.............................................................................................................................................................#139!

8.4#Graft#patency#............................................................................................................................................................#140!

8.5#Intimal#Hyperplasia#...............................................................................................................................................#141!

8.6#Conclusion#..................................................................................................................................................................#141!

8.7#Study#implications#..................................................................................................................................................#142!

8.8#Delineations#and#Limitations#............................................................................................................................#143!

8.9#Recommendations#and#future#directions#.....................................................................................................#144!

8.10#Research#Outputs#.................................................................................................................................................#145!

8.10.1!Publications:!............................................................................................................................................!145!



Preface 

 xv 

8.10.2!Intended!submissions!.........................................................................................................................!145!

8.10.3!Publications!associated!with!current!thesis!..............................................................................!145!

8.10.4!Conference!presentations:!................................................................................................................!145!

Section+IV++Addenda+and+References+.................................................................................................+147!

Addendum+B++Equipment+......................................................................................................................+155!

Addendum+C++Systemic+Anticoagulants+............................................................................................+157!

Addendum+D++Bulleted+Results+Summary+.......................................................................................+159!

References+..................................................................................................................................................+163!



 

 xvi 



Preface 

 xvii 

List of figures 
 

Figure#1#Three#forms#of#spontaneous#vascular#graft#endothelialization#.............................................................................#4!

Figure#2#Four#phases#implemented#in#study.#ePTFE=#expanded#polytetrafluoroethylene#(Isolation#Segment)#.#7!

Figure#3#ParaZanastomotic#hyperZcompliant#zone#(PHZ),#where#anastomosis#is#at#distance#0mm.#....................#43!

Figure#4#The#host#vessel#and#the#conduit#used#in#clinical#applications#and#animal#models.##The#Qc#between#

run#off#artery#and#graft#is#typically#in#the#range#of#Qc≈0.25#Z#0.35#in#small#diameter#grafts#and#Qc≈1.4Z1.6#in#

experimentally#implanted#grafts.##Were#ah#represents#that#of#the#host#vessels#and#ag#that#of#the#interposition#

graft#Adapted#from#Zilla#et#al.7#............................................................................................................................................................#45!

Figure#5#SEM#x100#magnification#of#(a)#luminal#surface#and#(b)#abluminal#wrap#reinforcement,#GoreZtex®#

30μm#IND#ePTFE.##Luminal#(c)#and#abluminal#(d)#surface#at#x500#magnification.#.....................................................#49!

Figure#6#(a)#H&E#of#MidZgraft#of#PDS#implant#in#a#rabbit#at#two#months#showing#capillary#invading#the#

luminal#surface#(x268#magnification).#413##(b)#Capillary#ostium#on#the#surface#of#highZporosity#ePTFE#graft#

(90#µm#IND)#in#a#dog.417##Scale#bar#=#30µm#...................................................................................................................................#61!

Figure#7#Schematic#representation#of#the#four#graft#types#with#the#luminal#side#superiorly#and#the#abluminal#

side#inferiorly.#(SP)#Standard#porosity#(30μm),#(HP)#High#porosity#(90μm),#(DP)#Dual#porosity#(30/90μm),#

and#(SHP)#High#porosity#with#abluminal#polyurethane#seal#(90μm+PUZSkin).#Right:#Graph#depicting#the#

increased#endothelial#coverage#of#the#high#porosity#graft,#followed#by#the#composite#graft,#with#coverage#in#

the#standard#and#sealed#grafts.##(✽)#Denotes#P<0.05.##Adapted#from#Tsuchida#et#al.417#............................................#63!

#Figure#8#Graphical#representation#of#the#composite#graft#placed#in#the#aboveZknee#position.##The#wrapped#

60µm#ePTFE#was#randomly#placed#either#proximal#or#distally.##Adapted#from#Kohler#et#al.412#.............................#67!

Figure#9#Schematic#representation#of#(a)#Composite#isolation#graft#(B)#Implant#position#implemented#by#Shi#

et#al.454##From#Bhattacharya#et#al.291#.................................................................................................................................................#72!

Figure#10#Schematic#representation#of#study#design#.................................................................................................................#77!

Figure#11#Synopsis#of#graft#allocation#per#group#and#phase.#�Denotes#six#LCPU#grafts#used#in#both#Phase#B&C

#............................................................................................................................................................................................................................#80!

Figure#12#SEM#of#(a)#x50#and#(b)#x150#magnification#surface#of#high#porosity#PU#with#pore#interconnectivity#

of#70μm.##Scale#bars#Black#=#100μm,#White=#500μm#.................................................................................................................#81!

Figure#13#SEM#of#isolation#segment#(Zeus#15Z25μm#IND)#at#(a)#x100#and#(b)#x750.#..................................................#82!

Figure#14#Straight#grafts#in#their#three#forms#(a)#SePTFE#(b)#SCePTFE#(c)#SCPU.#(d)#MacroZphotograph#of#SCPU.#..#83!

Figure#15#Construction#of#loop#graft:##(a)#The#nylon#cord#is#tightly#wound#around#the#PTFE#mandrill#and#

secured#with#cable#ties.##(b)#Following#the#heatZsetting#water#bath#the#nylon#retains#memory#of#the#spiral#

form#cut#to#lengths#of#±110mm.##(c)#The#midZgraft#and#isolation#segments#are#aligned#on#the#cord,#glued#and#

secured#with#a#single#tie.##(d)#Finally#the#mandrill#is#removed#prior#to#ethanol#submersion.##Scale#bar#10mm

#............................................................................................................................................................................................................................#83!

Figure#16#Construction#of#the#externally#wrapped#grafts.#(a)#ePTFE#sheath#is#aligned#over#the#PU#midZgraft.#

(b)#The#edges#are#glued#and#crimped#to#prevent#ingrowth#from#the#side.#The#dashed#line#represents#the#PU#

midZgraft.#Scale#bar#=#5mm#...................................................................................................................................................................#85!



Preface 

 xviii 

Figure#17#Construction#of#the#midZgraft#barrier#wraps#and#skins#to#prevent#abluminal#perigraft#tissue#

ingrowth.#The#left#is#a#schematic#representation#of#the#implant#design.##The#middle#column#is#a#low#

magnification#SEM#of#the#midZgraft#with#external#treatment.##The#right#column#depicts#a#high#magnification#

SEM#of#the#external#surface#of#the#midZgraft#and#is#representative#of#the#degree#of#porosity.##Scale#bars:#

White#=#100μm,#Black#=#10μm.#............................................................................................................................................................#87!

Figure#18#Pressurised#wrap#system.##The#graft#segment#is#attached#to#the#edge#of#a#16G#intravenous#cannula.#

The#system#is#pressurised#with#saline#by#a#5ml#syringe#measured#with#a#manometer#on#a#threeZway#tap.##

(Insert)#Pressurised#graft#with#beading#of#saline#through#the#graft#wall#at#120mmHg#............................................#88!

Figure#19#Interrupted#anastomosis#with#9/0#Ethilon#suture.#Scale#bar#1mm#................................................................#92!

Figure#20#The#straight#grafts#(both#simple#and#composite)#were#divided#longitudinally#for#histological#and#

SEM#analysis#.................................................................................................................................................................................................#93!

Figure#21#The#loop#graft#was#crossZsectioned#into#seven#samples.#Seven#±13mmin#length,#which#were#further,#

divided#longitudinally#for#histology#and#SEM,#and#one#crossZsectional#of#the#midZgraft#(PUX,#2mm)#was#

reserved#for#crossZsectional#...................................................................................................................................................................#94!

Figure#22#Visopharm#analysis#of#mural#vessels.##(a)#CD31#light#microscopy.##(b)##Visiopharm#vessels#labelled#

in#red.##Graft#wall#manually#processed#in#purple.##(c)#Vessels#are#filled#by#software.##Scale#bar#=#100μm#..........#96!

Figure#23#Measurement#of#TAE#(A)#SEM#of#endothelial#outgrowth#edge#(Arrow).#(b)#Corresponding#

immunoflourescent#histology#(CD31,#Dapi)#...................................................................................................................................#96!

Figure#24#A#schematic#representation#of#the#measurement#of#endothelial#coverage#area#(A1),#the#width#of#

the#graft#(w),#TAmax#and#the#representation#of#TAImean#......................................................................................................#97!

Figure#25#In#this#example#both#TAmin#(⋮)#and#TAmax#(↑)#are#the#same,#but#the#‘indexed’#area#and#resultantly#

calculated#TAImean#is#greater#in#(a)#....................................................................................................................................................#98!

Figure#26#The#endothelial#free#zone#(EFZ)#was#measured#as#the#distance#between#the#TAmax#of#

transanastomotic#outgrowth#from#the#aorta#and#the#TRmax#retrograde#outgrowth#edge#from#the#midZgraft.98!

Figure#27#Intimal#hyperplasia#analysis#was#performed#on#the#crossZsection#of#midZgraft#segment#on#LCPU#

(PUX).#Eight#radial#measurements#were#taken#to#measure#the#mean#intimal#hyperplasia#per#graft.#.................#99!

Figure#28#Measurement#of#the#effect#of#pressurization#of#the#ePTFE#was#based#on:#nodal#width,#internodal#

distance#and#void#fraction#...................................................................................................................................................................#100!

Figure#29#Explanted#straight#interposition#ePTFE#graft#(18mm#in#length).##The#silk#tie#(black)#denotes#the#

proximal#end.##The#transanastomotic#endothelialization#can#be#appreciated#as#a#white#outgrowth#from#the#

anastomosis.##Scale#bar#=#5mm#.........................................................................................................................................................#101!

Figure#30#Low#and#high#magnification#histology#of#the#TAE.##The#blue#arrow#shows#the#loss#of#elastic#lamina#

of#the#aorta#and#the#transition#zone#from#native#host#artery#and#the#synthetic#conduit.##Endothelium#is#

confirmed#as#a#monolayer#with#CD31#stain#(c&f).##Scale#bars#Black#=#500μm,#white#=#100μm#...........................#102!

Figure#31#SEM#analysis#of#TAE.##(aZd)#Variation#of#outgrowth#seen#in#4Zweek#implants.##(c)#Variation#between#

two#halves#of#the#same#4Zweek#implant.#(e)#x350#magnification#of#ePTFE#surface#endothelium,#with#a#

flattened#monolayer#lifting#off#the#underlying#fibrin#(Arrow).##(d)#x350#magnification#of#aortic#endothelium#

which#is#not#a#flattened#as#that#seen#in#(c)#..................................................................................................................................#103!



Preface 

 xix 

Figure#32#(a)#Increase#in#TAmax,#TAImean#and#TAmin#for#2,#4#and#6#week#implant#timeframe.##(b)#The#TAE#

outgrowth#slowed#over#time#for#TAmax#and#TAmin#but#remained#constant#for#TAmean.#..............................................#104!

Figure#33#SEM#of#SCePTFE#(a)#x15#MidZgraft#free#of#endothelium.##(b)#x150#Glued#abluminal#surface#between#

isolation#segment#and#midZgraft#which#does#not#allow#for#tissue#penetration.##Scale#bar#Black=1mm,#

White=100µm#...........................................................................................................................................................................................#106!

Figure#34#SEM#of#SCPU#(a)#Two#week#implant#with#17%midZgraft#endothelial#coverage#(white#arrow)#the#

insert#shows#the#endothelial#edge#compared#to#the#underlying#fibrin.#(b)#Four#week#implant#with#confluent#

isolation#zone#(red#arrow).#Scale#bar#1mm#.................................................................................................................................#108!

Figure#35#Transanastomotic#outgrowth#is#graphically#represented#as#(a)#ScatterZplot#with#smoothed#

trendline#represents#the#increase#in#outgrowth#as#well#as#variance#over#time.#(b)#Absolute#outgrowth#and#(c)#

Rate#of#TAE#outgrowth,#expressed#as#TAmax,#TAmean,#TAmin.#...................................................................................................#109!

Figure#36#LCPU#12#week#implant#(a)#Stitched#SEM#image#with#endothelium#marked#in#red.#(b)#x50#

magnification#of#confluent#midZgraft#endothelial#surface#with#retrograde#outgrowth#onto#the#proximal#

ePTFE#isolation#segment.#Insert#x350#magnification#of#midZgraft#endothelial#surface.#(c)#Angiogram#shows#

intimal#hyperplasia#at#the#proximal#anastomosis#(arrow)#and#an#otherwise#patent#loop#graft.##Scale#Bar#

White#=#10mm,#Green#=#1mm#............................................................................................................................................................#110!

Figure#37#CD31#light#stain#of#occluded#graft#with#transmural#capillary#ingrowth#providing#collateral#flow#

through#the#occluded#midZgraft.##Scale#bar#=#100µm#.............................................................................................................#110!

Figure#38#Immunohistochemistry#(CD31,#Dapi,#Actin)#(a)#Longitudinal#segment#of#the#PU#ePTFE#interface.#

The#PU#autoZfluoresces#green#and#cannot#be#differentiated#from#the#actin#stain.##(b)#Surface#of#the#PU#with#

endothelial#layer#with#underlying#intimal#hyperplasia.##Endothelial#cells#on#the#surface#of#the#midZgraft#and#

the#(c)#mural#capillary#are#represented#by#arrows.##Scale#bar#white#=#100μm#Green#=#20μm##(d)#Isolated#midZ

graft#endothelial#coverage#(e)#Endothelial#free#zone#of#the#isolation#segments.#........................................................#111!

Figure#39#Compilation#of#individual#straight#(rectangles)#and#looped#(circles)#composite#grafts#in#relation#to#

the#isolation#of#midZgraft#endothelium.#Green#indicates#those#grafts#where#clear#endothelialZ#free#zones#were#

present#between#midZgraft#and#transanastomotic#endothelium,#whereas#red#indicated#a#coalescence#of#the#

two#across#the#entire#graft#length.##Blue#grafts#represent#samples#that#were#sent#for#histological#analysis#

only,#and##�,#graft#remained#nonZembedded;#black#denotes#an#occluded#graft#at#explant).#.................................#111!

Figure#40#ELMAS#stain#of#PUX#with(#a)#A#single#graft#with#the#most#significant#nonZconcentric#intimal#

hyperplasia.(six#week)#(b)#Minimal#hyperplasia#noted#in#the#majority#of#grafts#in#the#(24#week#)#...................#112!

Figure#41#(a)#Red#discolouration#due#to#blood#permeating#the#porous#LCPU#midZgraft#when#compared#to#the#

other#two#implants#(b&c).#(b)#The#thin#film#of#ePTFE#can#be#seen#under#pressure,#stretching#the#LCPUZFilm#

sheath#to#a#diameter#of#4mm.#(c)#LCPUZWrap#shows#no#distortion#or#discolouration#of#the#ePTFE#wrap.#....#115!

Figure#42#Macrophotograph#with#digital#subtraction#of#the#background#of#(i)#Cross#section#and#(ii)#

longitudinal#section#of#(a)#LCPU#(b)#LCPUZFilm#(c)#LCPUZWrap#(d)#LCPUZSkin.##(✽)#Denotes#the#thick#fibrous#

capsule#around#the#midZgraft#of#LCPUZWrap#...............................................................................................................................#115!

Figure#43#Cross#section#of#the#PU#midZgraft#(PUX)#of#(a)#LCPU#(b)#LCPUZFilm#(C)#LCPUZWrap.##The#

immunohistochemistry#is#representative#of#the#documented#graft#coverage.##CD31,#Dapi,#Actin.#.....................#116!

Figure#44#(a)#H&E#(b)#CD31#stain#of#the#external#film#of#LCPUZFilm#with#evidence#of#capillary#ingrowth#

through#the#external#barrier,#represented#by#the#arrows.#Scale#bar#=#50µm#...............................................................#117!



Preface 

 xx 

Figure#45#(a)#MidZgraft#endothelial#coverage#with#significantly#less#endothelium#noted#in#LCPUZWrap#(✽)#

compared#to#LCPU#and#LCPUZFilm.##(#)#LCPUZSkin#could#not#be#analysed#due#to#100%#occlusion,#which#is#(b)#

significantly#(✽)#less#than#the#other#three#groups#....................................................................................................................#118!

Figure#46#Effect#of#pressurization#on#ePTFE#(a)#ePTFE#film#preZpressurized#(b)#ePTFE#film#postZpressurized.##

Inserts#are#the#polarized#adjustment#where#blue#represents#the#void#space.##Graphs#of#(a)#IND#and#nodal#

dimensions#(e)#void#space#fraction#of#preZ#and#postZpressurization.##Scale#bar#=#50μm#.........................................#119!

Figure#47#(a)#Vessel#area#and#(b)#vessel#number#indexed#as#a#percentage#off#the#total#graft#area#for#the#three#

implant#groups#as#well#as#the#sub#groups#analysis.##(cZe)#Representative#CD31#light#stains#of#the#three#

treatment#groups#....................................................................................................................................................................................#121!

Figure#48#(a)#Graph#representing#the#endothelial#coverage#of#the#three#treatment#groups#as#well#as#the#subZ#

group#analysis.#(b)#CD31#(Dapi)#immuneZfluorescence#of#corresponding#midZgraft.#(c)#SEM#representing#a#

capillary#sprout#through#the#graft#wall#onto#the#luminal#surface#with#downstream#endothelial#outgrowth,#

red#arrow#represents#flow#direction.#Scale#bar#=#100μm#......................................................................................................#122!

Figure#49#Improvement#in#crossZclamp#time#over#the#course#of#the#experiment.##(a)#Including#perioperative#

deaths##(r2=0.311)#(b)#excluding#perioperative#deaths##(r2=0.327)#..................................................................................#124!

Figure#50#CrossZclamp#time#analysed#per#group.#Stragith#in#blue#and#looped#grafts#red#......................................#125!

Figure#51#SEM#of#midZgraft#surface.##Blue#arrows#indicate#indentations#on#the#surface,#which#may#represent#

previous#capillary#openings.##Red#arrows#are#confirmed#capillary#openings#and#also#represent#the#direction#

of#blood#flow.#Scale#bar#=#100μm#.....................................................................................................................................................#126!



Preface 

 xxi 

List of tables 
 

Table#1#Adapted#from#the#TASCZII#recommendation#based#on#lesion#location#and#type#for#the#femoropopliteal#

segment106,149,160,166,182#................................................................................................................................................................#18!

Table#2#Graft#implant#key#.........................................................................................................................................................#78!

Table#3#Summary#of#number#of#grafts#allocated#per#group#......................................................................................#79!

Table#4#Explanted#sample#label#.............................................................................................................................................#93!

Table#5#Summary#of#histological#findings#.......................................................................................................................#117!

Table#6#Surface#ostia#analysis#..............................................................................................................................................#125!

Table#7#Patency#of#implant#groups,#combined#from#all#experiments#..................................................................#126!

 



Preface 

 xxii 



Preface 

 xxiii 

Abbreviations 
 

AA Abdominal aorta 

ABI Ankle brachial index 

ADP Adenosine diphosphate 

Ah Cross-sectional area of host vessel 

ag  Cross-sectional area of graft 

AT Antithrombin III 

AV Ateriovenous 

BFGF Basic fibroblast growth factor 

BMP Beats per minute  

BMS Bare metal stents 

CABG Coronary artery bypass graft 

CAD Coronary artery disease 

CES Circulating endothelial cells 

CK-MB Creatine kinase muscle and brain 

Cd Compliance 

cm Centimetre 

COX cyclooxygenase inhibitor 
oC Degrees Celsius 

∆D Change in internal diameter 

DI Deionised water 

DTA Descending thoracic aorta 

EC Endothelial cell 

ECG Electrocardiocardiogram (Also EKG) 

EPC Endothelial progenitor cell 

EPTFE Expanded poly(tetrafluoroethylene) 

FO(E) Fallout (endothelialization) 

FPOD Femoropopliteal occlusive disease 

G Gauge 

GF Growth factor 

GP Glycoprotein 

H&E Haematoxylin and eosin 

HIF Hypoxia-inducible transcription factors 

HP High porosity 

HSD Honestly significant difference 



Preface 

 xxiv 

ID Internal diameter 

IH Intimal hyperplasia 

IL Interleukin 

IGF Insulin-like growth factor 

IND Internodal distance 

iu International units 

IVC Inferior vena cava 

kg Kilogram 

kPa Kilopascals 

LAD Left anterior descending (artery) 

LDL Low density lipoprotein 

LIMA Left internal mammary artery (left internal thoracic artery) 

LMWH Low molecular weight heparin 

mg Milligram 

ml Millilitre 

mm Millimetre 

µm Micrometre 

mmHg Millimetres of mercury 

MPa Mega Pascal 

NO Nitric oxide 

NSTEMI Non ST elevation myocardial infarction 

OD Outer diameter 

PAD Peripheral artery disease 

PBS Phosphate buffered solution 

PEG Polyethylene glycol 

PET Poly(ethylene terephthalate) 

PU polyurethane 

PVD Peripheral vascular disease 

PDGF Platelet derived growth factor 

PEG Polyethylene glycol 

PHZ Perianastomotic hyper-compliant zone 

Pp Pulse pressure (systolic - diastolic) 

PSM Plasma surface modification 

PTFE poly(tetrafluoroethylene) 

Qc Cross-sectional quotient 

RT Room temperature 

SD Standard deviation 



Preface 

 xxv 

SEM Scanning electron microscopy 

SEM Standard error of the mean 

SG Stent graft 

SMC Smooth muscle cells 

STEMI ST election myocardial infarction 

SV Saphenous vein 

TA(E) Transanastomotic (endothelialization) 

TAImax Indexed mean transanastomotic outgrowth 

TAmax Maximal edge of transanastomotic outgrowth 

TAmin Maximal edge (nadir) of transanastomotic outgrowth 

TCPC Total cavo-pulmonary connection 

TGF-β Transforming growth factor 

TM(E) Transmural endothelialization 

TRmax Maximal edge of retrograde outgrowth 

VAD Ventricular assist device 

VCAM-1 Vascular cell adhesion molecule-1 

VEGF Vascular endothelial growth factor 

VWFIII Von Willebrand factor VIII 

w Width of graft 

Zn Zinc 



 

 xxvi 



 

 

 
 
 
 

 

 

 

Section I 
 

Thesis Overview





Chapter 1  Aims and Outline 

 3 

Chapter 1  
 

Aims and Outline 
 

1.1 Introduction 

 

The use of prosthetic materials to reconstruct diseased arteries represents one of the 

significant medical advances of the twentieth century.1-5  Despite the early success, there 

has been little progress in this field over the last six decades, most notably in the 

development of small diameter conduits.  The two obstacles for synthetic grafts are: the high 

propensity for thrombosis in the short term, followed by an overgrowth of tissue in the form 

of intimal hyperplasia.  Attempts to address this with biocompatible graft development can 

take two forms.  One can either devise a completely inert material that does not thrombose 

or cause chronic inflammatory response, or alternatively, attempt to integrate the prosthesis 

within the body.  The latter falls under the science of regenerative medicine and tissue 

engineering, which involve technologies that combine the organisation of cells and polymer 

science to create artificial organs and tissues, such as skin, bones, and blood vessels.6-8  

There are four levels of complexity in the development of these synthetically engineered 

tissues.9-13  The most straightforward, at level one, is two-dimensional tissue in the form of 

epithelial replacement.  Tubular structures form the second level, and hollow non-tubular 

structures represent level three.  The provision of complex solid organs is at the highest 

level (four).  Blood vessels are hollow tubes (level two) with relatively few engineering 

demands, but after than half a century of research we have yet to provide an adequate 

alternative to autologous conduits.14-16  Even level one applications are limited to 

experimental application, as complete repopulation of a synthetic graft surface with a 

functional endothelial layer involves highly complex and expensive endothelial cell 

transplant.17-21 

 

The vascular endothelium has in recent times become perhaps the most studied mammalian 

cell type.2,22,23  Thirty years ago, it was regarded as a somewhat uninteresting cell, that 

simply comprised a non-thrombogenic inner layer of blood vessels, but today it is recognised 

as an important dynamic participant in vascular biology.  It represents the signal-

transduction interface, which links the chemical and mechanical communication between 

circulating blood and the underlying vessel wall.2,4,24,25  Despite the complexity of this 
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monolayer interaction, the act of providing a non-thrombogenic surface would be regarded 

as a significant advancement in the development of small diameter vascular grafts.  

However, the initial enthusiasm of the experimental work from 1970’s through to the 90’s has 

not resulted in significant progress.  This is largely due to a misguided focus on mechanical 

strength, regulatory compliance and surgical preferences rather than a view towards 

biological integration and functional tissue regeneration.7,26,27 

 

To date, the only successful method of providing this monolayer requires in vitro cellular 

transplantation in the form of seeding (or sodding).  Single stage seeding, although a simple 

and inexpensive method provides an inadequate inoculum of endothelial cells, negating its 

relevance for clinical use.7,10,13,28  The two staged method,15,29,30 on the other hand has 

shown superiority to untreated grafts and closed the gap on small diameter autologous 

grafts,18,20,30-34 but has failed to gain mainstream popularity in the clinic.  Although this 

method has shown proof of concept for the advantage of an endothelial lined synthetic graft, 

it has become an unrealistic solution for widespread use due to the cost and requirements 

for expertise. 

 

It has thus remained ‘the holy grail’ to provide a small diameter graft with an endothelial 

surface23,35-37 by spontaneous in vivo means and three distinct processes have been 

proposed as possible mechanisms for the formation of a vascular graft endothelial lining 

(Figure 1):25,28,38,39 

 

1. Host-vessel derived tissue growth across the anastomosis (Transanastomotic outgrowth) 

2. Trans-interstitial tissue migration (Transmural ingrowth) 

3. Deposition of multi-potent cells from the circulating blood (Fallout) 

 Figure 1 Three forms of spontaneous vascular graft endothelialization 

Transmural 

Fallout 

Transanastomotic 

Host vessel 
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The most natural mode of achieving confluent endothelial coverage on synthetic grafts 

would be via transanastomotic endothelialization, (also referred to as transanastomotic 

outgrowth) from the adjacent artery.  Unfortunately, this has been shown not to progress 

adequately to cover grafts longer than two centimetres in length in humans.27,39,40  It is clear 

that this is an irrelevant form of healing since clinically implanted grafts commonly have 

lengths of 40cm, and may extend beyond 60cm in femoro-distal bypass grafts.7  Despite 

this, the majority of vascular graft research has counter-intuitively and often unintentionally 

focused on this method of healing.  The main fault in model designs have hinged on graft 

lengths that are too short to adequately isolate endothelial outgrowth from the 

anastomosis.7,41-43  The presence of endothelium on the mid-graft has often been attributed 

to alternative forms of healing, but in fact, represent the variability in speed and 

completeness of transanastomotic endothelialization between species, age and implants 

sites. 

 

The solution may ultimately lie in the alternative two spontaneous forms of in vivo healing 

(fallout and transmural) to solve the lack of endothelialization in synthetic grafts.  A sound 

methodology is thus required to separate these events as independent entities and 

unequivocally establish the existence of these forms of healing.  The goal is thus to provide 

a model that can reliably and reproducibly test graft materials for these healing properties in 

a cost effective manner. 

 

1.2 Research Objectives 

 

1.2.1 Problem Statement 

 

The complete repopulation of prosthetic graft surfaces with a functional endothelial layer has 

yet to be exhibited in human beings.  It is hypothesised that graft designs with inadequate 

porosity only allow for transanastomotic pannus outgrowth, ultimately result in the high 

failure of small diameter vascular prostheses. 

 

1.2.2 Thesis Statement 

 

Suitably angiopermissive synthetic vascular grafts will undergo transmural endothelialization 

under the correct conditions, which can be isolated as an independent and confluent source 
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of healing in an in vivo circulatory model.  This process can be further optimised with the 

appropriate surface modifications.   

1.2.3 Aims 

 

The primary aim of this research was to confirm the existence of transmural 

endothelialization as a confluent and independent mode of healing, by establishing a mid-

graft isolation model. 

 

The secondary aims of this research were as follows: 

• To determine the rate of transanastomotic endothelialization in a rat for standard porosity 

graft material (ePTFE). 

• To determine if there is a difference in outgrowth rate between proximal and distal 

outgrowth 

• To characterise the pattern of transanastomotic outgrowth edge. 

• To calculate the length required for adequate anastomotic-isolation to separate mid-graft 

healing from transanastomotic endothelial outgrowth. 

• To implement a high-porosity transanastomotic implantation model 

• To Isolate fallout from transmural endothelialization with external graft barrier. 

• To improve / optimise endothelialization with graft surface treatment. 

 

1.2.4 Study outline 

 

The study was divided into four phases to address the aims (Figure 2): 

 

Phase A was implemented to determine the transanastomotic outgrowth rate of a rat   

Straight simple low-porosity ePTFE (IND 15-25µm) grafts with implanted in the infra-renal 

aorta over two to six weeks.  Explanted samples were analysed by light and scanning 

electron microscopy to determine the transanastomotic outgrowth of the proximal and distal 

edge.  The transanastomotic outgrowth pattern was expressed as a comparison between 

the leading edge, the nadir and a linear extrapolation of the endothelial area coverage. 

 

Phase B incorporated the transanastomotic endothelial outgrowth rate from phase A to 

design a composite isolation graft.  This requires an adequate length of low-porosity ePTFE 

to separate mid-graft healing from the encroaching transanastomotic endothelialization.  

Straight composite grafts were implanted for two to eight weeks and loop composite grafts 
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for six to 24 weeks.  Four week low-porosity ePTFE mid-segment control grafts were also 

implanted to confirm the competence of the glued edge. 

 

  

Phase C determined the method of mid-graft healing with further abluminal isolation.  Three 

levels of decreasing permeability was applied to the external surface of the mid-graft to 

determine separate fallout from transmural endothelialization over a twelve week implant 

period. 

 

Phase D attempted to improve mid-graft endothelialization of the polyurethane with dual 

growth factor surface modification.  Based on the confirmation of transmural 

endothelialization being the primary source of mid-graft endothelialization, growth factor 

surface treatment aimed to increase mural vascularity and speed up transmural 

endothelialization. 

 

Figure 2 Four phases implemented in study. ePTFE= expanded polytetrafluoroethylene (Isolation Segment)
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Chapter 2  
 

Cardiovascular Disease 
 

2.1 Introduction 

 

The failure of the cardiovascular system to supply sufficient oxygenated blood to the 

surrounding tissue (ischaemia) results in hypoplasia (inadequate growth) or necrosis (tissue 

death).  This supply and demand mismatch may be classified as congenital or acquired and 

is expressed in a variety of disease states in both adults and children. 

 

The use of vascular reconstruction for congenital pathology in the paediatric population is 

rare and requires a substantially different approach to what is found in acquired diseases of 

adults.30,44-47  Hence, synthetic vascular conduits are seldom required in congenital surgery 

due to the child’s inevitable growth and rapidly developing collateral vascular system.  Other 

than sporadic reports where conduits have been used in the systemic circulation,30,32-34,48,49 

vascular conduits in infancy are used to create shunts in children with cyanotic heart 

disease. These include systemic to pulmonary (Blalock-Taussig shunt), venous to 

pulmonary (extra-cardiac total cavo-pulmonary connection, TCPC) or right ventricular to 

pulmonary (Sano) shunts.  With the exception of the TCPC shunt, which is a medium to 

large diameter graft, these conduits tend to be short, temporary and exist in a high flow, low 

resistance environment with satisfactory patency.36,37,41,50 

 

Conversely, acquired vascular disease is highly prevalent and has multiple causes.  These 

include: trauma, connective tissue diseases and infection, but by far the most common are 

degenerative changes as a result of atherosclerosis, which accounts for around half the 

deaths in the developed world.38,39,51,52  Small diameter conduits are required to bypass 

stenosed vessels in the coronary and peripheral artery system as a form of treatment. In 

contrast to the relatively satisfactory performance of small diameter paediatric shunts, the 

high resistance, low-flow environment of atherosclerotic disease is the principle reason for 

graft failure in this group.  As a result, the focus of this thesis is to enhance vascular graft 

endothelialization as a means to improve patency in acquired, and more specifically 

atherosclerotic disease. 
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2.2 Atherosclerotic disease 

 

Atherosclerosis is the leading cause of death in developed countries24,39,53-55 and is also an 

increasing and evolving public health concern in the developing world, such that 

cardiovascular risk factors have been described as the ‘time bomb’ of Sub-Saharan 

Africa.42,44,48,55 Atherosclerosis is an inflammatory disease of highly specific interactions 

between cellular and molecular responses,24,45,47,56-58 which is initiated in infancy,49,59,60 but 

progresses over many years before having a clinical impact.  

 

2.2.1 Pathogenesis 

 

Atherosclerotic lesions develop due to high plasma concentrations of cholesterol, particularly 

that of low-density lipoprotein (LDL) cholesterol, which remains the principle contribution 

towards atherosclerosis.50,61-64  However, this pathological process is much more than a 

collection of lipids within a wall, but involves a complex interaction of circulating leucocytes 

and vascular mural inflammation.  The pathophysiology of atherogenesis and the 

development of an atherosclerotic lesion can be described in three stages: Lesion initiation, 

progression, and plaque complication.52,56,65 

 

2.2.1.(a) Lesion initiation 

 

The inception of an atherosclerotic lesion follows sub-intimal accumulation of apolipoprotein 

B-containing lipoproteins.54,55,60,66 High concentrations of LDL particles ensue, which are 

susceptible to oxidative modification55,56,67 and glycation, which is particularly pertinent to the 

diabetic patient.6,56,68  The subsequent recruitment of mononuclear leukocytes into the intima 

involves a sequence of rolling, adhesion and trans-endothelial diapedesis,56,60,69 which is 

mediated by specific adhesion molecules expressed on the surface of endothelial 

cells.6,62,64,70 The trapped LDL particles are key in the early inflammatory response and 

undergo progressive oxidation and phagocytosis by macrophages with specific scavenger 

receptors on their cell surfaces.56,71,72  The progression of endothelial dysfunction and 

compensatory inflammatory activation alter the normal homeostatic nature of the endothelial 

surface that secrete chemokines that leads to the recruitment of blood-borne 

monocytes.52,60,73  Furthermore, increased chemotaxins in the form of P-selectin and 

immunoglobulin (vascular cell adhesion molecule-1; VCAM-1) expression are fundamental 

to the endothelial-monocyte interaction, while intimal injury also results in endothelial cells 
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expressing paradoxical procoagulant features52,56,74,75 that promote smooth muscle 

migration. As a result of this subtle interaction of dysfunctional endothelium and underlying 

inflammatory process, the original ‘response to injury hypothesis’, which relied on denuded 

endothelium to initiate atherosclerosis is valid but oversimplified.6,76-78 It appears that 

endothelial dysfunction rather than denudation is the catalyst for initiation of the process, 

and thus it is the chronic inflammatory process of the vessel wall that initiates the 

sequence.56,79-84  Leucocytes migrate into the arterial wall, following adherence to the 

endothelial cell.  However, this process may be retarded by the presence of endogenous 

nitric oxide (NO), which is a pivotal endothelium-derived substance.  It follows that a 

deficiency in NO production or activity has also been proposed as a major a contributor to 

atherosclerosis.6,60,85 Once thought only to be a vasodilator, it has become evident that this 

endogenous mediator is also responsible for the reduction of leucocyte adhesion as well as 

the expression of VCAM-1.72,86,87 NO is abundant in laminar flow environments, which 

accounts for preferential accumulation of atherosclerosis in bifurcations.52,56,88  This process 

of lipid deposition and macrophage phagocytosis develops into defects, which consist of T 

cells and monocyte-derived macrophage-like foam cells loaded with lipids. This collection of 

cells forming a lesion is known as the ‘fatty streak’ a precursor of the atherosclerotic plaque. 

 

2.2.1.(b) Lesion progression 

 

Fatty streaks themselves do not have any clinical consequence and are reversible in a 

certain set of circumstances.52,89,90 However, a progressive accumulation of macrophage 

foam cells results in the evolution of the lesion into a more complicated plaque, which may 

result in clinical disease.  Furthermore, the adherence and degranulation of platelets 

following endothelial injury6,91,92 results in the release of fibrogenic substances that promote 

smooth muscle proliferation and extracellular matrix accumulation of platelet derived growth 

factor (PDGF).  However, as alluded to previously, endothelial injury is not required for this 

process to proceed.  Mononuclear phagocytes can enter between intact endothelial cells by 

dipedesis and release PDGF.  Subsequently smooth muscles receive stimulatory signals 

and begin to proliferate.  The following step is chondroid metaplasia and accumulation of 

calcium within the atheroma, which is formed by smooth muscle cells.  The ensuing arterial 

wall thickening is initially compensated for by gradual dilatation of the vessel, resulting in an 

unaltered lumen, undetectable by standard angiography.80,83,87,93 Importantly unlike the fatty 

streak, atherosclerosis is a non-resolving inflammatory condition, which progresses as 

monocytes continue to enter these plaques and differentiate.  In addition, macrophages 
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contribute to plaque morphology, the formation of the necrotic core and thinning of the 

fibrous cap.60,89,91,94 

2.2.1.(c) Plaque complication 

 

The progression of a stable plaque seldom presents as acute clinical disease.  The process 

is slow and insidious, allowing collateral vessel formation to develop prior to complete 

occlusion. As a result, a sizeable atheroma may remain silent for decades or only produce 

stable angina/intermittent claudication.  However, myocardial infarction, stroke and acute 

limb ischaemia occur without warning.  We now know that thrombosis is the cause of the 

acute manifestation of disease following plaque rupture and exposure of highly 

thrombogenic material to the blood.  The degree of luminal obstruction by an atheroma has 

little correlation to its likelihood of acute thrombosis, and the majority of myocardial 

infarctions are caused by lesions which are less than 50% stenosed on arteriography.85,87,95  

Shoulder regions which are heavily infiltrated by T cells and macrophages produce 

mediators that contribute to the advancement of the plaque. Metalloproteinases such as 

collagenase and elastase are responsible for the degradation of the fibrous cap.56,93,96  

Stable lesions have dense fibrous caps, whereas eroded thinned caps are prone to rupture 

and thrombosis, and are responsible for acute distal infarction. These ruptured plaques 

reveal an accumulation of macrophages at autopsy81,90,97 and its stability relates to 

mechanical as well as biological factors.92,93,98,99  As many as 50% of acute coronary 

syndromes are due to plaque rupture and may be missed by previous angiography as non-

significant lesions.85,87,100 

 

2.2.2 Clinical implications 

 

Atherosclerotic disease has a significant impact on the cardiovascular system and 

preferentially affects areas of flow disturbances.94,96,101-103  It is most commonly caused by 

atherosclerosis, although arteritis, aneurysm and embolism may also result in decreased 

distal perfusion associated with the symptomatology.85,95,103-105  Although all vessels display 

evidence of this disease, it is the small diameter vessels that are most affected.85,95,96,100  

The large and medium sized vessels are seldom occluded by atherosclerotic plaques, 

although they may be the source of atherosclerotic emboli or may rupture as a result of 

mural weakening and aneurysmal formation.  Satisfactory results reported in the large 

calibre synthetic grafts bypass surgery81,85,94,106 have not been translated in the small 

diameter environment.  It is therefore more prudent to focus on the small diameter vessels 



Chapter 2  Cardiovascular Disease 

 15 

where synthetic grafts currently have had a limited impact on clinical outcome such as in 

peripheral and coronary arterial disease.  

 

2.2.2.(a) Peripheral arterial disease (PAD) 

 

Peripheral arterial disease is a diffuse arteriopathy that is a growing health and socio-

economic burden.97-100,107  It includes stenosis and occlusion of blood flow with subsequent 

compromised perfusion of downstream (distal) tissues.97,100,103,107,108  Although PAD 

encompasses all arteries other than the coronary and intracranial vessels,73,94,96,100,103,109 it 

more commonly refers to disease below the bifurcation of the abdominal aorta.7,95,103,105,110-113 

The strict definition of PAD is an occlusive narrowing of the vessel whether symptomatic or 

not.95,100,103,114,115  However, for epidemiological study purposes, symptomatology in the form 

of intermittent claudication has been used as a marker for PAD.94,106,116-119 The lack of 

symptoms may however relate to the fact that patients with the disease are too sedentary for 

the symptoms to manifest.100,120,121 

 

2.2.2.(a) i Epidemiology 

 

Twenty-seven million people in the USA (6-18% of the population >55yrs)7,103,108,122 have 

PAD of which 10.5 million are symptomatic.100,109,113  This equates to 2-3% of males and 1-

3% of females over the age of 60yrs.  To compound this only 20% of patients are aware they 

have the disease.111,123,124  Despite the scanty literature available for non-Caucasian 

populations,85,97,103,115,125-127 ethnic differences have been seen within communities living in 

the same area.94,117-119,128  In South Africa, the incidence of PAD is largely unrecorded and 

unknown.  In a single epidemiological study, 542 patients older than 50yrs were randomly 

selected from a hospital’s general outpatient waiting room.  One-third was found to have the 

disease of which 9% had no risk factors.114,115,121,129 Although not truly representative of the 

population at large, these results are on the high end of global incidence.  One could thus 

extrapolate the incidence of the South African general public to be at least in line with 

contemporary reporting in the developed world, but these kind of correlations should be 

interpreted with caution. 

 

2.2.2.(a) ii Diagnosis 

 

As noted above, PAD is defined anatomically by occlusion of arterial supply or functionally 

by symptomatology.122,130,131  Symptoms relate to malperfusion of distal tissue in the form of 
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intermittent claudication, critical ischaemia and gangrene.96,100,126  Intermittent claudication 

manifests as muscle pain on exertion, which improves rapidly on cessation of exercise.124,132-

134 The first diagnostic step requires the identification of risk factors for atherosclerosis, 

followed by symptoms and the assessment of peripheral pulses.  The gold standard for 

assessing the anatomy of PAD is by angiography, but is regarded as too invasive and 

expensive to be used as a screening tool.  Another objective measure of PAD is the use of 

the ankle brachial indices (ABI), which is a ratio of systolic blood pressure at the medial 

malleolus and the higher of the two brachial systolic pressures. An ABI of <1.0 is suggestive 

of PAD.94,125,127,132 

 
2.2.2.(a) iii Management 

 

Since the cause of death is rarely related to the lower limb occlusive disease 

itself,8,75,94,112,135-138 the goal of treatment is symptom specific.75,129,139-142  Management 

focuses on alleviating pain with the main objective of improving quality of life, however the 

prevention of further cardiovascular events related to atherosclerosis (i.e. myocardial 

infarction and stroke), is part of the holistic approach to the condition.  Risk modification 

together with secondary preventative measures that target smoking cessation, 

hyperlipidaemia, diabetes mellitus, hypertension, antiplatelet therapy and exercise, are 

fundamental to prevention of atherosclerotic progression.  However, the addition of surgical 

revascularization may be essential in not only providing symptomatic relief for claudication 

but also the management of arterial insufficiency ulcers that seldom heal without addressing 

the underlying occlusion.131,137,143-146  More importantly, revascularisation is essential for 

avoiding major amputation in a critically ischaemic limb (which affects 1.0-3.3% of patients 

over a 5-year period).96,115,147-149   

 

The femoropopliteal segment is the most commonly treated infra-inguinal artery in 

PAD.21,115,133,150-154 Open bypass with an autologous saphenous vein has traditionally been 

the standard of care as the best conduit in terms of patency and limb salvage 

rates.76,94,113,115,155-159  However, the challenge posed to clinicians is the availability of this 

autologous tissue.  In 7-40% of these operations the saphenous vein is not available and 

alternative synthetic materials are employed.8,84,112,133,136-138,160,161  Patency of these synthetic 

grafts have been shown to be less than satisfactory (40% at 5 years),123,139-142,162-165 with 

distal trifurcation reconstruction showing dismal outcomes.114,137,143,146,149,166   

 

Another surgical approach is endovascular therapy, which has become an established 

treatment in aortoiliac occlusive disease, but remains controversial in femoropopliteal 
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occlusive disease (FPOD).  The less invasive trend is continuing to move further 

downstream to include the superficial femoral arteries, but is still not indicated in trifurcation 

disease.  The drive towards transcatheter revascularisation relates to quicker recovery with 

reduced discomfort with low procedural morbidity.147-149,167,168  Both bare metal stents (BMS) 

and stent grafts have shown to be viable alternatives to bypass grafting.150-154,169-173  Despite 

the controversy within the literature, the availability of these devices for infrainguinal 

interventions has resulted in a 97% increase in percutaneous interventions in the last two 

decades.92,113,155,156,174,175 

 

The Trans-Atlantic Inter society consensus for the surgical management of peripheral 

arterial disease (TASC II) has established current recommendations for the management of 

peripheral arterial disease (Table 1).  These include lesion classification into type A, B, C 

and D with the corresponding management strategies for each.  The most recent 

recommendations endorse endovascular treatment as the treatment of choice for type A 

lesions, and the preferred treatment for type B lesions as well as high-risk patients with type 

C lesions.  Surgery is the treatment of choice of type D lesions and patients with low risk-

type C lesions.  Endovascular intervention is not recommended for distal disease. 

 

The choice of endovascular method was not addressed in these guidelines and this remains 

a controversial topic.  The options available are: Balloon angioplasty (BA), Bare metal stent 

(BMS), and Stent graft (SG).  Although BMS and BA are commonly used, stent grafts are 

being promoted as advantageous for longer more severe lesions.  Proponents of SG equate 

the covered surface with equivalent thrombogenic potential as open bypass grafting without 

the added surgical morbidity.  The perceived improvement in patency for stent grafts over 

BMS in FPOD should be weighed against the risk of acute limb ischaemia, which is more 

prevalent in SG when occlusion does occur.  This acute threat to the limb poses a significant 

risk to the patient and as such, treating clinicians should refrain from indiscriminate stent 

graft delivery in patients with claudication.133,160,176-180   

 

One of the challenges in the recommendation process is the heterogeneity of available data.  

In a recently published meta-analysis, it was concluded that high-level evidence 

demonstrating superiority between endovascular and surgical reconstruction was 

lacking.124,161-163,181  However, the investigators included both autologous and synthetic grafts 

in the surgical arms, as well as BA, BMS and SG in the endovascular group.  It is unlikely 

that one can draw any realistic conclusions from such a heterogeneous dataset, although 

the authors did choose to surmise that endovascular stenting should be reserved for patients 

with high co-morbidities. 
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Table 1 Adapted from the TASC-II recommendation based on lesion location and type for the femoropopliteal 
segment106,149,160,166,182 

 

 

 
Single stenosis ≤10cm in length 

Single occlusion ≤5cm in length 

Type A lesions: Endovascular therapy is treatment of choice 

 
 

 

Multiple lesions (stenoses or occlusions), each≤5cm 

Single stenosis or occlusion≤15cm not involving the 

infrageniculate popliteal artery 

Single or multiple lesions in the absence of 

continuous tibial vessels to improve inflow for distal 

bypass 

Heavily calcified occlusions ≤5cm in length 

Single popliteal stenosis 
Type B: lesions Endovascular therapy is preferred 

 

 

Multiple stenoses or occlusions totalling > 15cm with 

or without heavy calcification 

Recurrent stenoses or occlusions that need 

treatment after two endovascular interventions 

Type C lesions: Surgical therapy should be considered for low-risk patient 

 

 
Chronic total occlusions of CFA or SFA(>20cm, 

involving the popliteal artery) 

Chronic total occlusion of popliteal artery and 

proximal trifurcation vessels 

Type D lesions: Surgery is the treatment of choice 
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It is clear that the future of occlusive vascular intervention lies in the optimisation of stent 

grafts, however this advantage is confined to decreased surgical morbidity and hospital stay.  

The patency is if anything not superior to open synthetic grafting and by extrapolation is not 

equivalent to autologous vein surgical implant.  Of note however, is that the current 

interventions do not include stents below 5mm in diameter and there has also been an 

observed trend that 5mm grafts have decreased patency compared to 6 and 7mm 

devices.149,167,177,182-184  Herein lies the challenge of synthetic conduit development whether 

as surgically implanted graft or as a covered stent, as it is the small diameter conduit that 

remains elusive. 

 

2.2.2.(b) Coronary artery disease 

 

2.2.2.(b) i Background 

 

Ischaemic cardiovascular disease secondary to atherosclerosis of the coronary arteries is an 

insidious process that may remain asymptomatic for many years.  This supply/demand 

mismatch results in inadequate myocardial perfusion, which may present as chronic stable 

angina, or an acute coronary syndrome and is almost exclusively related to atherosclerotic 

disease.169,170,172,173,185-190  Stable angina pectoris manifests as a deep, poorly localising 

chest discomfort that is precipitated by an increase in myocardial oxygen demand due to a 

fixed coronary supply.  This reversible condition is usually exercise induced, but may also be 

elicited by emotional stress.  Acute coronary syndrome on the other hand, is due to coronary 

plaque rupture and presents as unstable angina or myocardial infarction.42,92,174,178,191  

Unstable angina (as the name implies) is less predictable and can be precipitated at rest. It 

tends to be more painful and may occur in a crescendo pattern.  Two-thirds of patients that 

present with unstable angina also have evidence of cell death (myocardial infarction) that is 

detected by the presence of intracellular cardiac enzymes (Troponin T and CK-MB) in the 

serum.  An incomplete (non-transmural) myocardial infarction does not produce the classical 

ischaemic changes on electrocardiogram (ECG) and is referred to as non-ST elevation 

myocardial infarction (NSTEMI).  Alternatively, ST-elevation myocardial infarction (STEMI) is 

associate with an cardiac enzymatic leak, as well as typically raised ST segments on ECG, 

which denotes full thickness mural necrosis.  

 

Recently, writing committees for both the European and American heart societies have 

established management guidelines for these discrete clinical entities based on current 
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evidence.  They are categorised based on the size of treatment effect (Class I, IIa, IIb, III) 

and an estimate of evidence precision (Level A, B, C).161,176,177,179,180,192-195 

  

2.2.2.(b) ii Epidemiology and pathophysiology 

 

Obesity, hypertension, smoking and hyperlipidaemia are all responsible for the development 

of atherosclerotic disease and subsequent ischaemic heart disease, and smokers are twice 

as likely to suffer from ACS,21,124,161,177,179,184,196 which also correlates to the number of 

cigarettes smoked.106,149,160,175,180,197 Globally, coronary artery disease (CAD) is the single 

most frequent cause of mortality, and is responsible for a 16% of male and 14% of female 

deaths in Europe and the USA.177,183,184,198-203 It has traditionally been referred to as a 

western disease, but the epidemiological transition within the urban community of sub-

Saharan Africa has resulted in an increase of coronary artery disease, rivalling prevalence in 

the developed world.147,185,186,188-190,204-206  The subsequent impact is predicted to result in 

cardiovascular disease being the number one cause of death in South Africa by 

2020.7,42,191,199,207-209  

 

2.2.2.(b) iii Diagnosis 

 

As with PAD, diagnosis relies on a history of risk factors and symptoms.  The characteristics 

of angina pectoris are based on location, character, duration and the relationship with 

exacerbation.  Incidental findings are rarely documented and usually relate to investigation 

by suspicion when undergoing a concomitant cardiovascular procedure.  The standard work-

up for a patient relies on non-invasive testing in the form of biochemical tests (Trop T, CK-

MB) and a resting ECG. Further investigation may require stress testing that may also 

involve the use of echocardiography.  Cardiologists rely on invasive coronary angiography 

as the gold standard to define the degree of disease, which may also involve ad hoc 

intervention such as balloon angioplasty or stenting. 

 

2.2.2.(b) iv Management 

 

More than a decade ago, there was an expectation that the treatment of 

hypercholesterolaemia and hypertension would eliminate CAD.192-195,210-212  This prediction 

was clearly overly optimistic and we still rely on intervention strategies to manage this 

burden of disease.  The treatment of CAD is more specific and intricate than previously 

appreciated and requires a detailed understanding of the nuances of its various forms. The 

recently published guidelines from the European Society of Cardiology and American 
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College of Cardiology Foundation/American Heart Association Task Force on Practice 

Guidelines provide a more detailed review on the management of CAD.7,8,21,138,177,179,184,212-214 

 

In short, treatment for the manifestations of atherosclerotic disease requires controlling the 

risk factors, providing medical therapy and revascularisation.  Following failure of the less 

invasive secondary prevention of risk factors and medical management, interventional 

management is often required.  Re-vascularisation refers to the re-establishment of coronary 

perfusion via balloon angioplasty, intra-coronary stents or coronary artery bypass grafting 

(CABG).  There are three indications for these procedures, which include the alleviation of 

symptoms, reduce the risk of future mortality and prevent future morbidities such as 

myocardial infarction arrhythmia's and heart failure. 

 

Vascular grafting is the mainstay of surgical management in coronary artery disease, with 

1.4 million arterial bypasses performed annually.  CABG is a class I, level B 

recommendation for triple vessel coronary artery disease, double vessel coronary artery 

disease with proximal LAD stenosis, and survivors of sudden cardiac death with presumed 

ischaemia-mediated ventricular tachycardia.21,74,75,149,175,180,215-217  CABG is considered as the 

most important historical surgical procedure of modern medicine,7,75,85,198,199,201-203,218,219 and 

just under half a million of these procedures were performed in the USA in 2009 

alone.21,85,145,147,204,212 It has been regarded as the most thoroughly studied surgical 

procedure that has provided more symptom relief and prolonged more lives than any other 

surgical procedure.149,199,207,209,218,220,221  Dr Alexis Carrel received his Nobel prize for 

physiology in 1912 due to the initial development in a canine CABG procedure he reported 

two years earlier.21,182,210,211,222  Although the saphenous vein is the most frequently used 

conduit, the left internal mammary artery has superior patency (90% at ten years) and is 

reserved for left anterior descending artery anastomosis.  Redo surgery, left subclavian 

occlusion and high-dose chest wall radiation may preclude the use of this conduit in some 

patients.  A positive Allen’s test (which denotes insufficient collateral ulnar flow) and 

Raynaud’s disease, excludes the use of the radial artery.  One third of patients do not have 

suitable vein conduits due to pre-existing vascular disease, vein stripping or previous vein 

harvesting.  All of these factors may result in a patient with inadequate autologous conduits 

to perform a CABG with no synthetic alternatives.8,76,138,213,214,223-227  It is clear that an artificial 

substitute is required to manage patients with limited autologous conduits.  Synthetic grafts 

have been used experimentally in patients with insufficient autologous 

conduits,21,74,75,149,161,215,217,228-231 but their dismal patency (four year patency of 14%) in this 

position precludes their use.75,85,139,206,218,232 
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2.3 Summary 

 

Atherosclerosis remains a disease with high morbidity and mortality despite an in depth 

understanding of its aetiology and pathophysiology, with target specific medical therapy.  

Primary and secondary prevention has failed to exclude the need for surgical intervention 

whether by endovascular or open techniques.  It is essential that alternative sources of 

conduits be investigate where autologous options are not available, and ultimately develop 

alternatives that are equivalent to autologous tissue.  Currently the greatest need for artificial 

conduits lies in the management of PAD, as autologous conduits are seldom unavailable for 

CABG even at the cost of significant morbidity.  Despite this, the pursuit of alternative 

designs for PAD may ultimately result in an application for coronary artery disease.  The 

principles of graft development have crossover application for endovascular stents grafts, 

which are certainly the future of revascularization.  It is clear that currently available devices 

do not manage occlusive arterial disease adequately. 
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Chapter 3  
 

Vascular Grafts 
 

3.1 Introduction 

 

An artificial substitute or prosthesis may be required to re-establish distal perfusion to 

ischaemic tissues as a results of vascular disease.21,85,143,145,230,233,234  Vascular conduits can 

be broadly classified into two groups of prostheses: bioprosthetic and 

synthetic.147,149,218,235,236  The bioprosthetic grafts include autologous, homologous, or 

heterologous tissue that are used untreated or subjected to decellularization, cross-link 

stabilisation and synthetic reinforcement.  The alternative is the fabrication of grafts either 

predominantly or completely of synthetic material.  All of these design strategies can be 

further manipulated for in vivo regeneration or in vitro tissue engineering as potential future 

directions.  A surgeon endeavours to implant autologous grafts where possible, but multiple 

redo procedures and previously diseased auto-donor conduit sites may force the use of non-

autologous alternatives.  Whatever the mode, the long-term objective of vascular prostheses 

should not only keep patients alive, but allow them to continue with their normal lives by 

remaining durable and patent.7,21,150,161,182,218,237 

 

3.2 Bioprosthetic 

3.2.1 Autologous grafts (Autografts) 

 

Autografts are not in the strictest sense artificial substitutes, but for simplicity of classification 

and since untreated autologous native vessels are used in an abnormal/artificial position, 

they are included in the ‘bioprosthetic group’.  As previously noted, they are the preferred 

conduit for all vascular applications when available,14,76,113,156,223,225-227,238,239 but it is the lack 

of availability of these vessels that are their major limitation.  Only select sites are conducive 

for safe conduit harvest, which are limited to small to medium sized vessel bypass excluding 

host vessels with diameters larger than 10mm.21,160,161,218,230,231,240  The possibility of 

significant donor site morbidity is also a dominant factor when comparing synthetic and 

autologous conduits.85,139,162,232,241 
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Arterial grafts such as the internal mammary, the radial, and gastroepiploic artery are 

preferential conduits for CABG.143,149,208,218,230,234  On the other hand, venous conduits are 

largely limited to the greater saphenous vein but other sources have been used (lesser 

saphenous and basilic veins).  However, all veins are inferior to their arterial counterparts in 

terms of patency, as they tend to dilate when exposed to arterial haemodynamic 

forces,147,149,218,242,243 and are more prone to intimal hyperplasia.97,150,161,169,218,237,244,245  The 

unsatisfactory patency of veins, has led to the increased use of arterial grafts, but despite 

this trend vein grafts are still the most widely used conduit.14,113,156,174,239,241,246 Regardless of 

these shortcomings, veins are relatively resistant to infection and enjoy relatively minimal 

thromboembolic complications in the short term, which are all features that ensure their 

superiority to contemporary synthetic alternatives.7,160,176,218,247 

 

Arterial grafts are seldom used in peripheral bypass surgery in the lower limb is the greater 

saphenous vein since arterial options are often not available.  It can be cleansed of valves 

and anastomosed in situ to the adjacent stenosed with retrograde flow.  Alternatively, the 

vein is harvested and rotated in a reverse configuration to allow anterograde flow, which is 

then unobstructed by the intact valves.  Although there is a theoretical concern regarding the 

disruption of the vasa vasorum during graft removal, there is equally a concern regarding 

endothelial disruption during the removal of vein valves, and thus the reversed vein is 

thought to be equivalent, and even superior.85,161,162,248,249 

 

3.2.2 Homologous grafts (Homografts) 

 

Homologous arterial tissue was the standard large-bore vascular conduit before the 

development of synthetic prosthetic material.149,160,196,212,218,250  It has been implanted in as 

untreated, frozen, refrigerated in physiological solution, freeze-dried, or preserved in 

glycerine, alcohol, as well as formalin,149,183,218,220,221,242,251 but is now almost exclusively used 

as a valved conduit in the management of aortic root disease.21,169,185,188-190,244,245,252.  Human 

umbilical vein grafts (UVg) made an initial impact as a small-diameter conduit in the 

1970’s,174,191,196,239,253 but a widespread concern of Creutzfeldt–Jakob disease in the mid-

1990 as well as aneurysmal formation despite the use PET mesh support,14,176,192,194,195,247,254 

has ultimately led to the withdrawal of FDA approval May 25, 2005.  This largely hinged on 

the manufacturer’s unwillingness to screen donors for prion related disease. 
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3.2.3 Heterologous grafts (Xenografts) 

 

Cross-species (heterologous) applications for vascular conduits have been prepared as 

bovine carotid, ureteric, submucosa of small intestines and mesenteric veins, but have not 

shown a significant advantage to synthetic alternatives.21,161,248,255  Heterologous arterial 

tissues demonstrate an accelerated antigenic tissue response, and are subject to 

degeneration, infection thrombosis and rupture. 68,149,160,175,212,250,256-258  The antigenicity may 

be reduced by cross-link modifications but these grafts remain prone to aneurysmal dilation, 

and still require fabric reinforcement.  The first application involve tanning bovine carotid 

artery with a dialdehyde-starch,81,183,198,201-203,220,221,259 but xenografts are more commonly 

used as in vivo natural scaffolds as decelluarized tissues.14,21,82,97,147,185,188-190,218  Cells and 

their surface antigens are extracted by a detergent or enzymatic reaction, and the remaining 

acellular matrix provides a natural scaffold for cellular repopulation.  Allogeneic grafts have 

shown satisfactory results, but xenogeneic scaffolds elicit chronic inflammation with loss of 

elastin191,207,209,218,253,260  The solution may lie in elastin stabilization with tannin treatment in 

the form of pentagalloylglucose.14,192,194,195,210,238,240,261 

 

3.3 Synthetic grafts 

 

The initial failures of non-porous materials such as metal, glass and ivory21,213,214 resulted in 

the first successful introduction of porous cloth tubes as vascular conduits.21,149,175  Since 

then clinicians and engineers have pursued synthetic materials that are strong, pliable and 

biostable.  This would not only require them to be resistant to thrombosis, inflammation and 

infection, but also allow for incorporation into the body by healing with a confluent 

spontaneous endothelium.  Above all, the grafts should remain patent and intact. 

 

3.3.1 Clinically implanted materials 

 

Despite intermittent experimental alternatives, synthetic conduits have been limited to two 

crystalline, hydrophobic materials: Polyethylene terephthalate (PET) and 

Polytetrafluoroethylene (PTFE).  Although each of these vascular conduits have their niche 

within vascular bypass grafting (PET - Large diameter, PTFE - Medium to small diameter), 

systematic evaluation and meta-analysis of randomised controlled trials comparing PET and 

ePTFE showed no evidence of an advantage of one material over the other.85,198,201-203,218  

The surgical preference for ePTFE as a small diameter conduit may rather relate to its ease 
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of handling and the lack of need for pre-clotting rather than any basis of solid scientific 

evidence.21,85,147  A few studies with small numbers have show a non-significant trend 

towards improved patency of ePTFE in the infragenicular position but this does not justify its 

overwhelming preferential use in this position.207,209,218  Based on the lack of superiority of 

either of these materials, selection of an appropriate prosthetic graft should be based on the 

cost and its handling characteristics.182,210 

 

3.3.1.(a) Polyethylene terephthalate (PET)  

Terylene®, Dacron® 

 

This semi-crystalline, thermoplastic polymer resin is formed from ethylene glycol and 

terephthalic acid.  It was developed in Great Britain in 1941 by two chemists J.R Whinfield 

and JT Dickinson and was first patented as Dacron by DuPont in 1950.213,214,223,225-227  It is 

bundled and spun as synthetic fibres (10-20um in diameter) into a multifilament yarn (24-108 

filaments per yarn) and can be woven (over-and-under) or looped into knitted textile vascular 

grafts21,149,230,231 giving it a tensile strength of 170 MPa and a tensile modulus of 14 

000MPa.85,218,232  These tubes can then be further crimped or supported by external spirals 

to improve kink-resistance and radial strength.  The material’s high melting point makes it 

ideal in the textile industry, and the interlocking nature of this graft construction lends itself to 

large bore diameter and bifurcated grafts.  By employing velour techniques one can extend 

the loop of yarn onto the surface of the graft, allowing for increased tissue ingrowth of the 

abluminal surface.  Although PET is regarded as a stable polymer for more than ten years in 

vivo, ester bonds may be oxidised and are subject to hydrolysis by activated phagocytes 

with deterioration in physical properties.21,85,230,234 

 

While the woven grafts have small pores (voids), knitted grafts formed by looping fibres 

together have larger a greater distance between the fibres, which make them more 

compliant and can theoretically promote greater tissue ingrowth.218  This difference in graft 

permeability has an influence on how the grafts respond within the body.  The interest in 

conduit permeability arose from a hypothesis that a lack of fluid transport contributed to early 

conduit calcification, which stimulated lightweight knitted grafts development to facilitate 

mural irrigation.161,182,218,237  The consequence of increased permeability in knitted grafts 

necessitates pre-clotting to prevent transmural extravasation of blood. Thus, the PET graft is 

often impregnated with a protein (albumin, collagen or gelatin), which can be further cross-

linked (heat, aldehyde) to delay degradation of the sealant from 2 to 8 weeks and alter the 

water permeability as required.14,223,225-227,239 A further concern for knitted PET is its tendency 
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to dilate when implanted in the high pressure arterial system,21,218,230,231 which is even more 

pronounced in the hypertensive patient.85,232  Despite the dilatation it seldom results in 

clinically relevant complications,218,230,234 and these concerns have resulted in the initiation of 

woven PET grafts being the preferred to knitted graft in clinical practice, although no clinical 

difference in patency between woven and knitted PET has been demonstrated.218,242 

 

3.3.1.(b) Expanded polytetraethylene (ePTFE) 

Gore-tex®, Teflon® 

 

PTFE is a non-biodegradable, inert, and durable fluorocarbon polymer that is made 

microporous by extrusion and sintering to form expanded PTFE.161,218,237,244,245  It was first 

marketed under the Teflon trademark by DuPont in 1945 after its accidental discovery by Dr 

Roy Plunkett.14,239 The expanded version (ePTFE) was developed by researchers at W.L. 

Gore & Associates, Inc. (Newark, NJ) and is currently the most commonly used graft for 

lower-extremity and arterio-venous bypass grafting.218,247 It has a moderate stiffness of 

0.5GPa,85,248 with a tensile strength of 14.0 MPa212,218,250 as well as high flexibility and 

permeability to various biomaterials and gases.  ePTFE also poses an electronegative 

luminal surface that is antithrombotic,218,220,221,242 and its biostable nature makes it less prone 

to deterioration in biological environments than PET. Although there is less platelet adhesion 

or activation distal to the graft compared to that of PET, this has not translated to clinical 

superiority for ePTFE.21,244,245  

 

PTFE was unsuccessfully trialled as a textile prosthesis in animals before the expanded 

form (ePTFE) was implanted as a vascular graft in 1972, which has largely remained 

unchanged to today.239,253  This first description of ePTFE in human circulation14,247 has led 

to it in being the most commonly used small to medium diameter conduit as femoropopliteal 

implants, and arterio-venous ePTFE grafts and comprise as much as 83% of all 

haemodialysis shunts in the United States.21,161,248  Porosity is determined by the distance 

created between the solid nodes during the extrusion process, where distances less than 

30µm are referred to as low porosity and those greater than 45µm as high 

porosity.212,250,256,258 

 

ePTFE had been shown to dilate in the arterial system and thus clinically implantable ePTFE 

grafts are all composed with an impenetrable wrap re-enforcement.220,221,259 Thus, when 

commenting on the permeability of these grafts, it is always important to note that the wrap 

reinforcement and not the quoted internodal distance (IND) determine the porosity.  With the 
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newer manufacturing technologies however, the wrap in thought to be unnecessary, which 

may again reopen the door to high porosity designs.14,21 

3.4 Experimental materials 

3.4.1 Polyurethanes (PU) 

 

Polyurethane is a synthetic material that has been used clinically in the form of intravenous 

catheters and gained popularity as a potential synthetic vascular reconstructive material in 

the mid-1980s.218,253  It comprises of a large family of elastic polymers containing a urethane 

[-NH-(CO)-O-] group, which have some of the highest elasticity among existing 

polymers.14,238,240  Typically, these are co-polymers consisting of three monomers: a 

crystalline segment derived from diisocyanate that provides rigidity, a soft, amorphous 

segment that provides flexibility, and a chain extender.21,161  This allows for customisability of 

the physical properties and thus makes PU a very attractive polymer for medical devices, 

with great potential for vascular conduits.  

 

Although PU’s are already extensively used in medical devises, they have not received wide 

utilisation as a vascular conduit due to structural failure.  Uncontrolled degradation, 

dilatation, localised aneurysmal formation, and graft rupture as well as high thrombogenicity 

has limited their use.218,256,258  Despite these previous failures, polyurethane-based vascular 

grafts have remained a focus of research for many years.  Polyurethanes have been used in 

a long-term follow-up clinical trial in AV shunts compared to ePTFE, with the similar primary 

patency (54.7% vs. 51.8%) at two years.149,259 Currently, the only polyurethane graft that is 

available for use as a vascular device is the Vectra graft (Thoratec Corp, Pleasanton, Calif.), 

implanted for haemodialysis access.14,21 

 

The advantages of polyurethanes relate to their wide range of physical properties.  The 

improved compliance and elasticity, as well as the customisable microstructure and porosity 

has more relevance than strength in small diameter conduits, and have renewed interest in 

this group.218,262  More importantly for experimental work and proof of concept, is the ability 

to mould PU’s.  Physical forms can be created that allow for controlled interconnected 

porosity and permeability;238,240,263 as a result, they are the ideal material to investigate 

alternative forms of vascular graft healing. 
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3.4.2 Degradable polymers 

 
Total polymer resorption with the avoidance of a persistent foreign-body reaction adds to the 

allure of degradable materials.  However, graft fragmentation and embolization or ectopic 

distribution of absorbed fragments through the lymphatic system remains a significant 

concern.21,264  These polymers can be used exclusively as cell-free scaffolds, or combined 

with ex vivo tissue engineering.  They are referred to as biodegradable when enzymatically 

degraded, or bioabsorbable when degraded by other chemicals,218,265 and the challenge in 

design centres around the balance of tissue ingrowth to provide strength before the polymer 

degradation results in graft failure.149,266  As with all implantable materials they must refrain 

from being toxic, allergenic, thrombogenic, inflammatory or carcinogenic.21,267  
 

The two most investigated degradable polymers are polyglygolic acid (PGA) and polylactic 

acid (PLA).  PGA was used as the first synthetic absorbable suture, and loses its strength 

two to four weeks after implantation.262,268  PLA on the other hand is a methylated version of 

PGA and is less hydrophilic and thus, lasts longer.  The first fully bioresorbable vascular 

graft was constructed from copolymer sheets of PGA and PLA known as polyglatin (Vicryl-

PG910),263,269 but were prone to aneurysmal dilatation and rupture.  Other degradable non-

elastic synthetics include: Polyhydroxyalkanoate (PHA),21,264,268 Polycaprolactone (PCL) 

Polydioxanone (PDS),265,270 none of which have progressed beyond pre-clinical trials.  Multi-

component grafts such as Vicryl-PDS (76%:26%) composites have shown histological 

stability from four months to a year and show more promise in terms of strength, but the lack 

of adequate porosity prevents sufficient tissue ingrowth to be significantly stable. 

 
Elastic polymers (elastomers) including PGLA/PCL/PLGA tri-blocks and PLA/PGA blended 

with polyurethanes,12,266 have a theoretical compliance advantage, but early attempts also 

have not translated to viable vascular grafts.  However, the introduction of rapidly degrading 

polyglycerol sebacate (PGS) shows promise.  Based on glycerol and sebacic acid267,271-273 

this elastomer provides early degradation and host remodelling, which is near complete 

within 3 months.  A modulus of (148±55 vs. 390±191 kPa) at strains or 80 to 120mmHG 

PGS resembles the mechanical properties of native aortas.20,215,268,274,275  The polymer was 

subsequently constructed as a high-porosity degradable scaffold by modified salt fusion and 

leaching method269,276 and further reinforced by electrospun PCL.  The most prominent 

finding was the significant elastin that was observed following 90-day implant (77%), which 

is similar to that of the native aorta.268,277  The rapid degradation is thought to generate more 

space for cellular infiltration and proliferation and allowing for ECM macromolecules to align 

circumferentially, mimicking that of native arteries. 
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3.5 Tissue engineering 

 

The challenge of vascular graft development has necessitated in a wide array of tissue 

engineering strategies.  These can be categorised into in vivo tissue engineering 

(regenerative medicine), which requires a permanent or degradable scaffold and in vitro 

tissue engineering, which may or may not require a scaffold.  The four standard approaches 

to scaffold development include: permanent synthetic support, natural acellular tissues, 

biodegradable scaffold and non-scaffold technology.270,278  In vitro tissue engineering 

encompassed a wide range of design principles.  The most conceptually simple is graft 

surface modification by cellular transplantation (Level 1 complexity) to that of the completely 

tissue engineered blood vessel (TEBV), (Level 2 complexity).12,279  All of the in vitro based 

concepts can make use of contemporary synthetic grafts or in vivo based scaffold strategies 

described above. 

 

3.5.1 Endothelial cell transplantation 

 

The advent of endothelial cell transplantation has attempted to reduce the challenge of small 

diameter graft failure by mimicking the endothelial coverage of autologous grafts.  This 

method of ‘tissue engineering’, first referred to as seeding may yet be a promising solution to 

the lack of spontaneous endothelialization of prosthetic grafts.  Despite satisfactory results of 

early animal experimental work,271-273,280 as well as a few positive clinical trials20,215,274,275,281 

the translation to widespread clinical implants has proved to be deceptively more difficult. 

 

3.5.1.(a) Single stage seeding 

 

Dr Malcolm Herrring, who pioneered this technology in the 1970’s, reported the first 

successful isolation and transplantation of endothelial cells.276,282  In the initial methods, the 

lumen of saphenous vein segments were scraped with steel wool and cells were 

immediately transplanted within an autologous blood medium, which was applied to 

polymeric graft surfaces.  However, the cellular yield from this approach is approximately 

1x104 cells,277,279 which is insufficient to cover a graft surface even in the most ideal 

circumstances.10,18,20,215,274,275,278,283  They hypothesised that these limited endothelial cells 

seeded within the clot matrix would migrate towards the endothelial surface and proliferate.  

The methods for obtaining endothelial cells have subsequently been refined to involve 

enzymatically loosening endothelial cells (collagenase, trypsin) from veins, arteries, omental 
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fat and subcutaneous fat and subsequently separating them from non-endothelial cells.279,283  

Efficacy for endothelial cell harvesting has subsequently improved from 75% for standard 

scraping techniques to 80-100% for enzymatic digestion.275,280  However, a large number of 

these cells are likely to be lost to the circulation once transplanted due to blood flow 

shear.281,284,285  Despite the poor clinical results that have been obtained in this single stage 

cell seeding, there is still active research in this method of cell transplantation.  The 

advantages of this direct transplantation include reduced cost and decreased risk of 

complications associated with infection, which is problematic in cell culture methods. 

 

3.5.1.(b) Two stage seeding 

 

An alternative to single stage seeding is the concept of in vitro proliferation of endothelial 

cells prior to transplantation.  This was made possible by the breakthrough in endothelial 

cells culture in the early 1980’s.215,282  The procedure involves harvesting a vein or artery 

from a patient and isolating the endothelial cells as for single stage seeding.  These are then 

proliferated in an ex vivo fashion before being seeded onto a graft.  The large quantities of 

cells that are available following cell culture allow for confluent surface coverage, although 

the potential for cell washout is still a concern.  This gravitational approach has given way to 

sodding, a method of transplantation by which cells are forcibly deposited on grafts by 

various methods.  These may include electrostatic, hydrostatic endothelial cells seeding and 

biological glues to that secure endothelial cell adhesion.75,279 

 

Success with two-stage transplantation has been limited to a few select authors, but the 

results equate to those of saphenous venous grafts.10,18,20,215,274,275,283,286  Results include a 

thirty day graft patency of 92% in seeded grafts compared to 53% in control 

ePTFE,14,276,283,287 and 65% versus 16% at nine years (p=0.002) respectively.275,288,289 

Deutsch et al. achieved an overall patency of 69% at five years and 61% at 10 years for 

seeded infra-inguinal grafts, which is comparable to five year saphenous vein data.284,285,290 

Laube et al. was able to achieve 91% patency of 4mm CABG when seeded with venous 

endothelial cells at 28months,215,291 which is a significant improvement from 60% patency 

quoted in trials using non-seeded synthetic grafts.75,292  

 

Although the two-stage procedure clearly has potential, there are several limitations.  Firstly, 

the cell culture expansion takes up to five weeks286,293 and thus cannot be used in 

emergency situations.  The procedure is also labour intensive and the expertise required to 

maintain the program as well as the risk of contamination are important considerations.  
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However, the extreme cost associated with the technique in the primary concern.14,276,287,294  

Despite these limitations, novel adaptions to the technique using biodegradable scaffolds 

have shown promise particularly in the paediatric population, where growth potential is 

essential. A porous copolymer of lactide acid and ε-caprolactone was reinforced with poly-L-

lactide acid (PLLA) or polyglycolic acid (PGA) and seeded with BMC.  The grafts were 

implanted in 42 children as extra-cardiac conduits for the construction of a total 

cavopulmonary connection, with no evidence of aneurysmal formation.288,289,295 

 

Future exploration of transplantation extends beyond that of end-differentiated endothelial 

cells.  More recently, investigators have isolated endothelial progenitor cells from the 

peripheral blood or bone marrow.  Fujita et al. were able to improve endothelial coverage 

from zero to 80% with untreated bone marrow seeded onto PET, but this was complicated 

by ossification of the graft.290,296  The use of CD34+ isolated cells seeded onto PET, which 

was isolated from the anastomosis by ePTFE, has also shown improve endothelial coverage 

from 40 to 92%.291  These findings have lead to extensive research into EPC’s with attempts 

to harness these cells in vivo with anti-CD34 antibodies as a graft surface modification and 

in the pursuit of optimising fallout endothelialization.292 

 

3.5.2 Completely tissue engineered blood vessel 

 

Traditionally TEBV have been thought to require three major components: A scaffold to 

provide support, an adhesive matrix and living cellular components.293,297  The concept 

implies that a living graft will be able to remodel, grow and self-repair, all feature that are 

absent in current synthetic grafts.  This would require that the graft possesses sufficient 

collagen and elastin to ensure the strength and elastic nature of a blood vessel, but also be 

free of any synthetic material, which could initiate a chronic inflammatory process or act as a 

nidus for infection. 
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Four pivotal studies summarise the current philosophy for TEBV: 

 

3.5.2.(a) Scaffold-based approaches 

 

Weinberg and Bell reported the first tissue-engineered vessel, which was based on a 

collagen (natural acellular) scaffold.2,3,294  This was propagated with bovine fibroblast, 

smooth muscle and endothelial cells.  This graft failed due to insufficient mechanical 

strength, even when reinforced with a PET mesh, a problem that was encountered by 

subsequent authors.295 

 

The second influential study by Niklason and Langer298 used polyglycolic acid as a 

temporary scaffold to wrap layers of cells sheets.  This sequential wrapping of sheet layers 

was performed in a bioreactor under flow conditions at 165 beats per minute with 5% radial 

distension.  The PGA was subsequently degraded resulting in a TEBV, this graft could not 

however sustain systemic pressures. 

 

3.5.2.(b) Non-scaffold approaches 

 

L’Heureux et al.3,8,299 optimised the Niklason and Langer design by improving mechanical 

strength by wrapping an acellular extracellular matrix.  This consisted of the dehydrated 

products of adult human skin fibroblasts, which were wrapped around a PTFE mandrill.  A 

layer of umbilical smooth muscle cells were subsequently wrapped around the sheet to form 

a media, this was then placed into a bioreactor and 1 week later fibroblasts were added to 

construct an outer media and adventitia after which surface endothelial seeding was 

performed.  This multi-cellular sheet TEBV conduit was been trialled in ten patients as a 

haemodialysis access shunt, with reported one and six-month patency of 78 and 60% 

respectively which meets the criteria for a high risk patient cohort (76% expected patency 

across all patient population).300 

 

The final design concept involves a non-scaffold approach, which is analogous to a pearl 

formation within an oyster.  In this novel design, Campbell et al. used an animal’s peritoneal 

cavity as a bioreactor for a mesenchymal based TEBV.301  This method required no scaffold 

other than a silastic tube mandrill that was placed in the peritoneal cavity as a nidus.  This 

initiated an inflammatory reaction, which resulted in successive layers of myofibroblasts, 

collagen matrix and a monolayer of mesothelial cells covering the tube.  The mesothelium 



Literature Review  Section II 

 34 

covered myofibroblast capsule was then inverted to serve as an endothelial surface.  Over 

four months the vessel underwent transformation that resembled an elastic-lamellar and 

high volume myofilaments. 

 

3.5.3 Graft modifications 

 

Due to the limited development of novel conduits, researchers have reverted to optimising 

the exterior of pre-existing materials.  These modifications allow for surface alteration 

without influencing the physical properties of the primary graft structure for which they were 

originally designed.  Modifications not only mask the underlying material from the 

surrounding tissue, but can also provide a functional component.  These surface 

adjustments may also alter the physical properties, such as surface texture or provide added 

strength.  Surface ‘smoothing’ with a polystyrene copolymer poly(2-hydroxyethyl 

methacrylate) is an example of such a modification that actively prevents pannus ingrowth 

and as such limits the propagation of intimal hyperplasia.302,303 

 

3.5.3.(a) Haemostasis 

 

Pre-clotting is the conversion of a porous wall into an impervious one, following exposure of 

the graft to blood and is the standard of care in anticoagulated patients receiving high 

permeability synthetic vascular grafts (Knitted PET).304  The most rudimentary form of graft 

modification is intra-operative pre-clotting and was initially developed to prevent graft 

exsanguination, but may in fact have an additional biological component due to adhesion 

proteins and growth factors within the clot.305 There have been multiple methods of pre-

clotting grafts, from submersion, intermittent clamping following proximal anastomosis, with 

or without pre-wetting.  A four step method to standardise the procedure was published in 

the 1970’s in order to combat surgical problems relating to vascular graft ooze, but this has 

largely been abandoned following the reduced use of knitted grafts and the incorporation of 

protein impregnation.304 

 

3.5.3.(b) Hydrophobicity 

 

The inertness and hydrophobicity of ePTFE grafts are thought to contribute to their poor 

healing capacity and their predisposition to attract platelets.306  The proposed mechanism 

involves prevention of protein adhesion such as fibronectin, which results in suboptimal cell 
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adherence.216  Modification by increasing the hydrophilic nature of these grafts is thought to 

improve patency and endothelial cell adhesion.307  The two most commonly used treatments 

are alcohol and plasma-film deposition, although other hydrophilic surface modifications 

have also been described.307 

 

Treatment of grafts with alcohol before implantation increases hydrophilic properties and 

may enhance endothelialization.308-311  The hypothesis for this improvement in healing may 

relate to the displacement of the air-filled pores, allowing for blood penetration by means of 

wicking. This in turn creates adhesive proteins throughout the graft wall with subsequent 

endothelial cell adherence, much like the mechanism proposed in pre-clotting.312 

 

Plasma surface modification (PSM) by plasma polymerisation is gaining popularity in the 

biomedical field due to its ability to change the properties of the underlying material.  Plasma 

is created when gases are charged by an energy source creating excited atomic, molecular, 

ionic and radical species.  Besides the role of sterilisation, PSM has many other features, 

including surface cross-linking, activation and the adhesion layer deposition.313  This allows 

for a change in wettability, hardness, inertness and biocompatibility.314  In the context of 

vascular grafts, its main role is to increase the hydrophilic environment and improve cell 

adhesion.315 

 

3.5.3.(c) Anti-thombogenicity 

 

All current prosthetic vascular materials are inherently thrombogenic due to the changes 

they induce at the blood surface interaction.81 This ultimately limits their use to high flow 

conditions with a diameter of greater than 6mm.21,79,260  These grafts may fail due to 

thrombus formation within the grafts, or as a result of downstream occlusion due to micro-

emboli from the surface.81  Although platelet adhesion forms an integral component of the 

clot formation, the literature suggests that platelet adhesion alone may not result in graft 

failure.81,316  Further evidence of this can be seen when comparing contemporary graft types.  

Although there is a documented increase in platelet deposition on PET grafts when 

compared to ePTFE, this does not result in inferior patency.317  Despite these findings, 

researchers have continued to pursue material modifications that aim to prevent platelet 

bonding, few of which have translated to improved performance.318 

 

Thrombogenicity of a graft can be partially altered by the manipulation of the material 

surface with a biologically active component such as; phospholipid polymers, prostaglandin 
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E1, hirudin, tissue factor pathway inhibitor, aspirin, carbon coating and thrombomodulin have 

all been experimentally used, but none have made any clinical inroads.8,318-325  Heparin 

surface modification on the other hand, has made a significant clinical impact.  First 

described by Gott et al. in 1963, surface alteration has been shown to significantly prolong in 

vitro and in vivo clotting times in graphite-coated surfaces.326  Since then heparin coating 

has become a common modification of biomaterial surfaces, and has been used most 

extensively in cardiopulmonary bypass circuits.  Covalent bonding of heparin to graft 

surfaces does not completely prevent platelet adhesion,14,327,328 although there are studies 

that show improved patency, 329-331 with reduced downstream microemboli.56,332 Although the 

evidence of a significant clinical advantage is heparin-coated grafts is limited, they remain a 

highly marketed product. 

 

Alternative applications of heparin bonding involves polyethylene glycol (PEG) - heparin 

combinations,320 as well as heparan sulphate substitutes which induces wound healing and 

may have a role to play in vascular graft healing.333 However, the concern regarding heparin 

induced thromobcytopaenia remains, which would be particularly difficult to manage with an 

implanted device.334 

 

Nitric oxide (NO) is another promising modification that has a number of potential 

advantages including anti-thrombogenicity.  NO is a simple molecule, but has very diverse 

roles in the cardiovascular system, endothelial damage with deceased NO synthesis has 

been implicated in the synthesis and progression of atherosclerotic plaques.1  The basal 

release of NO from endothelial cells is know to posses antiplatelet function that down-

regulates adhesion molecules to the endothelium and inhibit smooth muscle proliferation.6  

Treatment of grafts with NO intend to promote endothelial cell growth, as well as the 

inhibition of platelet adhesion and vascular smooth muscle proliferation.9,11  However the 

limitations of NO as a donor is the finite reservoir that exists in these materials14 as well as 

the leaching of diazeniumdiolate and carcinogenic nitrosamine formation.17 

 

3.5.4 Angiogenesis 

 

The ability to manipulate blood vessel development has enormous clinical implications in the 

management of ischaemia, tissue oedema and the inhibition of tumour growth.22  Despite 

success in animal, as well as small-scale clinical trials, angiogenic treatments have not 

demonstrated significant effect when tested at a larger clinical setting.24  The limitations 

involve the complexity of angiogenic initiation and a hierarchal vascular network that is 
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spatially organised for the relevant tissue.  This network maturation involves patterning by 

branching, expanding and pruning to provide a three-dimensional construct for the provision 

of nutrients and elimination of waste products.  Leonardo da Vinci first contemplated the 

nature of this network construct in the 15th century, when he speculated that the heart was 

the seed for the ‘sprouting’ of the vascular network.  Although this simplistic explanation has 

been refined through the centuries, the concept of vessel sprouting is true for 

angiogenesis.26 

 

It is essential to differentiate between adult based vessel development (angiogenesis) and 

the growth of primitive blood vessels in the foetus (vasculogenesis).  The de novo embryonic 

vessel development from angioblasts or stem cells differs from the adult type vessel 

development.  Although endothelial progenitors may also stimulate vessel growth in the 

postnatal period, a process termed ‘therapeutic vasculogenesis’,28 the exact mechanism has 

not yet been elucidated as knockout models demise pre- or perinatally.29  Angiogenesis on 

the other hand is formed by sprouts from the sides or ends, longitudinal division, bridging 

and intussuscepted growth from existing vessels.31 

 

The regulation of both angiogenesis and vasculogenesis is reliant on a complex interaction 

with growth factors.  Hypoxia is an important stimulus for vascular bed expansion by 

hypoxia-inducible transcription factors (HIFs).35  These HIFs up regulate angiogenic genes, 

with a 30 fold increase in vascular endothelial growth factor (VEGF) production within half an 

hour.28  VEGF is widely considered as the most important regulator in the signalling process 

of all forms of vessel development in a strict dose-dependent manner.40  A subtype, VEGF-A 

is thought to be critical in the activation of angiogenesis, migration and proliferation of 

endothelial cells to form blood vessels, as well as instituting vessel network maturation 

through a chain of molecular and cellular events through the recruitment of mural cells.41,43  

While VEGF-A and other initiators such as fibroblast growth factor (FGF) are critical in the 

initial phases of vessel development, 44,46 platelet derived growth factor (PDGF) matures 

blood vessels by recruiting mural progenitors.48 It is the further interaction of smooth muscle 

cell progenitors and endothelial cells that leads to TGF-β, which induces smooth 

muscle/pericyte differentiate and matrix deposition.41 

 

The therapeutic approaches that are used to administer these growth factors have revolved 

around two delivery mechanisms.  Systemic administration is limited by in vivo instability of 

these proteins and poor tissue targeting, with an estimated 0.1% retention in 24hrs.51  Higher 

dose systemic administration evokes concerns of side effects and thus local elution with 

polymeric vehicles allow for sustained, target-specific delivery with little or no systemic 
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exposure.24,53  Further complexity is the provision of multiple growth factors, which would be 

required to develop a mature vascular network.44,48  This however, may be solved with the 

use of implantable porous scaffolds with multiple growth factors with variable release rates.  

The application of dual growth factor delivery (VEGF and PDGF) from a biomaterial scaffold 

observed more mature vessel formation than isolated use of each factor individually.24,57,58  

Heparin cross-linking to scaffolds allows for attachment of these growth factors to various 

polymers,59  which may also serve to bind further in vivo circulating growth factors to create 

a perpetuating effect, with a consequence of prolonged action.  

 

Despite extensive research on this growth factor - angiogenesis interaction, as well as the 

recognition of growth factor dependent re-endothelialization of injured arteries,61,63 there is 

limited literature on their application for vascular grafts.  Graft modifications have bound 

VEGF to ePTFE,65 as an application for endothelial cell transplant, but this has not been 

applied for spontaneous forms of endothelialization.66  Although porosity alone may also be 

responsible for increased release of growth factors (possibly due to tissue ingrowth),67 few 

have tried to encourage ingrowth with the use of these angiogenic accelerators. There have 

been reports of improved endothelialization with bFGF/heparin treatments,68 as well as 

bFGF and VEGF combinations.69 However, the potential for increased intimal hyperplasia 

due to growth factor treatments has cautioned investigators from pursuing a confluent 

endothelium by these means.70 

 

The limited and heterogeneous data suggests that current combinations or delivery 

techniques are inadequate to employ local growth factor modifications to synthetic grafts.  A 

concern is lack of research relating to  long term complications as this technology is still in its 

infancy.  However, multi-factor combinations with staggered release may however make this 

a viable treatment option for the future.71 

 

3.5.5 Summary 

 

Untreated autologous tissue remains the gold standard conduit for small diameter grafting, 

but the limited availability and morbidity associated with harvest often precludes its use.  

Contemporary grafts are limited to ePTFE and PET, which have remained the materials of 

choice for the last five decades.  Although these two polymers are far from ideal, current 

alternatives have not shown significantly superior results to justify change.  Cellular 

modifications have shown an improved patency but cost and complexity prevents 

widespread application.  This is even more evident in the TEBV, which remains an 
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experimental model rather than a clinically viable option.  New techniques for decellularized 

tissue stabilisation, as well as new degradable polymers hold promise for the future, but 

regenerative potential may limited by designs that hinder spontaneous endothelialization.  

The failure of novel development has resulted in surface modification as an alternative to 

mask or optimise the blood/surface interaction. 
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Chapter 4  
 

Determinants of Graft Failure 
 

4.1 Introduction 

 

In the broadest sense synthetic vascular conduits have to remain patent and stable, and this 

has been successfully achieved in large and to a lesser extent medium diameter vessels.73 

The problem arises in small diameter vessels, where patency drops dramatically when they 

are used in a high resistance, low flow environment.  Within four years, the patency of 

below-knee grafts drops under 50%, while synthetic grafts in the coronary position have a 

significantly poorer outcome.  One year patency of ePTFE CABG are as low as 60%,74,75 

which decreases to 14% by the end of the second year.76-78 Pathological studies show that 

these grafts fail due to independent factors that result in early, mid-term or late failure: 
79,81,82,84  Early graft failure relates to thrombus formation, which is a feature of surgical 

technique and surface thrombogenicity.  Late failure of grafts is multifactorial but is most 

frequently due to intimal hyperplasia, although aneurysm formation, infection and 

progression of atherosclerotic disease are also responsible. 

 

A broader classification for why grafts fail should include: 

 

1) Conduit properties 

a) Physical 

i) Compliance 

ii) Calibre 

iii) Porosity 

b) Biological 

i) Early host response (thrombogenicity) 

ii) Late host response (intimal hyperplasia) 

2) Surgical technique 
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4.2 Physical properties 

 

The healing of synthetic grafts encompasses both the physical properties as well as the 

chemical composition of the material.  The manufacturing process largely determines these 

underlying characteristics, which can be modified within a narrow range.  Three physical 

components of vascular grafts are fundamental in graft design include: Compliance, Calibre 

and Porosity. 

4.2.1 Compliance 

 

Compliance may be defined in terms of the diameter change of a vessel between diastolic 

and systolic pressures, and is usually expressed as %/100 mm Hg: 

 

!! =
(!! − !!)
!! − !! ×!!

= !
!
1
!!

 

 
Compliance (CD) relating to the diameter (D) and pressure (P) changes, to the radius (r), 

wall thickness (t), and bulk modulus of the wall (E
W
).  Where subscripts s and d denote 

systole and diastole, respectively.  In porous walls, the constitutive elements defining the 

wall (e.g., fibres) fill only a fraction of the wall volume.  Additionally, these elements are not 

completely aligned in the circumferential direction, and the deformation is not purely tensile.  

In such cases the modulus of the vessel also depends on the frictional forces involved in the 

relative movement between individual elements, as well as the flexural and shear moduli of 

the elements themselves. It is for this reason that prostheses constructed from very stiff 

materials such as PET (high Ew) fibres may exhibit some, but not adequate, compliance.  

Blood vessels have non-linear elastic properties and tend to stiffen with increasing pressure, 

and this equation only serves as a concept rather than practical application in the 

assessment of conduit-host artery mismatch.  One must however, also be mindful of the 

various modalities that are used to measure the compliance of a vessel, which may further 

confound the measurement i.e.: Electrical, optical, ultrasonic, digital x-ray and nuclear 

magnetic resonance imaging.85  

 

The relationship between the loss of patency due to compliance mismatch of a small 

diameter prostheses and its host artery was first proposed by Baird et al. in 197686 and was 

validated shortly thereafter.88  This has brought about a focus of study by mathematicians 

and physicists combining with clinicians to determine the physical factors that play a role in 



Chapter 4 Determinants of Graft Failure 

 43 

cardiovascular function and disease.89  Differences in the mechanical properties of conduits 

and the arteries to which they are anastomosed, promote intimal thickening91 that is most 

pronounced at the distal anastomosis.93  These physical forces may act by triggering a 

biological process and tissue remodelling in response to tissue injury89,91 or be due to 

biomaterial incompatibility as a result of differential mechanical strain and wall shear 

stress.85 The resulting turbulent haemodynamic stresses93 may have more impact on 

endothelial cells as both high and low shear stresses result in intimal hyperplasia.97  By 

varying the stiffness of implanted arterial grafts with gluteraldehyde fixation, Abbott et al. 

were able to conclusively show that compliance is an independent factor in graft patency, 

and that non-compliant (rigid) grafts owe their inferior performance to lack of distensibility 

when compared to native arteries.93 

 

This discrepancy between the host and the implanted conduit occurs at two levels, namely: 

tubular and anastomotic conduit mismatch.  Tubular mismatch refers to the resistance to 

pulsatile flow between a compliant and non-compliant graft and the resultant energy loss.  

The flow disturbance alone may result in endothelial cell damage and aneurysm formation.85  

Anastomotic mismatch is much more complex as it alters the compliance of the host artery.  

The resultant decrease in local diameter generates a paradoxical increase in compliance for 

a few millimetres on either side of the suture line.  This para-anastomotic hyper-compliance 

is thought to be the primary driver for intimal hyperplasia, resulting in a doubling of mismatch 

when compared to the reference value.101,102  As a result of the combined effect tubular 

compliance mismatch and the perianastomotic hyper-compliant zone (PHZ), a highly 

significant correlation can be drawn between the degree of compliance mismatch and the 

patency of the implanted conduit (Figure 3).85,104  

 
Figure 3 Para-anastomotic hyper-compliant zone (PHZ), where anastomosis is at distance 0mm. 
 From Salacinski et al.85 
 

the initiation of intimal hyperplasia [36,56]. (2) Cyclic stretching has a
positive influence on replication of vascular smooth muscle (SMC) and
production of extracellular matrix (ECM) [56,57]. It has been demon-
strated that SMCs produce ECM and replicate when they are subjected
to high levels of distension [58] and tangential stress [59]. (3) Flow
studies show that a sudden increase in compliance is associated with par-
ticle residence time, flow separation and stasis leading to low shear
stress conditions [60,61]. Also, from animal studies, it is known that high
levels of shear stress have a deleterious effect on endothelial cells (EC),
but, most importantly, there is mounting evidence that intimal thicken-
ing occurs in areas of low shear rate [62–65]. An example of this phenom-
enon in humans is the sudden increase in compliance found in the
carotid bulb where the above hemodynamic changes occur. Because this
is a site with predilection for the occurrence of atherosclerosis, one can
postulate that increased compliance with prolonged particle residence
time, flow separation and low shear stress conditions can cause damage,
allowing initiation of arteriosclerosis in man.

METHOD OF MEASUREMENT OF MECHANICAL
PROPERTIES OF THE VASCULAR GRAFT

Electrical Methods

Miniature transducers (differential transformers) placed on the

248 HENRYK J. SALACINSKI ET AL.

Figure 1. Para-anastomotic hypercompliance zone (PHZ). Typical compliance profile of
a continuous anastomosis: compliance versus distance. Anastomosis is at 0 mm.

 at University of Cape Town on June 24, 2013jba.sagepub.comDownloaded from 
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Both autologous and synthetic grafts are responsible for tubular compliance mismatch.  

Whereas the discrepancy between artery and prosthetic grafts are more substantial, veins 

also exhibit reduced compliance range due to lower elastin levels and less smooth muscle 

compared to arteries.85  This gives rise to venous compliance properties similar to that of a 

rigid tube even in the low pressure environment of the venous circulation.97,107 When 

exposed to the systemic arterial circulation, veins de-endothelialize with subsequent media 

disruption resulting in ‘arterialization’ due to over distension.  This involves platelet 

deposition, vascular smooth muscle apoptosis, monocyte infiltration and fibroblastic activity, 

ultimately ending in myointimal thickening and SMC proliferation.97,107  A significant increase 

in wall stiffness occurs as a result of the wall thickening and reduction of luminal size all of 

which further reduce the compliance of the venous conduit. 

 

In conclusion, compliance mismatch has an important role in graft failure and occurs at 

multiple levels.  It has been demonstrated that the compliance of biological conduits is 

significantly greater than those of current non-compliant (rigid) prosthetic graft materials73 

However the question remains: How much compliance is enough and for how long must a 

vessel remain compliant?  

 

4.2.2 Calibre 

 

Calibre matching is often influenced by the luminal diameter of the conduit available, as well 

as surgical preference to oversize the conduit to allow for a technically less complex 

anastomosis.  A diameter that is too small will limit flow and is more susceptible to surface 

fibrin deposition, whereas larger grafts have been shown to have a high rate of occlusion 

relating to shear disturbances and the progression of intimal hyperplasia.7,110,112,113  But it is 

not just the starting diameter of these grafts that is relevant, as veins will go on to further 

dilatation when exposed to the systemic arterial circulation.114,115  This concept of size 

mismatch and graft failure is not new,116 and saphenous vein grafts are a classic example of 

this diameter mismatch as they are the universal autologous conduit for multiple diameter 

host arteries.  Zilla et al. found that neointimal tissue saphenous grafts was 2.3 times thicker 

in coronary than femoral grafts in a baboon model and this remodelling was due to 

significantly cross-sectional quotient differences between the target vessels.120  The cross-

sectional quotient areas (QC) was used to describe this conduit-host interaction (Figure 4): 
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!! = !! !! 

 

Where !!  = Host artery diameter and !! = Graft diameter 

 

Qc≈0.25-0.35 Qc≈1.4-1.6 

Figure 4 The host vessel and the conduit used in clinical applications and animal models.  The Qc between run 
off artery and graft is typically in the range of Qc≈0.25 - 0.35 in small diameter grafts and Qc≈1.4-1.6 in 
experimentally implanted grafts.  Were ah represents that of the host vessels and ag that of the interposition graft 
Adapted from Zilla et al.7  
 

The same group had previously noted that a Qc of >0.5 would create enough shear to 

prevent intimal hyperplasia formation, however most clinical small-graft situations have a Qc 

in the range of 0.25 to 0.35 (Figure 4).113  The Qc of an internal mammary artery is 1.0 

whereas the average saphenous vein is 0.25, another contributing factor to the superior 

patency of this arterial conduit.123  The low shear, relative stasis and flow separation due to 

an oversized conduit is an environment for an orchestrated cascade that facilitates the 

recruitment of inflammatory cells, stimulates vascular smooth muscle in the media to 

proliferate and migrate resulting in intimal proliferation and graft failure.85,97,115,126 

 

The calibre-to-hyperplasia interaction in venous conduits is more complex than in synthetic 

grafts as are they susceptible to intima proliferation throughout their length, when subjected 

to arterial haemodynamic forces.128  The usual 10mmHg the vein experiences, dramatically 

increases to 100mmHg with an immediate increase in flow, shear stress and pulsatile wall 

tension and increase in calibre.114,115  The initial remodelling is substantial with 21% increase 

in luminal diameter.130  Coupled with intra-luminal irregularities, vein graft stenosis ensues.126  

Due to the progressive dilatation of venous grafts and worsening of the Qc, the concept of 

external support to prevent this distension has been created.132,134 

Artery

Conduit

Saphenous vein to coronary artery IMA to coronary artery 

OR 

Standard animal model 
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4.2.2.(a) Constrictive and non-restrictive external supports 

 

Parsonnet et al. first described the use of an external sheath surrounding a vein graft in 

1963.132  The authors concluded that an external sheath could support endarterectomised 

arteries and could be used to secure difficult venous anastomosis, but did not intend to 

investigate the biological implications of this mechanical support system. It was only 15 

years later that Karayannacos et al. described the use of a support system to reduce intimal 

hyperplasia.75,135 

 

Sheaths that function as loose-fitting, non-restrictive stents, are thought to function by 

accumulation of immune and inflammatory cells in the abluminal side of the graft and the 

subsequent promotion of angiogenesis in the adventitia.75,139,141  However, oversized 

meshes have also resulted in 100% occlusion in an experimental series,143-145 and thus the 

more recognised method is the use of a restrictive stent or mesh to prevent over distension 

of the vein graft in the arterial system.115,147,149 The restrictive concept relies on the 

suppression of proliferative responses induced by high wall tension by preventing 

stretch.21,115,150  Although constriction does appear to have some advantage, 76,113,115,156-159 

over-constricted vessels may results in luminal folds that would be detrimental.  A 27% 

reduction in area appears to be sufficient to eliminate these luminal irregularities and eddy 

flow, but still provide an overall advantage.84,160,161  The mechanism of action by which the 

inhibitory effect is achieved is still unclear.  However, it is thought that the surrounding 

sheath or mesh deals with two main biological triggers for intimal hyperplasia namely wall 

tension and shear forces.123,139,141,162,164,165  This haemodynamic modulation and alteration of 

the growth factor, cytokine release by down regulation of potent mitogenic substances such 

as PDGF and endothelin-1 will to prevent VSMC proliferation.114,143,149  Despite sustained 

benefits shown in the pre-clinical setting, this concept has yet not translated into a usable 

device.  Combined therapeutic interventions that have addressed vein graft failure may 

ultimately prove to be the catalyst for their use in patients.147,149,168 

 

4.2.3 Porosity 

 

At the turn of the century, experimental solid-tubes (paraffinated glass and aluminium), were 

early evidence of the failure of impervious materials as vascular conduits.150,169,171  Voorhees 

et al. later demonstrated success with a porous material,113,156,174,175 but it took another 

decade until porosity was documented as the primary determining factor for vascular graft 
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performance.160,176,178  Wesolowski et al. were able to further refine the subject and revealed 

that the patency of a material is inversely correlated to its porosity.161,162,181 

 

Although porosity and permeability have been used interchangeably in the literature, they 

have distinctly different definitions.  Porosity is the measure of void (empty) spaces within a 

material and thus the void fraction refers to the volume of voids divided by the total volume 

of the material.  Conversely, permeability is the ability of a material to be permeated 

(penetrated) or defined as the admittance of liquids or gasses that is usually measured at 

120mmHg and is expressed as ml.cm-2.min-1.149,160,182  The less well-known terms of 

“permeance” or “permittivity” are more precise in describing this feature.  However, surgeons 

and manufacturers have traditionally referred to thus feature as permeability and will be 

referenced as such in this text.149,182,183 

 

Simply put, porosity references the size of empty space, whereas permeability expresses 

the ease at which fluid flows through a material and is an inference of interconnectivity.  It is 

thus important to note that it is often assumed that porosity is interconnected, but may result 

in caul-de-sacs, where a ‘highly porous’ graft may in fact be impermeable.  Clinically 

implanted grafts have standard physical features, which have been determined by earlier 

research and subsequent FDA approval.  These properties have become established for 

each of the graft types, it should be borne in mind that all porosity is not equal.  

 

4.2.3.(a) PET 

 

PET grafts are characterised by the measurement of permeability (permeance), where high 

‘porosity’ is defined as 1500 to 4000ml.cm-2.min-1 and low ‘porosity’ 200 to 

1000ml.cm-2.min-1.169,185,187-190  When describing the characteristics of an ideal synthetic graft 

Wesolowski suggests that the implantation permeability should be less than 50 ml.cm-2.min-1 

to prevent mural haemorrhage, with a biological permeability of 50000ml.cm-2.min-1, to allow 

for tissue ingrowth.174,178,191  Yet, contemporary grafts still fall short of these two suggested 

figures.  There is however a limit to the applicability of hydraulic in vitro measurements 

(water or a crystalloid solution), which do not necessarily translate to in vivo permeability due 

to the complex interaction of blood.  In vivo characteristics of grafts may also not mirror the 

initial manufacturer specifications, as haemodynamic stresses can also alter the physical 

properties of the graft.  Grafts are designed to withstand arterial pressures, but redistribution 

of yarns and fibres within the material are subject to compression and distortion altering the 
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characteristics of the bench data.  Handling, kinking and compression by the ingrowth of 

tissue itself may further distort the graft porosity and permeability. 

 

PET textiles are not specifically designed to allow transmural tissue ingrowth, and thus the 

description of mid-graft healing in these grafts has been by coincidence rather than by 

experimental design.  However, knitted grafts are more likely to allow sporadic instances of 

mid-graft healing due to the larger voids and expressed as a higher 

permeability.161,176,192,194,195  The downside of this increased porosity is the compromise in 

strength and the deformability of the graft.21,161,196  The question remains, if PET does allow 

for transmural ingrowth, why has it not been seen in humans?149,160,175,197  The answer may 

lie in the interaction of polyester with the surrounding tissue.  PET incites different levels of 

perigraft inflammation, and despite a high void index, appears to permit fewer capillaries 

than anticipated.  The lack of transmural ingrowth of PET is true also for the baboons, where 

endothelial coverage was significantly less in PET than ePTFE (60µm) (49±13% versus 

100%).183,198,200-203  It is therefore necessary to take into account both the physical and 

chemical component when describing the healing characteristics of vascular grafts. 

 

4.2.3.(b) ePTFE 

 

In contrast, the ‘porosity’ of ePTFE is defined on the IND or fibrillar length.147,185,188-190,205,206  

The extrusion and drawing of ePTFE creates irregular-shaped solid nodes that are 

connected by a dense meshwork of fine fibrils.  The gaps between the fibrils, forming the 

micropores are so small (5µm) that many investigators consider it to be a non-porous 

material as it is this distance that determines the space for tissue ingrowth.7,191,207-209 The 

standard IND of clinical grafts is 30µm, but the porosity of ePTFE also varies amongst 

brands of ePTFE irrespective of the advertised dimensions reported by the manufactures.  

An independent analysis of the grafts of the two market leaders not only varied significantly 

from each other, but neither of which were 30µm (17.9 vs. 23.9µm).192,194,195,210,212  Although 

there is no specific cut-off point for what determines low and high porosity, the most 

commonly used IND’s in the literature refers to 30, 60 and 90µm where 30µm is regarded as 

low and 60µm and above as high. Zilla et al. used 45µm as a cut-off point for low and high 

porosity.7,21,212-214 

 

There are those however, that disregard the fibrils as having any influence on the graft 

porosity. The void fraction between the nodes is 0.9 and is thought to readily accommodate 

cellular ingrowth as the fibrils are easily pushed aside.21,149,175,216  This may have theoretical 
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substance for thin grafts, but capillaries are known to be unable to extend beyond 200 fibril 

layers of standard porosity (30µm), which is 1/10th the wall thickness of grafts (350µm) and 

are never seen in the grafts wall, which only sporadically contain fibroblasts.7,85,198,201-

203,218,219 High porosity grafts of 60µm do allow for complete capillary ingrowth in animals and 

it is these grafts that have shown the most promise for transmural healing.21,85,147,212 

 

ePTFE grafts may be further modified by external reinforcement, a term which itself is poorly 

described and as a result, equally poorly understood.  Almost all clinically implanted ePTFE 

grafts contain a thin impervious wrap reinforcement (Figure 5 b&d). The use of this wrap was 

popularised by Campbell et al. following reports of aneurysmal dilatation of unwrapped 

ePTFE grafts.207,209,218,220,221  As a result ePTFE grafts without an outer wrap are not clinically 

available due to their perceived physical fragility.182,210,222  This thin external layer renders all 

grafts impervious to tissue ingrowth irrespective of the quoted IND. Thus, it should always be 

taken into account when reviewing healing of these grafts that the intention to wrap was not 

only to increase the strength of the graft but control the fibrous tissue ingrowth.213,214,223-227  

Ring reinforcement which is less commonly used, prevents kinking of the graft and may be 

used in combination with a wrap in the clinical setting. In the absence of a wrap, ring 

reinforcement would have little effect on ingrowth.  It is therefore essential to be sure of the 

methods of reinforcement used in an experiment before generating a correlation between 

ingrowth and porosity.  

 

Figure 5 SEM x100 magnification of (a) luminal surface and (b) abluminal wrap reinforcement, Gore-tex® 
30µm IND ePTFE.  Luminal (c) and abluminal (d) surface at x500 magnification. 
Scale bar white=50µm, Black=100µm 
 

ⓐ 
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ⓑ 
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As is often the case, there are proponents of an alternative, even opposing hypotheses, 

supporting reduced porosity.21,149,228-231  Since graft patency is not only related to 

endothelialization, but is also affected by intimal hyperplasia, by reducing the amount of 

tissue ingrowth one can theoretically prevent intimal hyperplasia, as long as the surface can 

remain non-thrombogenic. When observing the patency of vascular grafts in animal models, 

Campbell et al. found that limiting the fibril length improved patency in the carotid and 

femoral artery of dogs, and reported the optimal IND of 22µm (outperforming 

34µm).85,206,218,232  Alterations to the lumen of the graft to create a smoother surface with 

silicone of wrapped ePTFE have also shown a reduction in intimal hyperplasia in both 

baboon and canine models.21,85,230,233,234  

 

4.2.3.(c) PU 

 

The advent of stable polyurethanes has allowed for a variety of methods to establish graft 

porosity, which can be classified into two groups: Fibrillar and foamy PU’s: 

 

Fibrillar PU grafts are structurally similar to PET grafts and with a few rare exceptions these 

grafts are largely impenetrable to tissue ingrowth.218,235,236  They are constructed by standard 

textile weaving and knitting or alternatively by electrostatic spinning (electrospinning).  As a 

result, PU porosity is defined by fibre thickness and the winding/spinning angle.7,161,182,218,237  

Although the parameters of the polymer as well as the construction methods can be 

manipulated, the resultant void created is coincidental rather than intentional and does not 

directly address graft interconnectivity that is essential for transmural tissue ingrowth.  

 

Foamy designs, such as foam floatation, dip-coating, gas expansion and laser perforation, 

similar to fibrillar designs do not specifically address interconnectivity either.  Phase 

inversion porogen extraction does allow for interconnectivity, however the use of irregular 

porogens such as salt also relies too heavily on randomness of contact to ensure 

interconnectivity.  Uniformly sized and tightly pre-packed porogens, can be extracted by 

phase inversion that yields well-defined, equally spaced interconnections.14,223,225-227,238,239  

Foamy porosity of less that 15µm does not allow for tissue ingrowth, however from 20 to 

40µm capillaries start penetrating the graft wall.21,218,230,231,240 Okoshi et al. not only showed 

an improved patency from 8 to 76% (p<0.001) when increasing the porosity of foamy PU 

from 30-70µm to 70-130µm but also showed more extensive endothelialization.85,232,241  

When investigating smaller size PU (1.71, 4.44, 5.58, 7.41, and 30µm) Fujimoto et al. found 

that only the 30µm PU was patent at 6 months. 208,218,230,234 White et al. suggested that the 
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ideal pore size for fibrovascular infiltration was between 10 and 45µm,218,242,243 however the 

increased fibrous tissue results in dramatic loss of compliance.97,161,218,237,244,245 

 

It is however important to note that when Okoshi et al. investigated polyurethane grafts with 

varying pore sizes (10 and 60µm), both grafts had the same permeability 41±8 and 39±8 

ml.cm-2.min-1 at 100mmHg14,239,241,246 but traditionally they would be defined as low and high 

porosity grafts respectively.  The likely explanation for this equal permeability lies in the lack 

of interconnectivity of the pores, which in turn will not translate in transmural tissue ingrowth 

(to be discussed further in Chapter 2.4.2(b)).7,218,247  Despite this, increased 

endothelialization is quoted as being superior in the more porous grafts, which may be a 

reflection of improved transanastomotic ingrowth rather than capillary traversing the graft 

wall.85,248,249 

 

It is apparent that porosity is important at two levels: Not only is sufficient void space and 

interconnectivity required for capillary ingrowth for transmural endothelialization, but it also 

appears that some form of transmural sub-cellular communication is required for 

patency.196,212,218,250  As the first investigators learned when attempting to anastomose 

impervious materials, solid tubes do not remain patient in the circulatory system. Okoshi et 

al. also observed 100% failure of small diameter vascular grafts in the infra-renal rat aorta 

when they sealed the outside of spongy PU the patency dropped from 73% to 

0%.218,220,221,242,251  One-hundred percent patency has been achieved in small diameter grafts 

that have been completely sealed with PU, however this has only been seen in very short 

length grafts (5mm in length).21,244,245,252  It is hypothesised that the transportation of 

cytokines and growth factors between the perigraft and lumen is essential for graft healing 

and patency.196,239,253 

 

Alternative methods of wall porosity have been attempted, but have not yet translated into 

clinically implantable devices. The process of laser-induced microporosity was initially 

developed in an attempt to improve myocardial perfusion, known as laser angioplasty. An 

ultraviolet excimer laser prevents surrounding thermal injury and peri-pore tissue 

swelling.14,247,254  Subsequently, a 308nm excimer laser was shown to create micropores in 

post-mortem femoral arteries,21,161,248,255 and in vivo animal models have shown improved 

mid-graft healing laser perforated vascular grafts.68,212,250,256-258 Similar approaches have 

remained in the laboratory, but may have potential to create porosity in tissue-engineered 

grafts. 
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4.3 Biological interaction 

 

Independent of their physical attributes, synthetic grafts create variable host responses 

dependent on their underlying chemistry.  Compatibility of a vascular graft is defined by its 

capacity to not attract or alter cellular elements or induce coagulation.81,220,221,259  

 

4.3.1 Early response 

 

The thrombogenic surface is the major cause of artificial graft failure and is amplified in the 

small diameter low flow states.14,21,82,97,218  Three broad categories are responsible for 

thrombosis of vascular grafts, which were first described by Virchow in 1860: Altered flow 

dynamics, inadequate surface and blood rheology. Poor run-off is often inherent in the 

disease process and flows of less than 70ml/min tend to thrombose synthetic grafts.  Little 

can be done to improve this attribute, as the graft itself is the intervention for inadequate flow 

restoration of circulation.218,253,260 

 

The first almost instant step is the adsorption of plasma proteins, which has critical 

implications for biocompatibility.14,238,240,261  Fibrinogen, thrombin and factors XII, XI, V and 

VII rapidly accumulate,21,81,161 which in turn induces platelet adhesion and the coagulation 

cascade.  Proteins unrelated to the coagulation cascade: albumin alpha beta and gamma 

globulins, transferrin and ceruloplasmin, are also adsorbed.218,256,258,335  Platelets 

subsequently interact with these proteins at the surface particularly fibrinogen and gamma 

globulin, and their adhesion to the subendothelium or bare graft surface is known to result in 

thrombus.  The subsequent adhesion of leukocytes are also thought to have a procoagulant 

activity.149,259,336  

 

Altering the blood into a hypo-coagulable state should theoretically improve the patency of 

grafts, which has resulted in multiple trials evaluating the efficacy of these drugs in a clinical 

context.  Despite the wide range of therapies available, the 9th edition of the American 

College of Chest Physicians Evidence-Based Clinical Practice Guidelines recommendations 

for antithrombotic therapy following peripheral arterial bypass are: Continued long-term use 

following peripheral artery bypass graft surgery over no antithrombotic treatment (Aspirin or 

Clopidogrel) (Grade 1A); single antiplatelet over antiplatelet and warfarin dual therapy 

(Grade 1B); for below knee bypass surgery a recommendation of continued long term dual 
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antithrombotic regimens (Aspirin and Clopidogrel) (Grade 2C). 14,21,337 See Addendum C for 

drug specific information 

The stabilisation of the fibrin clot occurs for up to 18 months and ultimately results in a 

compacted fibrin layer on the luminal side, which remains amorphous and acellular in the 

mid-graft.  Foreign-body giant cells congregate between the abluminal side and the 

connective tissue capsule.  In general, the porosity of clinically available synthetic grafts are 

inadequate for vessels to penetrate, and collagenous external encapsulation develops within 

1 to 6 months.218,262,338   

 

Capillaries and fibroblasts have been identified in thee tight interstices of these grafts, but do 

not penetrate to the luminal surface.238,240,263,339  External velour’s allow for more tissue 

incorporation on the outer surface, but not through the graft wall21,264,338 and provides stability 

rather than a healing advantage.21,218,265 Over time, the graft-interstices are infused with 

acellular material as well as tissue ingrowth into the outer surface.  Inflammation, foreign 

body reaction and eventual metaplastic change with osteoid and bone formation are 

observed.  The rates of calcification relate to the duration of implant, which stiffens the 

synthetic vascular graft walls and predispose the graft to fracture.149,242,266 

 

4.3.2 Late host response 

 

Hyperplasia (from ancient Greek ὑπέρ huper, "over" + πλάσις plasis, "formation") is the 

increase in number of cells with gross expansion of the tissue.  In the case of intimal 

hyperplasia (IH), the increase in size and resultant reduction in luminal diameter is also due 

to an increase in extracellular matrix.21,267,340  Intimal ingrowth, often referred to as neo-

intimal hyperplasia141,262,268 is a feature of the normal healing response of anastomosed 

arteries.91,263,269  The progression of this thickening and subsequent haemodynamic 

compromise is a major cause of mid-term conduit failure(2 months to 2 

years)21,102,264,268,341,342 and pharmacological agents used to minimise or inhibit this process 

has been unsuccessful thus far.91,265,270  The sequence of events begin with diffuse 

neointimal tissue proliferation in 75% of vein grafts within one year.12,266,343 

Haemodynamically significant focal stenosis resulting in graft occlusion, most often relates to 

the downstream anastomoses.84,91,150,267,271-273,344,345 Considerable attention has been 

focused on both compliance and calibre mismatch as primary causes for 

IH.20,93,104,215,268,274,275  In experimental models of end-to-side anastomoses, intimal thickening 

occurs at the anastomosis and the floor of the artery opposite the anastomotic hood, which 

relates to compliance and shear stress abnormality.91,269,276,346 It is this suture line intimal 
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thickening which may represent healing and remodelling in response to mechanical injury 

and haemodynamic mismatch.91,268,277 

 

All conduits are subject to IH, but it is the vein graft that has been the subject of the majority 

of investigation, and accounts for 40% of the structural change of these autologous 

conduits.150,270,278 The fundamental components of the intimal hyperplasia is the smooth 

muscle hyperplasia on the background of a neointimal graft surface.  As the name suggests 

grafts require an intima before any pathological process can occur.  Since it is only 

autologous conduits that have a mid-graft intima, IH in the prosthetic graft is limited to the 

peri-anastomotic zone, limited by transanastomotic intimal outgrowth.7,12,279  Intimal 

hyperplasia represents a clinical entity developed by complex multifactorial interaction, 

however the events that lead to this unwanted tissue overgrowth can be categorised into: 

 

1. Conduit surface interaction and platelet activation 

2. Leucocyte recruitment 

3. Coagulation cascade 

4. Smooth muscle cell migration 

5. Smooth muscle proliferation 

 

The first three phases form part of the early biological interaction. Rapid smooth muscle cell 

migration and proliferation occurs in the first month following endothelial injury leads to the 

lesion formation within the intima.271-273,280,347 The exact mechanisms are poorly understood 

but revolve around the intricate regulation of the smooth muscle cell cycle.  Injury to the 

endothelium releases growth factors and diminished anti-proliferative substances such as 

NO and heparin triggering smooth muscle proliferation.20,215,274,275,281,340,348,349 Smooth muscle 

cells are the most plastic of all cells in their ability to respond to growth factors.  They 

undergo phenotypic modulation from a quiescent contractile state to a synthetic and motile 

state, which results in their migration from the media to the intimal layer.276,282,350,351  These 

proliferative substances that include contribute to SMC proliferation: Fibroblastic growth 

factor (FGF), platelet derived growth factor (PDGF), insulin-like growth factor (IGF)-1, 

vascular endothelial growth factor (VEGF), TGF-β together with cytokines IL-1 and IL-

6.277,279,340,352  In rat vasculature, the percentage of dividing SMC increases from a basal 

0.06% to 10–30% per day following endothelial insult.10,18,20,215,274,275,278,283,353  Experimental 

work harnessing immunosuppressive therapy (Rapamycin treated grafts) has shown 

promise in dampening neointimal proliferation.279,283,354 
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4.4 Surgical technique 

 

The role of the surgical technique is an independent consideration in the performance of an 

experimental conduit.  Not only is the skill and precision of suture placement critical for the 

prevention of endothelial damage,275,280,355 but the technique chosen may influence 

patency.281,284,285,356  It has also been shown that a meticulous sterile environment alone has 

also been shown to significantly influence the patency of small diameter grafts in animal 

models.215,282,357 

 

4.4.1 Continuous vs. Interrupted anastomosis 

 

The subject most frequently discussed by surgeons since the first vessel was anastomosed 

involves the preference for interrupted versus continuous technique.75,279,358  The continuous 

(running) suture technique involves the use of a single suture, looping over and over to join 

the two free ends, whereas the interrupted (multiple suture) technique requires individually 

tied loops that are independent from each other. There are two distinct advantages to the 

continuous technique; time taken to complete the anastomosis and decreased bleeding from 

the suture lines.10,18,20,215,274,275,283,286,356,358  This is more than convenience to the surgeon as 

aortic cross-clamp time remains an independent predictor of mortality in cardiac 

surgery.14,276,283,287,359,360  The disadvantage however, may be purse stringing of the 

anastomotic line.  This will result in reduced cross-sectional area and compliance,275,288,289,361 

with a subsequent increase in perianastomotic hyper-compliant zone.284,285,290,358,362 There is 

also an added concern that the increased contact of sutures with the bloodstream may lead 

to stasis and thrombosis.215,291,356  The technique chosen ultimately comes down to 

surgeon’s preference as there is no data to support one technique over the other.75,292,356,363  

 

Alternative forms of anatomising involve modifying the above techniques with continuous 

interlocking and mattress sutures both of which have theoretical advantages but are seldom 

employed in the clinical setting.286,293,364  A suture-less approach such as the sleeve 

anastomosis (only applicable to end-to-end anastomoses) has also been extensively 

investigated with the advantage of shorter operative time and prevention of endothelial 

damage. First described by Lauritzen in 1979,14,276,287,294,365 subsequent animal and clinical 

studies have shown results that match interrupted suture technique but concerns remain 

regarding the security of the anastomosis. 288,289,295,366,367  
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4.4.2 Anastomotic cuffs and patches 

 

Adaptions to the anastomotic technique aim to reduce the PHZ resulting in a number of 

technical variations.  They are often specific to the distal anastomosis and include vein cuffs, 

vein patches, vein boots and arterio-venous fistulae of the distal anastomosis.14,290,296,368-371 

These modifications aim to lessen the abrupt change in elasticity between the conduit and 

host artery, and are thought to stabilise vortices and thus redistribute IH from the critical 

areas of the anastomosis.291,372-374 However, the unnatural end-to side configurations will 

always result in disturbed flow dynamics that will promote intimal hyperplasia.292,375  Concern 

still arises as there is potential for thrombus formation due to altered vortices, which may 

ultimately provide only a marginal advantage.293,376  Despite this there are clinical reports of 

distal anastomosis patency improvement for below-knee popliteal artery grafts.376,377  

  

4.5 Summary 

 

Vascular grafts, and more particularly small diameter synthetic grafts are depended on 

multiple factors that determine their fate.  Broadly speaking the approach can be divided into 

three general groups: The graft, the host response and the technical expertise of the 

surgeon.  Studies that focus on mechanism tend to analyse on one aspect at a time, but the 

variables are often intertwined or dependent on one another.  It is clear that all of the 

components need to be addressed when developing a novel conduit.  Porosity is one 

component that has been particularly poorly understood as few authors have addressed 

interconnectivity, which has resulted in heterogeneous data.  
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Chapter 5  
 

Surface Endothelium 
 

5.1 Introduction 

 

Vascular endothelium is integral to almost all aspects of cardiovascular function, and has 

become increasingly recognised as a complex modulator of vascular homeostasis.4  Its 

intricate regulation of cellular permeability, lipid transport, interaction with smooth muscle 

cells and the alteration of vascular wall structure has resulted in a wealth of literature 

investigating the endothelial cell in culture.378  This modulatory function of the intima is of 

little value in synthetic grafts as there is no mural tissue to regulate,  however the 

antiplatelet, fibrinolytic and anti-inflammatory function between itself and the blood6,81 is of 

considerable importance in graft patency.156,216  Furthermore, endothelial cells protect 

against the radical breakdown of synthetic prostheses by tissue oxidases3 and prevent 

synthetic graft infection.379,380  There is further evidence that the presence of endothelial cells 

exhibit a significantly lower proliferation of smooth muscle cells and subsequent neointimal 

formation compared to areas without endothelium.6 

 

As a result, endothelial cells are biologically and functionally the optimal surface coverage of 

synthetic grafts and the only known non-thrombogenic surface.3,81,253,279,381  It follows that an 

organised cellular endothelial monolayer on the lumen of synthetic vascular grafts would 

improve patency in the short- and long-term by thrombus prevention and the inhibition of 

intimal hyperplasia respectively.382,383  Attempts to encourage endothelialization of grafts to 

mimic the flow surface has yielded positive results with improved patency,20,274,384 but 

achieving this in a larger scale has remained a challenge.79 

 

5.2 Endothelial preservation in autografts 

 

The majority of vascular graft literature focuses on the role of endothelium in autologous 

tissue and more specifically the saphenous vein.  Untreated autologous venous conduits 

have shown that early failure (<1 month) as a result of acute thrombosis acquired during 

vein harvesting that can result from trauma, stretch and ischaemic time.156,385  Endothelial 
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damage during harvesting may account for up to 12% of occlusions in the post operative 

period386-389 and is the major cause of graft failure even in optimal conditions.81,385  It is 

known that rapid endothelialization of the luminal graft surface prevents fibrin deposition and 

adherence of platelets and granulocyte.  It is for this reason that utmost care must be given 

to endothelial preservation.308,378,390 

 

Some of the most compelling evidence for the role of endothelium in graft patency relates to 

the superiority of arterial vs. vein grafts.79  Endothelial denudation occurs during saphenous 

vein harvesting with exposed thrombotic subendothelial collagen compared to the internal 

mammary, which is free of these defects on scanning electron microscopic analysis.391  This 

is most certainly due to the use of different harvesting techniques of these two conduits.  

Recent techniques involving no-touch venous harvest, suggests that venous conduits may 

be equivalent of their arterial counterparts if harvested appropriately.392  Despite these 

results, is a trend towards less invasive methods (endoscopic) saphenous vein for improved 

cosmetics and decreased wound sepsis.393-395  Although there is concern that this method 

may be more traumatic, randomised trials have suggested that the histological appearance 

of endoscopically resected veins are equivalent to traditional open saphenectomy.394,396-398 In 

conclusion, whatever method is chosen, the concept of vein graft quality needs to take 

precedence over improved cosmetic results or convenience.399 

 

5.3 Spontaneous endothelialization of vascular grafts 

5.3.1 Transanstomotic endothelialization (TAE) 

 

The presence of endothelium traversing the anastomosis from the adjacent artery onto the 

luminal surface of the synthetic graft has been well documented.27,68,181,339,348,400-404  This 

process involves a complex interaction between the migrating endothelial cells, smooth 

muscle cells, fibroblasts, macrophages and the inner fibrinous capsule already present on 

the graft.3  Endothelium from up to 100 cells from the line of injury (anastomosis) enter the S 

phase and undergo migration, which occurs equally up- or downstream.  This hyperplastic 

intimal tissue referred to as “pannus” is a characteristic component of transanastomotic 

endothelialization.212  Due to the ambiguity, this text refers to neointimal growth from the 

perianastomotic tissue as transanastomotic endothelial outgrowth or endothelialization, and 

reserves the term pannus for descriptions associated with intimal hyperplasia. 
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The smooth muscle proliferation stems from the disruption of the internal elastic lamina of 

the host artery, allowing the migration of these cells through the damaged layer.405  This 

connective tissue layer follows the growing edge on the neointimal tissue, forming a 

thickened layer that is more remote from the edge, but absent from the free edge of 

endothelium.3,216,404  Smooth muscle cells are generally found to be present at the 

anastomosis and the leading edge of this outgrowth, but are notably absent in the mid-zone 

when the two edges coalesce.3 

 

The poor translation of animal laboratory research into a clinically relevant outcome is 

particularly applicable to the endothelialization of synthetic vascular grafts.  Choosing the 

model that most closely resembles the human should take precedence over convenience, 

although cost, ethics and infrastructure all have to be considered when designing a study.  

Based on more complete endothelialization of vascular conduits in lower order animals, it 

might be easy to assume that this rate of growth follows a linear correlation with species 

order, however this is not the case.  The concept of species and age contributing in the 

variability of synthetic graft healing has been extensively addressed in "The lack of healing in 

conventional vascular grafts" by Zilla et al., and is summarised in their subsequent review 

article.7,212  For example, the same outgrowth length takes 56 weeks in humans, compared 

to 7.6 weeks in Chacma baboons, 5.6 weeks in yellow baboons  and 3.5 weeks in dogs.  

Although healing occurs 2.1 times slower in chacma baboons than in dogs, this difference is 

also seen between baboon species.  Chacma’s heal slower than yellow baboons, but this 

may be an illustration of senescence (Chacma’s used are most often older than yellow 

baboons rather than variability between species).  

 

Two year old male baboons (with an average weight of 10kg) have similar transanastomotic 

outgrowth as humans <10mm at four weeks and <25mm at 12 weeks.3  Based on the 16 

explanted grafts in Clowes’ study that allowed for evaluation of transanastomotic 

endothelialization (TAE), the mean growth rate was 0.2±0.24 mm/week peaking at 5 to 11 

weeks at a rate of 0.7mm/week, and gradually slowing down to 0.004mm/week.  But caution 

should be taken before interpreting too much in this single study’s results, as 

endothelialization in baboons has been shown to vary from a 2cm limit after a year,200 to 

complete endothelialization by 10 weeks.402  Interestingly, within this experiment, the same 

length of graft took a year to endothelialize in a rabbit.403  Although Zilla et al. did not perform 

the same extrapolations in rats due to the short length of grafts, the literature review 

performed for this thesis suggests that endothelialization in the rat occurs at 0.6±1mm/week 

for ePTFE,241,252,253,406,407 which is considerably faster than  0.2±0.24 mm/week reported by 

Clowes et al.3  Based on the above data one can appreciate the non-linear variability 



Literature Review  Section II 

 60 

between species and age.  This may however be due to the heterogeneity experimental 

methods, creating ‘noisy’ data that cannot be adequately correlated. 

 

The process and reported rate and extent by which transanastomotic endothelialization 

occurs is highly variable.236  This is due to irregularly shaped tongues and islands of 

outgrowth which are difficult to quantify. In addition, the manner in which investigators 

measure and report their data and the inherent variable models used, it is not surprising that 

few authors agree on the contribution of TAE to graft coverage.  Either way endothelial cell 

derivation from anastomotic overgrowth occurs to some extent in all cases.401  Despite the 

variability in methods and results in animal studies, an undisputed finding is the lack of 

healing of synthetic grafts beyond 10mm from the anastomosis in humans.27,344,408  It is for 

this reason that alternative methods for endothelialization have been investigated. 

 

5.3.2 Transmural endothelialization (TM) 

 

In 1957, Edwards first noted that perforated polyethylene tubes healed more completely than 

their non-porous counterparts.409 It was not until 1962 that the concept of transmural 

capillary ingrowth was explored as the contributing factor to the rapid and complete healing 

of vascular grafts.  In this experiment, Florey et al. noted endothelial island growth “From the 

mouths of small vascular channels” but was not clear on how the vessels formed.402  As a 

result many attempts have been made since then to increase the porosity of synthetic grafts 

and allow for transmural capillary ingrowth and confluent endothelialization.410 

 

The interest in transmural endothelialization peaked surrounding the discovery of capillaries 

traversing the graft wall in the 1980’s (Figure 6a).  Liquid latex rubber (Microfil, Canton 

BioMedical Products, Inc., Boulder, CO) infused corrosion casting further confirmed capillary 

continuity between a confluent luminal surface and the perivascular tissue in baboons.205  

High porosity centred vascular graft designs with increased fibrillar lengths, interconnecting 

sponges and laser induced mural perforation escalated to take advantage of this healing 

phenomenon.3,243,254,255,411  However, a contentious manuscript published by the same 

Clowes group six years later showed no evidence of transmural healing in humans.412 

Despite the authors being quite clear on their findings, the majority of those that have 

referenced the manuscript have quoted the results out of context.  Although it is true that 

there was no significant improvement of graft endothelialization in the segment with 

increased porosity ePTFE (60µm IND).  All of these grafts were re-enforced with a perigraft 

wrap to provide strength, which altered the graft permeability and potentially negating the 
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role of transmural endothelialization.  Few authors take into account the alteration in graft 

design when comparing to the results to previous baboon implants,205 which has led to 

incorrect hypotheses, conclusions and research focus.  This is discussed in more detail in 

5.4 The lack of healing in humans. 

 

5.3.2.(a) Capillary ingrowth 

 

Mural capillary ingrowth has been shown to be present in various animal models, such as 

rats69, rabbits,413 sheep257 and dogs.383,414  This has been achieved by varying amounts of 

wall porosity, but as noted previously, it is essential to separate the void fraction required for 

subcellular transmural communication (patency), from the significantly highly interconnected 

porosity required for transmural tissue ingrowth (endothelialization).  As a result, one needs 

to determine the optimal interconnected void space that is required to allow sufficient 

ingrowth for surface endothelialization.  The luminal diameter of capillaries ranges from 5 to 

9.6µm, 415,416 with an estimated external diameter of 10µm when one includes the endothelial 

cell.7  Since smooth muscle cells follow ingrowing endothelial cells,3 a functional arteriole 

which includes this muscle layer is measured at 23.06±13.1µm, with a minimum area 

requirement of 20-80µm2 for ingrowth.7  Hence, a pore interconnectivity of 30µm (which must 

be differentiated from pore size) would be the minimum void space necessary to allow for 

capillary ingrowth with surrounding tissue. 

 

 

Figure 6 (a) H&E of Mid-graft of PDS implant in a rabbit at two months showing capillary invading the luminal 
surface (x268 magnification). 413  (b) Capillary ostium on the surface of high-porosity ePTFE graft (90 µm IND) in 
a dog.417  Scale bar = 30µm 

ⓐ ⓑ 
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A well-designed study by Tsuchida et al. investigated the role of porosity on 

endothelialization in dogs.  The group used 30 and 90µm IND ePTFE as the standard low- 

and high-porosity grafts, but then further divided the groups into a composite dual-porosity 

graft (30/90µm) and a sealed 90µm graft preventing transmural capillary ingrowth (Figure 

6b).417  Furthermore, the study analysed high-porosity grafts surface for capillary openings.  

Endothelial coverage ranged from 38 to 98%  (75±20%) with capillary openings count 

ranging from 0 to 8 with no correlation between the number of capillary openings and the 

amount of coverage.  Mural tissue ingrowth was only documented in the high-porosity (90µm 

IND) grafts, which also had the most complete endothelial coverage (Figure 7). 

 

The conclusions of this study from SEM and histological observations was that some degree 

of outer tissue incorporation and transmural structure was important of surface 

endothelialization, but that the high porosity structure was essential for the extensive 

development and stability of the neointima by transanastomotic outgrowth.  Due to the 

inability to correlate the number of capillary openings with the endothelial surface coverage 

they felt that capillary ingrowth was beneficial for nutritional support for the ingrowth of 

fibrous tissue and endothelial cells and its source for endothelium was secondary and 

unrelated to transmural endothelialization.  The major factor contributing to these findings 

were the lack of correlation between the number of surface capillaries and the degree of 

endothelialization. 

 

There have been several other reports of microvascular ostia on the flow surfaces of porous 

vascular prostheses in animals196,200,205,257,417-419, but as with Tsuchida et al., none were able 

to correlate the number of ostia with the degree of endothelial coverage.  Wu et al. was also 

able to show that these micro-ostia were in continuity with the perivascular surroundings by 

first staining the graft with silver nitrate and serially cutting sections at the level of the ostia.  

The traversing vessels (50 to 100µm in diameter) were slightly angled to the flow surface 

and were connected to larger vessels on the external surface.  The presence of these ostia 

varied according to the grafts implant position.414 

 

Although histological evidence of penetrating capillaries as well as scanning electron 

microscopic documentation of capillary ostia, no one has determined the mechanism for 

transmural healing.  Surface ostia may only represent the arteriole penetration, when 

capillary penetration, which does not result in ostia may in fact be the source of transmural 

endothelialization. 
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Figure 7 Schematic representation of the four graft types with the luminal side superiorly and the abluminal side 
inferiorly. (SP) Standard porosity (30µm), (HP) High porosity (90µm), (DP) Dual porosity (30/90µm), and (SHP) 
High porosity with abluminal polyurethane seal (90µm+PU-Skin). Right: Graph depicting the increased 
endothelial coverage of the high porosity graft, followed by the composite graft, with coverage in the standard 
and sealed grafts.  (✽) Denotes P<0.05.  Adapted from Tsuchida et al.417 
 

5.3.2.(b) Tissue wrapping 

 

Altering the abluminal surface environment of a high porosity graft by tissue wrapping is a 

method used to optimise TM endothelialization.  Researchers have used autologous vein in 

dogs216,411 and meshed aorta wrap in rats420 to encourage transmural microvessel ingrowth, 

which resulted in more complete surface endothelialization.  Although these vessels could 

not be quantified, the microvessel ingrowth approached the luminal surface at 28 days in the 

carotid arteries of dogs, and by five weeks they underwent a phenotypic change from tubular 

to an endothelial monolayer, which lined the luminal surface. While this microvessel 

phenotypic change was also seen in unwrapped grafts, it occurred more rapidly and with 

more confluence in the vein wrap.216 

 

The use of transcatheter-covered stents have added additional evidence of TM growth.  

Besides offering several advantages over an open graft anastomosis, including less 

invasiveness and a theoretical reduced intimal hyperplasia related to a wider anastomosis, 

covered intravascular stent grafts are an ideal model for, a graft surrounded by endothelium 

versus a standard interposition graft.  However, the IND’s and more importantly the wall 

thickness are not equivalent.19  Nevertheless, covered stents have been shown to heal 

faster than surgically interposed grafts, which is suggestive that the external graft 

environment contributes significantly to surface healing.19,421 

 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

Std Porosity High Porosity Composite 
Porosity 

Sealed High 
Porosity 

E
nd

ot
he

lia
l s

ur
fa

ce
 c

ov
er

ag
e 

(%
) 

✽ 

✽ (SP) Standard Porosity 

(HP) High Porosity 

(DP) Dual Porosity 

(sHP) Sealed High Porosity 



Literature Review  Section II 

 64 

Despite the theoretical advantage of an endothelial surface/graft contact, it has subsequently 

been shown that healing occurs more completely than an unwrapped control, irrespective of 

the orientation of the vessel wrap (Luminal vs. Adventitia adjacent to the graft).422  Thus, the 

proposal of endothelial cells migrating to the surface, although plausible, is most likely not 

true. Vein wraps are completely resorbed by five weeks and it is most likely as a result of 

growth factors that are released during resorption of the tissue that stimulates vessel 

growth.216  As a result alternative tissues have been used to wrap synthetic grafts.  

 

The omentum has long been described as the ‘policeman’ of the peritoneal cavity due to its 

remarkable ability to wall off an offending nidus through neovascularization, angiogenic 

factor production, fluid suction and immune enhancement.383  It is with this in mind that 

investigators started using the omentum in ectopic positions to provide these functions to 

diseased areas.  In 1967, Goldsmith demonstrated that the omental pedicle flap could be 

lengthened and placed in the legs providing an additional source of perfusion to the 

extremities in humans.423  Subsequently, the omentum has been used to wrap synthetic 

vascular grafts with improved patency, thrombus free zones and graft 

endothelialization.249,383,424  Omental wrapping has an intact vascular pedicle that has been 

shown to improve endothelialization of vascular grafts with the presence of mural capillary 

ingrowth and surface orifices.383 This could not be replicated when the omentum was applied 

as a devascularised wrap.425 When investigating 30 and 60µm ePTFE Nishibe et al. noted 

that omental wrapping only showed improvement in 60um ePTFE compared to 30µm and 

more interesting, unbuttressed 60µm also healed better than a 30µm counterpart.249  This 

reiterates the minimum pore size to take advantage of transmural growth. 

 

As with transanastomotic healing, the presence, rate and completeness transmural capillary 

ingrowth is dependent on variables specific to the graft, the host and the methods of 

measurement.  Consequently, the literature is full of inconsistent data, in particular, the lack 

of separation between these two forms of healing.  The evidence is clear that porosity is 

important for transmural communication, but does not yet support the need transmural tissue 

ingrowth.  As none of these studies have specifically been designed to prove the existence 

of TM growth, data should be interpreted with caution.  Research into perivascular tissue 

augmentation is however suggestive of transmural ingrowth as a method of healing. 
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5.3.3 Fallout endothelialization 

 

Fallout endothelialization refers to the attachment and proliferation of intimal cells on a 

conduit surface that are derived from circulating blood elements.  However, its role in the 

clinically relevant healing remains speculative.417  The concept was first investigated by 

suspending a knitted, crimped PET hub with polyethylene sutures from within the 

descending aorta of a pig.  Stump et al. reported the presence of endothelial cells on the 

surface of the hubs by 21 days and a confluent surface by 42 days.  Importantly, no 

endothelial cells were seen on any of the suspension sutures.400  An expansion of this study 

with an endovascular model has also confirmed the presence of endothelium on ePTFE and 

PET hubs in dogs.426  In humans, endothelial islands remote from the anastomosis have 

been documented in explanted vascular grafts427,428 and the inner lining of ventricular assist 

devices (VAD).429,430  Although transmural capillaries could not be ruled-out as the source in 

the case of the vascular grafts, the endothelialization of the impermeable housing of VADs 

was highly suggestive of a blood-borne source. 

 

The source of fallout endothelium remains elusive, as endothelial cells that have been 

isolated in the peripheral blood may be mature circulating endothelial cells (CES) or the 

mesodermal precursor cells known as endothelial progenitor cells (EPC).431  The distinction 

of these two groups has vast implications for their potential to endothelialize grafts 

completely.  Ashara et al. first described the in vivo incorporation of endothelial-like cells 

differentiated from mononuclear blood cells extracted from healthy individuals,432 and this is 

supported by subsequent studies.291,431  They have high proliferative potential and although 

their levels may vary in cardiovascular disease they have potential therapeutic value. 433  In 

addition to CD34, early EPCs express AC133 (CD133 in animals)434 but this is no longer 

expressed after differentiation.435,436 

 

EPCs have been isolated from the bone marrow and are generally characterised as 

AC133+/CD34+/VEGFR-2+/VE-cadherin.435  However, the expression of CD34 does not 

appear to be an absolute requirement for EPC identification and endothelial cell populations 

may also trans-differentiate from circulating monocytes.426,437  Thus, the lineage and exact 

phenotype of cells responsible for fallout endothelialization are not yet known.  The 

differentiation of these cells may be achieved by the parallel expression of vWf and the loss 

of AC133.436  Previous studies have however documented the presence of AC133+ cells 

after many months of implantation in humans.429,430 
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The challenge remains on how to capture EPC’s from the bloodstream to heal a clinically 

significant graft surface.  This phenomenon is known to occur more often in PET than 

ePTFE grafts, but is sparse and currently plays no relevant role.7  Thus, the goal to capture 

these cells has intensified by using antibodies to trap the cells from the circulation.  Anti-

CD34 coated ePTFE has demonstrated enhanced endothelialization within 72 hours in pigs, 

but the authors were cautious as downstream intimal hyperplasia increased profoundly by 

four weeks.292 

 

5.4 The lack of healing in humans 

 

The lack of relevant endothelialization in clinically implanted grafts has been well 

documented.344,408,338,438  In the most frequented cited study by Berger et al.,27 twenty-three 

grafts consisting of four different types of PET (Woven Taffeta®, Standard DeBakey knitted 

Dacron®, Wesolowski Weavenit® and Microknit®), were explanted over a 16 days to 

eleven-year period.  This study was initiated on the perceived notion that thinner and more 

porous vascular grafts healed more completely in man, but this hypothesis was shown to be 

unfounded.  What was evident however was that no pannus extended beyond 10mm in any 

of the 23 grafts despite a decade of implant.  

 

It is problematic to compare the TAE growth rates between humans and animals, since the 

outgrowth in humans has never reached the 2-3cm ‘markers’ used in most animal model 

data.  As previously noted, pannus never extends beyond 10mm in humans, but it does 

reach 8mm by 12 weeks.  The peak rate of TAE was observed between 4 and 18 weeks 

(n=9) at a mean rate of 0,42±21mm/week, which significantly slows beyond this time point 

(0.075mm/week).27  It appears that the initial TAE outgrowth rate in humans is not dissimilar 

to animals in the first three months but does not extend beyond the perianastomotic region 

confirming TAE as an irrelevant form of healing for grafts longer than 30mm. 

 

There is also however limited evidence of alternative forms of endothelialization.  Mid-graft 

endothelial patches have been documented on PET grafts but these have been sporadic 

and sparse and only described on autopsy samples.  The findings thus far have been 

attributed to fallout endothelialization despite evidence of microvessel ingrowth into the 

interstices.428  It is clear that fallout endothelialization does occur in humans, but as is the 

case in TAE, the contribution to surface coverage is negligent.  The question as to why 

humans appear to have no ability to heal by transmural means remains unanswered.  
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Current clinically implanted grafts are not sufficiently porous to allow for transmural capillary 

ingrowth, and PET is thought to resist tissue ingrowth.200 

 

The problems lies in that there has not been a clinical trial using an sufficiently 

interconnected, porous material to adequately investigate transmural endothelialization.  The 

conclusion that humans to not have the ability to heal by transmural means has been based 

on a single study that does not isolate the problem.  Kohler et al. has attempted to clinically 

simulate  previous findings of transmural capillary ingrowth with mid-graft healing in the 

baboon.412  However, due to regulatory demands of the study committee, the 6mm diameter 

(60µm IND) ePTFE graft had to be reinforced with an additional external wrap rendering the 

test material vastly different from that used in the baboon model.  The design was based on 

a composite graft of 30µm/60µm IND randomised to proximal or distal orientation (Figure 8).  

Further limitations were that histological investigation was only performed on the two 

occluded grafts, otherwise endothelium was indirectly measured by non-invasive 111In-

labelled platelets.  As would be anticipated the grafts did not heal by transmural means.  

Although there was occasional evidence of capillaries penetrating the graft wall, they did not 

extend to the lumen and commonly did not extend more than half the distance of the 

occluded grafts.  Despite the authors cautioning the readers of the wrap reinforcement 

inhibiting transmural ingrowth, this has been overlooked and has subsequently been cited 57 

times as ‘proof’ of the lack of TM healing in humans. 

 
Figure 8 Graphical representation of the composite graft placed in the above-knee position.  The wrapped 60µm 
ePTFE was randomly placed either proximal or distally.  Adapted from Kohler et al.412 

ePTFE 60µm 

ePTFE 30µm 
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5.5 In vivo model designs 

 

After decades of laboratory experiments, animal models have failed to differentiate and 

isolate endothelialization modes.  Inappropriate model design has resulted in researchers 

drifting from spontaneous in vivo based healing concepts to more extravagant strategies, 

which have not translated into clinically relevant products. 

 

5.5.1 Animal models 

 

The evaluation of novel conduits requires in vivo exposure to clarify graft compatibly.  This 

involves a physiologically functional circulatory system and surrounding tissue to identify 

graft-host interactions.  It is thus a requirement for regulatory approval that preclinical animal 

testing be instituted prior to clinical trial.439  The test animals should also simulate the 

anatomy, physiology and pathological processes with a view to human extrapolation.440  

Although the appropriate drug regulatory councils do not specify which animal should be 

used, they do require that the intended diameter and length of the conduit as well as the 

intended clinical application be taken in to consideration when choosing the appropriate 

model.  Furthermore, the logical choice of a primate is often limited by the ethical 

considerations and cost, and is seldom used nowadays.  Other animal models, such as 

ovine, porcine and canine are prominent within the literature, but cost and infrastructure are 

fundamental considerations when implementing these large animal studies.  As a result, it is 

more logical to screen grafts with a high-throughput, cost effective small animal model prior 

to embarking on large animal work. 

 

The haemodynamic physiology of a rat, is similar to that of a human with systolic blood 

pressures of 127±7mmHg and the diastolic of 85±2mmHg.   The heart rate of 250-450bmp 

exposes the graft to four times the cycles over the same period of time as the human.  The 

main concern when using rats for extrapolation to human data is the high patency rates in 

contrast to clinical results441 This resulted in a reduction rat models over the last three 

decades.440  Of the studies that employed infra-renal rat grafts, the mean patency was 

87.4±20.5% for all forms of grafts (Addendum A).  Most notably, van der Lei et al. found 

100% patency in the rat aorta compared to 0% patency in the rabbit carotid for the same 

graft.442 
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Although these high patency rates relate to the less demanding coagulation cascade of the 

rat,440 the most likely reason for the lack of correlation between rat and human data is due to 

the high flow low resistance position, which is completely different to the pathological flows 

found in the clinical situation.  On the other hand, the advantage of the infra-renal rat aorta is 

the flexibility of the model.  The peritoneal cavity is large and allows for looped implant 

devices that would otherwise not be possible in the femoral or carotid position of other 

animals.  The access to iliolumbar veins also allows for cannulation sites for easy 

intravenous drug delivery (i.e. Heparin) or fluid boluses in the event of blood loss.  

 

It is clear that large animals studies are essential prior to clinical implantation, but cannot be 

used as screening models for novel graft designs.  The rat remains a vital step from in vitro 

to in vivo implementation, and the interposition loop graft provides a substantially more 

robust model should be instituted before embarking on large animal implants. 

 

5.5.2 Site of implant 

 

The position of a vascular graft within the circulation can have a profound influence on 

spontaneous endothelialization.  This applies not only to the variation between the venous 

and arterial system, but between systemic and pulmonary arterial vascular, and also within 

different positions of the systemic arterial system.  Pressure and shear vary dramatically 

between these sites, both of which have an influence on graft healing.427 

 

There is a lack of data on the healing of synthetic grafts in the venous system, due to the 

lack of application of conduits in this position.  However, venous graft placement has shown 

to endothelialize more completely than in the arterial system. 443,444  Zdanowski et al. 

suggested that this improved healing is related to slow blood flow with an increased 

propensity to form mural clot. The Sauvage group had also noted around the same time that 

a graft in the descending thoracic aorta of a dog healed more rapidly and completely 

compared to a subcutaneous positioned, femorocarotid bypass grafts.445  This finding 

sparked further interest in Sauvage’s group to design an experiment investigating the 

relationship between healing and shear. Initially the group showed that high-shear stress 

contributes to less flow surface thrombus as well as a thinner intima.446  This was followed 

by and experiment to show that shear and fallout endothelialization are inversely correlated.  

In a subsequent study, five mongrel dogs underwent a triple implant of a PET graft dual 

isolation.  The mid-graft was isolated from the anastomosis by ePTFE and the external 

surface was sealed with a abluminal silicone sealant.  The grafts were implanted in the 
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descending thoracic aorta (DTA), the abdominal aorta (AA) and the IVC. They noted a 

reverse correlation between shear and fallout endothelialization, with 5.18±6.7, 17.2±10.6 

and 35.8±8.9% endothelial coverage for the DTA, AA and IVC respectively.  During the 

experiment, they were able to measure the flow rates of the three vessels with a transonic 

flow meter at the time of implant, which allowed them to correlate shear and stress (DTA 

38.7±13.7, 6.4±2.2, 1.5±0.3 dynes/cm2 for DTA, AA and IVC respectively).444 They also 

noted that this correlated with Rupnick et al’s. experience of PET sodding, whereby a shear 

stress of 10 dynes/cm2 resulted in less desquamation than 20dynes/cm2 of sodded PET 

grafts.447 

 

The improved healing in a lower shear setting may however only relate to fallout 

endothelialization.  In a separate study by the same group decreased healing from DTA to 

AA in untreated, pre-clotted PET prosthesis was found in the same species.448  It appears 

that retroperitoneal grafts have a higher variability of healing and the explanation for this 

finding was attributed to the tightness of the outer capsule, where loosely adhered capsules 

healed by transanastomotic means exclusively and the firmer capsules demonstrated fallout 

healing similar to that in the thoracic aorta.  It is thus important to appreciate that the 

surrounding tissues will also influence the graft if it is porous enough, as is seen in high 

porosity graft wrapping  

 

5.5.3 Graft length 

 

One of the major shortcomings of model design relates to the length of grafts used for 

animal implants.  Coronary artery grafts tend to range between 10 and 15cm and of more 

relevance, peripheral arterial bypass grafts range from 40 to 60cm.  It is surprising the 

limited number of studies that are representative of the lengths required in the clinical 

setting.  More than 90% of grafts investigated are too short to have clinical relevance in 

arterial disease, with mean lengths of 5.5±1.2cm (PET and ePTFE) and 4.5±1.7cm (PU) with 

implant periods of two to three months, and at the time of the review Zilla et al. noted that 

two thirds of grafts were shorter than 7cm.  In this current review of the literature, 72% of 

grafts were shorter than 7cm with small animal graft lengths of 18.1±26.6mm [2-100mm] and 

72±106.5mm [40-760mm] in large animal studies.  Thus it should be noted that authors may 

claim grafts heal ‘completely’, but transanastomotic growth is sufficient to heal the short 

distances that were being investigated, which would not occur in longer grafts.  Furthermore, 

the results may be more exaggerated when reviewing small animal data. 
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Due to cost, ethics and time, small animal models still serve as the bulk of vascular graft 

recipients and serve as excellent screening models for small diameter grafts.  The limitation 

of length available for implant is a significant hindrance as 15-20mm is the maximum length 

available for implant in the infra-renal aorta of the rat.440,449  The length of the graft was first 

noted to be of importance by Hess et al. who commented on the limited graft length that 

could be implanted in the infra-renal position of the rat.450  This led to the implantation of a 

100mm looped ePTFE conduit as a feasible option, as the loop increases the total graft 

length in a limited space. 

 

The first description of a loop graft in a rat was made by Hess et al in 1985.{Hess:1985wg} 

This group implanted a single 10cm prosthesis with a 1.5cm diameter to assess the 

feasibility and patency of such a model, but commented that adhesions caused kinking and 

was one of the limiting factors of the model. Other attempts to increase the length of the 

graft in a rat were femoral bypass grafts and epigastric flaps. 12,451,452. Four years after Hess, 

Robinson et al. was the first to describe a series of loop implants. Eight looped grafts in the 

infra-renal position, with a patency of 87.5% at 3 months. 16,219 Importantly endothelialization 

was noted to be only a few millimetres from the anastomosis, a finding that was consistent 

with other animal models. Okoshi et al. noted a 47% coverage of a 10cm PU looped graft 

but was unable to confirm the source although it was postulated that the porosity may have 

allowed transmural capillary ingrowth19,21,241 

 

5.5.4  Isolation 

 

Isolation models aim to investigate a specific mode of endothelialization independent from 

other influences.  This may take the form of a non-graft based isolation system, whereby a 

material is suspended in the lumen of a vessel (targeting fallout endothelialization) or graft 

based isolation (targeting fallout or transmural endothelialization).  In the latter the graft is 

either isolated from the perivascular tissue by a external barrier, or isolated from the 

anastomosis from with isolation segments, or both.  The first to make use of a suspension 

isolation system was Stump et al. as proof of fallout endothelialization.400  In this experiment, 

a PET hub was suspended in the thoracic aorta of pigs, isolated from surrounding tissue.  

Harker et al. was the first to apply the concept of anastomotic and external isolation in 

vascular grafts., whereby a silicone elastomer was used to seal the exterior of a thoraco-

abdominal PET graft to render it impervious.453  This baboon model used a filamentous 

vascular prosthetic cuff separating the silicone mid-segment from the anastomosis as a 

rudimentary isolation design.  The purpose of this model was used to investigate platelet 
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consumption and fallout endothelialization, although they do not discuss the purpose of the 

cuffed edges.  The same group later went on to optimise this as a functional dual isolation 

model in dogs, but fell short of using it to differentiate fallout from transmural 

endothelialization (Figure 9).444,454 Similar isolation models have been used to investigate the 

seeding of CD34+ cells on to PET mid-grafts in dogs,291 and fallout endothelialization of 

exteriorised femoral arterial venous shunts in baboons.455   

 

 

 
Figure 9 Schematic representation of (a) Composite isolation graft (B) Implant position implemented by Shi et 
al.454  From Bhattacharya et al.291 
 

5.6 Summary 

 

Endothelium has been recognised as an integral component of a healthy cardiovascular 

system, and as such multiple attempts have been made to encourage synthetic graft 

endothelialization.  Unfortunately, contemporary grafts are not designed to take advantage 

of all the forms of spontaneous endothelialization.  The lack of interconnected porosity 

inhibits transmural ingrowth, and transanastomotic as well as fallout endothelialization is 

inadequate to fully endothelialize long synthetic grafts.  There still those who doubt the 

contribution of transmural endothelialization as an independent mode of healing, and there is 

even more speculation about the existence of transmural endothelialization in humans.  It is 

clear that transmural healing needs to be investigated as an independent mode of healing, 

with a view to developing graft designs that will facilitate capillary ingrowth.  It will follow that 

well designed clinical trials need to be implemented in the future. 

 

Despite early enthusiasm in the 1980’s,205,243,411,419 transmural endothelialization has been 

largely forgotten or ignored as a relevant form of healing. Authors have witnessed capillary 

ostia with the improved surface healing of high porosity grafts,196,200,205,257,417-419 but have 

chosen to attribute the existence of these ostia as coincidence rather than contributing to 
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significant effect.417  The apathy towards the pursuit of transmural endothelialization, and the 

subsequent lack of research centres on two basic premises: Firstly, there is a justified 

concern that a graft which is porous enough to allow for tissue ingrowth, would lack sufficient 

radial strength to prevent dilatation.  This stems from early work recommending that even 

low porosity ePTFE (30µm IND) should be externally reinforced with a wrap.220,221  However, 

more recent literature suggests that this is no longer necessary with improvements in 

manufacturing techniques.21  Either way, there are alternative methods of material 

reinforcement materials that would not compromise porosity, and one just has to observe the 

technologies of percutaneous stents to consolidate this.  The second concern revolves 

around the human’s ability to heal by transmural means.  However, the lack of contemporary 

evidence should not result in complete disregard for transmural healing in humans, 

especially when it is based on a single, inadequately designed clinical experiment.412 
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Chapter 6  
 

Materials and Methods 
 

6.1 Study Design 

 

The study was designed in four phases to sequentially investigate the three spontaneous 

forms of vascular graft healing.  This required combinations of straight and loop grafts with 

composite mid-graft segments for independent isolated endothelialization.  The study design 

is schematically represented in the following four pages: Figure 10 provides an broad 

overview of the experimental plan.  Table 2 presents a key for the subsequent referencing of 

groups throughout the thesis.  Table 3 describes the allocation of samples per group and 

Figure 11 provides a detailed schematic for each graft implanted in the study. 

 

Rationale for Loop graft model 

 

Looped grafts were constructed to increase the overall graft length and thus allowed for 

increased length of the isolation segments.  This ensures adequate isolation of the highly 

porous mid-graft from the anastomosis.  This is particularly relevant in a small animal model, 

where the maximum length of length available between the left renal artery and the aortic 

bifurcation is 20mm in length. 

 
Figure 10 Schematic representation of study design 

Straight graft Loop graft 

Simple Composite 

Mid-graft control PU composite Perigraft wrap Growth factor 

enhancement 

Composite 

Phase A Phase B Phase C Phase D 
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Table 2 Graft implant key 
 

Key Shape Isolation 

segment 

Test segment Treatment Graphic 

SePTFE Straight None ePTFE (Z) None  

SCePTFE Straight ePTFE (Z) ePTFE (Z) None 

SCPU Straight ePTFE (Z) pPU None 

LCPU Loop ePTFE (Z) pPU None 

LCPU-Skin Loop ePTFE (Z) pPU Skin 

LCPU-Film Loop ePTFE (Z) pPU ePTFE (Thin) Wrap 

LCPU-Wrap Loop ePTFE (Z) pPU ePTFE (G) Wrap 

LCPU-Hep Loop ePTFE (Z) pPU Heparin 

LCPU-GF Loop ePTFE (Z) pPU Heparin+GF 

(VEGF+PDGF) 

GF=Growth factor,  

pPU=Proprietary Polyurethane456 

ePTFE= Expanded polytetrafluoroethylene 

VEGF=Vascular endothelial growth factor 

PDGF=Platelet derived growth factor 

Z = Zeus® ePTFE (350µm) wall thickness ePTFE isolation segment 

G=Gore-tex® ePTFE (350µm) wall thickness ePTFE wrap,  

Skin=Polyurethane external seal 

Thin=Zeus® 50µm wall thickness ePTFE 
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6.2 Group allocation 

 

A total of 136 grafts were implanted in various capacities in four phases.  For example, the 

looped isolation mid-graft LCPU was used as an experimental group (Phase B), a positive 

control (Phase C) and standard control (Phase D).  Below is a summary of the graft 

allocation followed by a detailed schematic representation of the graft allocations per group: 

 

Phase A - Transanastomotic outgrowth endothelialization  

• Three groups of SePTFE (n=6) [2, 4, 6 weeks] 

Phase B - Mid-graft transanastomotic isolation  

• A single control group SCePTFE (n=3) [4 weeks] 

• Four groups SCPU (n=6) [2, 4, 6, 8 weeks] 

• Four groups LCPU (n=8) [2, 4, 6, 12, 24 weeks] 

Phase C - Mid-graft Transanastomotic and Fallout isolation 

• Four groups made up of LCPU, LCPU-Skin, LCPU-Film, LCPU-Wrap (n=12) [12 weeks] 

 Phase D- Transmural optimisation 

• Three groups made up of LCPU, LCPU-Hep and LCPU-GF (n=10) [3 weeks] 

• Following which, the three groups were combined and dichotomised for subgroup 

analysis:  

• Treatment analysis: SubG-Tr (LCPU-Hep + LCPU-GF) vs. SubG-nTr (LCPU) 

• Growth factor analysis: SubG-GF (LCPU-GF) vs. SubG-nGf (LCPU+ LCPU-Hep) 

 
Table 3 Summary of number of grafts allocated per group 

 PHASE 
A B C D 

Wks. SePTFE SCePTFE SCPU LCPU LCPU LCPU 

Film 
LCPU 
Wrap 

LCPU 
Skin 

LCPU LCPU 
Hep 

LCPU 
GF 

2 6 - 6 - - - - - - - - 

3 - - - - - - - - 10 10 10 

4 6 3 6 - - - - - - - - 

6 6 - 6 8 - - - - - - - 

8 - - 6 8 - - - - - - - 

12 - - - 8 12 6 12 6 - - - 

24 - - - 8 - - - - - - - 
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Figure 11 Synopsis of graft allocation per group and phase. �Denotes six LCPU grafts used in both Phase B&C 
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6.3 Graft Construction 

 

6.3.1 Porous graft production 

 

The porous polyurethane (1.7mm [ID], 2.7mm [OD]) tube grafts were produced to have 

156±2µm pores with 70µm interconnections (82% void-space porosity), as has been 

previously described (Figure 12).58,240  The manufacture was performed in-house at the 

Cardiovascular Research Unit and involved tightly packing spherical gelatin beads (Thies 

Technologies, St Louis, 150-180µm sieve size) in a glass tube mould (2.7 x 8.0 x 100mm: ID 

x OD x Length).  A stainless steel mandrel (1.7 x 175mm) was centrally aligned within the 

tube to create the graft lumen, and the void was infiltrated with a propriety polyurethane 

(pPU)2,456 (20% pPU in N-methyl pyrrolidone [NMP], Sigma-Aldrich, RSA).  A pressure of 

750kPa was subsequently applied to the upper manifold with a simultaneous vacuum 

extraction to the lower manifold at 100kPa, to drive the PU solution through the mould.  

Once the solvent had completely penetrated into the void, the rod and glass moulds were 

removed, and the polymer was precipitated by phase inversion (24 hours, room 

temperature, 96% ethanol) (Saarchem Holpro, Krugersdorp, RSA).  The porogen beads and 

remnant solvent were extracted by extensive washing (5 days at 60°C in water).  These graft 

segments were subsequently dried and inspected under stereomicroscopy, and defective 

samples were rejected. 

 

Figure 12 SEM of (a) x50 and (b) x150 magnification surface of high porosity PU with pore interconnectivity of 
70µm.  Scale bars Black = 100µm, White= 500µm 

ⓐ ⓑ 
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Figure 13 SEM of isolation segment (Zeus 15-25µm IND) at (a) x100 and (b) x750.  
Scale bars Black=100µm, White = 50µm 
 

6.3.2 Composite graft construction 

 

The principle investigator constructed all grafts on a surgically clean workbench.  All 

surfaces were wiped with 70% ethanol solution and new, non-sterile gloves were worn for 

each graft to limit contamination.  Low-porosity ePTFE (Zeus Industrial Products Inc., 

Orangeburg, SC; Internal diameter [ID]: 1.77 ± 0.05 mm; outer diameter [OD]: 2.48 ± 0.05 

mm; internodal distance [IND]: 15-25µm, Figure 13) was used throughout as the isolation 

graft segment, as well as for the mid-graft control group.  The porous PU mid-graft segment 

was constructed as described in 6.3.1.  Every 10th graft was excluded from the implant and 

divided longitudinally for quality control under stereomicroscopy at x10 magnification. 

 

6.3.2.(a) Straight composite graft construction [SCePTFE and SCPU] 

 

The mid-graft (ePTFE [SCePTFE],  
 
Figure 14b; PU [SCPU Figure 14c&d) was cut to a length of 5mm.  This was threaded over a 

straight steel mandrill (1.7mm, [OD]), followed by 5mm ePTFE isolation segments from 

either side.  Under stereomicroscopic magnification (x10), the edges of the segments were 

approximated and glued together with 10% M48 in CHCl3 in three steps.  The first, involved 

light spotting of the edges with a fine-tipped paintbrush to secure approximation.  A second, 

thinly applied layer ensured that no glue was allowed to penetrate to the luminal surface.  

The final layer was thicker and added strength to the glued surface.  The steel mandrill was 

removed and the glued surface of the graft was allowed to dry over night before it was 

submerged in ethanol for 24hrs.  The graft was then allowed to dry under a sterile hood for 

an hour before being placed in a dry sterile container.  
 

ⓐ ⓑ 
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Figure 14 Straight grafts in their three forms (a) SePTFE (b) SCePTFE (c) SCPU. (d) Macro-photograph of SCPU.  
Scale bar = 1mm 
 

6.3.2.(b) Isolated loop graft build [LCPU] 

 

The isolation loop-graft construction required a spiralled (1.5mm [OD]) nylon mandrill, which 

was built in the following manner:  A 30cm long nylon cord was wound tightly around a 

13mm [OD] PTFE cylindrical mandrill and secured with cable ties (Figure 15a).  This was 

subsequently submerged in boiling water for five minutes to heat-set the nylon.  The cord 

was then rapidly cooled in running tap water for 1 minute before the cable ties were removed 

allowing the cord to unravel (Figure 15b).  The cord was then cut to lengths of ±110mm (1½ 

spirals), for use as individual spiralled mandrills.  The PU mid-graft segment (6.3.1) was cut 

to 10mm and bevelled each side at an angle of 30 degrees, so that the inner surface was 

8mm in length. 

Figure 15 Construction of loop graft:  (a) The nylon cord is tightly wound around the PTFE mandrill and secured 
with cable ties.  (b) Following the heat-setting water bath the nylon retains memory of the spiral form cut to 
lengths of ±110mm.  (c) The mid-graft and isolation segments are aligned on the cord, glued and secured with a 
single tie.  (d) Finally the mandrill is removed prior to ethanol submersion.  Scale bar 10mm 
 

ⓐ 

ⓑ 

ⓒ 

ⓓ 

ⓐ 

ⓑ 

ⓒ

ⓓ 
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The mid-graft segment was then threaded over the nylon cord, followed by the ePTFE 

isolation segments (40mm in length) from either side (Figure 15c). 

 

A stereomicroscope (x10 magnification) was used to align the edges of the mid-graft and the 

isolation segments before they were glued in three steps as for the straight graft.  The edges 

were rotated in such a way that the shorter edge of the PU mid-graft was aligned to the inner 

curvature of the loop to prevent kinking.  The glued surface was allowed to dry over night, 

following which, the two ‘arms’ of the graft were tied together with a braided suture (Ethibond 

2/0).  The graft was then submerged in a 75oC water bath for five minutes, to allow the PU to 

heat-set in position.  The nylon mandrill was removed while the graft was still wet to provide 

lubrication and the graft was then submerged in ethanol for 24hrs (Figure 15d).  Finally, the 

graft was removed under sterile conditions and allowed to dry for an hour.  The grafts were 

thoroughly rinsed in sterile saline before being placed in a dry sterile container. 

 

6.3.2.(c) Isolated thin film wrapped loop graft build [LCPu-Film] 

 

The grafts were built as for the LCPU but received a mid-graft film wrap before the 2/0 

Ethibond suture tie.  A 30mm long segment of ePTFE (Zeus Industrial Products Inc., 

Orangeburg, SC; Internal diameter [ID]: 2.38 ± 0.05 mm; outer diameter [OD]: 2.48 ± 0.05 

mm; internodal distance [IND]: 15-25µm) was used as a sheath over the constructed graft.  

The delicate film was easily damaged with forceps instrumentation, and required sequential 

rotation as well as traction to manoeuvre the sheath without disrupting the integrity of the 

material.  The edges of the film wrap were then glued to the outer surface of the ePTFE 

isolation segment.  

 

6.3.2.(d) Isolated wrapped loop graft build [LCPu-Wrap] 

 

The grafts were built as for the LCPU but received a mid-graft wrap before the 2/0 Ethibond 

suture tie.  A 30mm long segment of standard ePTFE (W. L. Gore, Flagstaff, AZ; USA, 

Internal diameter [ID]: 3.5 mm; outer diameter [OD]: 4.1mm; internodal distance [IND]: 

30µm) was used as a sheath over the constructed graft.  Due to the size mismatch between 

the 3.5mm [ID] of the sheathed graft and 2.4mm[OD] of the isolation segment, the edges of 

the graft were then crimped and sealed with 10% PU in chloroform glue prevent any growth 

between the wrap and the loop graft (Figure 16).  



Chapter 6 Materials and Methods 

 85 

 Figure 16 Construction of the externally wrapped grafts. (a) ePTFE sheath is aligned over the PU mid-graft. (b) 
The edges are glued and crimped to prevent ingrowth from the side. The dashed line represents the PU mid-
graft. Scale bar = 5mm 
 

6.3.2.(e) Isolated sealed loop graft build [LCPU-Skin] 

 

High porosity mid-graft PU was built as in 6.3.1.  A 10% 48n PU-chloroform sealant was 

painted onto the abluminal surface of the high-porosity PU segment to negate permeability.  

Specific care was taken not to allow the ‘painted’ PU to see through the graft wall.  A very 

thin layer (±50µm) was applied to the outer surface in a layered fashion to prevent seepage.  

A less concentrated solution wicks through the pores, and a higher concentration was too 

viscous to apply uniformly.  Every 10th segment was divided longitudinally to confirm the 

quality of the external seal.  The remainder of the graft build is as for 6.3.2.(b) 

 

6.3.2.(f) Isolated heparin treated loop graft build [LCPU-Hep] 

 

Details of the covalent heparinisation polyurethane porous discs have been previously 

described.265  In brief, PU graft segments were cleaned in isopropanol (IPA, 10min, Room 

temperature, RT), rinsed with deionized water (DI), and immersed in the grafting solution 

containing acrylic acid (AAc, 4.2 M, Aldrich, USA), acrylamide (AAm, 0.8 M, Aldrich), 

Cu(NO3)2 (0.1 M, Saarchem Holpro, RSA) and cerium ammonium nitrate (CAN, 0.006M, 

Saarchem after exclusion of oxygen by bubbling with Argon gas.  Graft polymerisation was 

performed for 35 min. at room temperature (RT), after which the samples were rinsed in DI 

water, washed in PBS (pH = 7.4, RT, 24 h), rinsed again with DI, and dried in air.  The 

PAAc-co-PAAm grafted samples were aminated by exposure to a 0.5M EDA solution in 0.5 

M MES buffer containing 0.05 M EDC (pH 5.0, 2 h, RT), and subsequently rinsed in DI. 

Heparinisation was achieved by exposing   (2 h at 50 ºC) the aminated samples to a solution 

of nitrous acid de-aminated (NAD) heparin (2mg/mL, Celsus, USA) in an acetate buffer 

ⓐ ⓑ 
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(0.4M, pH1⁄44.6) to which 0.01M sodium cyanoborohydrate (NaCNBH3, Saarchem) was 

added. The samples were consecutively rinsed in DI, PBS, DI, and 70% ethanol, and 

subsequent dried in air.  Toluidine Blue and Ponceau S staining techniques were employed 

in order to follow and confirm each of the surface modification steps outlined above., and 

heparin quantification by 3-methyl- 2-benzothiazolinehydrazone-hydrochloride.  MBTH assay 

showed significant levels of heparin (50-60 µm/g). 

 

6.3.2.(g) Isolated heparin + growth factor treated loop graft build [LCPU-GF] 

 

Sterile LCPU were treated with a growth factor solution under sterile conditions in a laminar 

flow hood.  A 27µl solution was made up of 7.5µl VEGF @ 1.6µg/µl and 1.35µl PDGF-BB @ 

1.3 µg/µl with 18.15µl PBS, which was actively absorbed into the PU graft pores by repetitive 

compression, decompression of the graft within a droplet of the growth factor solution.  The 

grafts were placed in a sterile petri dish with 1ml of saline for humidification 

 

6.3.3 Quality control 

 

All of the constructed grafts were inspected under a stereo operating microscope at x10-20 

magnification to inspect the quality of the build.  Every tenth graft was divided longitudinally 

and the internal surface of the graft was inspected to confirm adequate adhesion of the 

segments and ensure that PU glue did not penetrate to the luminal surface.  Further 

inspection was performed with SEM for high-resolution control. 

 

6.3.4 ePTFE Systemic pressure testing 

 

Pressure testing was performed to determine the effect of in vivo of systemic blood pressure 

on the wrap segments.  This was initiated following the observation that the ePTFE barrier in 

LCPU-Film distended at the time of implant.  Both the Film (Zeus Industrial Products Inc., 

Orangeburg, SC; Internal diameter [ID]: 2.38 ± 0.05 mm; outer diameter [OD]: 2.48 ± 0.05 

mm; internodal distance [IND]: 15-25µm) and the Wrap (W. L. Gore, Flagstaff, AZ; USA, 

Internal diameter [ID]: 3.5 mm; outer diameter [OD]: 4.1mm; internodal distance [IND]: 

30µm) were subjected to pressure testing and analysed under the SEM.  A short segment of 

ePTFE graft was secured to the end of a 14G intravenous cannula with Ethibond 2/0 suture.  

The cannula was subsequently attached to a 5ml syringe and a manometer via three-way 

tap (a).  The graft was then subjected to 120mmHg of saline (Figure 18). 
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Figure 17 Construction of the mid-graft barrier wraps and skins to prevent abluminal perigraft tissue ingrowth. 
The left is a schematic representation of the implant design.  The middle column is a low magnification SEM of 
the mid-graft with external treatment.  The right column depicts a high magnification SEM of the external surface 
of the mid-graft and is representative of the degree of porosity.  Scale bars: White = 100µm, Black = 10µm. 
 

LCPU 

LCPU-Film 

LCPU-Wrap 

LCPU-Skin 

Low magnification High mag outer surface 
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Figure 18 Pressurised wrap system.  The graft segment is attached to the edge of a 16G intravenous cannula. 
The system is pressurised with saline by a 5ml syringe measured with a manometer on a three-way tap.  
(Insert) Pressurised graft with beading of saline through the graft wall at 120mmHg 
 

6.4 Surgical procedures 

 

All animal experiments were approved by the Animal Research and Ethics Committee of the 

University of Cape Town and complied with the Guide for the Care and Use of Laboratory 

Animals, Institute of Laboratory Animal Resources, Commission on Life Sciences, National 

Research Council. 

 

6.4.1 Housing and monitoring 

 

The Animal unit of the Cardiovascular Research Unit animal facility supplied all experimental 

animals..  All animals were fed ad libatum in their cage with free access to water.  The 

animals were initially housed as two to five rats in a large communal cage.  Following the 

procedure they were kept isolated in a single cage until all six doses of analgesia had been 

given.  The post operative care involved twice daily inspection, which included analgesia for 

the first three days, following which the animals were monitored daily for the remainder of 

the experiment.  It was under the principal investigator’s discretion to administer additional 

doses of analgesia if it was warranted. 

 

Manometer attachment 

5ml Syringe 
16G cannula 
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The following inspections were undertaken: 

 

Wound care: In the case of wound dehiscence, whereby the rat had gnawed through the 

suture line, the animal was taken back to the operating room and prepared as for the initial 

surgical procedure.  The wound was disinfected with povidone and was closed with 2/0 

Ethibond suture under general anaesthesia.  An extra dose of buprenorphine was 

administered and a head-cone was placed on the animal to prevent a repeat occurrence 

(occurred on two occasions). 

 

Hind-limb ischaemia: All animals were monitored for discolouration of the hind-limbs until the 

animal woke up from anaesthesia.  In the event of discolouration, the animal was re-

anaesthetised and the abdomen was reopened, followed by inspection of the graft.  In the 

case of an occluded graft, the animal was euthanized.  If the re-exploration was negative, for 

graft occlusion the abdomen was closed and the animal remained in the experiment. 

 

If the animal showed evidence of hind-limb ischaemia at recover, the animal was 

immediately euthanized, and an autopsy was performed.  Acute occlusion following and 

initial successful operation was dealt with in the same way and all animals underwent 

euthanasia and an autopsy. 

 

General condition: The general condition of the animal was also taken into account.  Daily 

inspection of any change in the condition of the coat, lack of grooming (eye debris), 

diarrhoea or loss of weight was considered signs of chronic discomfort.  If any of the above 

findings were noted the laboratory veterinarian was consulted prior to a decision regarding 

early termination. The animal was weighed weekly and in the event of greater than 15% loss 

of weight the animal was weighed every second day.  The protocol required that the animal 

be euthanized if the animal lost a further1 5% body mass, although this never occurred. 

 

6.4.2 Rat implant 

 

6.4.2.(a) Preparation and anaesthesia 

 

On the day of surgery, male Wistar rats were transported to the operating room in their 

individual cages where they were given one hour to acclimatize to the new environment.  

The animals were then weighed before induction of anaesthesia with 5% isoflurane 



Experimental Work  Section III 

 90 

inhalation at 1.5l/min in a transparent Perspex box with wood shavings.  The anaesthetised 

rat was placed in supine position on a temperature controlled (37oC) small animal-operating 

table (Deltaphase® operating board, Braintree scientific, Braintree MA) and fitted with a non-

rebreather nosecone (isoflurane 1.5% + oxygen at 1l/min).  Depth of anaesthesia for the rat 

was confirmed by the lack of limb movement on stimulation and the absence of a corneal 

reflex.  The sterile surgical environment was prepared after the Buprenorphine 0.05mg/kg 

was administered subcutaneously.  This included 500ml of sterile saline in a stainless steel 

bowl, warmed to 35 to 45 degrees Celsius on a standard laboratory hot plate.  The 

temperature setting had previously been determined with a thermometer in an unsterile ‘dry-

run’.  All previously autoclaved equipment was opened and consumables were placed in the 

designated containers.  

 

6.4.2.(b) Draping and surgical access 

 

At this point, the animal was numbered with an ear punch, which was also used to confirm 

the absence of response to a painful stimulus.  The rat was shaved from xiphisternum to the 

penis and as lateral as possible in supine position with an electric clipper (Wahl Pet pro, 

Wahl Clipper Corporation, Illinois, USA) and the skin was prepared with a povidone iodine 

and saline solution.  The animal was draped with sterile towels, leaving only the prepared 

abdomen exposed.  Following which, the drapes were secured to the abdomen with a 2/0 

polyester braided suture (Ethibond, Ethicon, New Brunswick, NJ), and a midline laparotomy 

incision was made carefully with scissors so as no to damage the intra-abdominal organs.  

Specific attention was made to avoid damage of the liver, which is often in the surgical field.  

The laparotomy was extended to just superior and superficial to the xiphisternum superiorly 

and inferiorly to five millimetres from the base of the penis.  The abdominal muscle was then 

secured to the drapes in an everting manner with six interrupted sutures to expose the 

bowel.  The bowel was carefully removed from the abdominal cavity and placed on the 

drapes, wrapped in moist gauze superiorly and to the right-hand side of the animal, which 

was then regularly kept moist with warmed saline from the preheated bowl. 

 

6.4.2.(c) Aortic mobilisation 

 

Initial dissection was performed without an operating microscope.  The retroperitoneum was 

opened superficial to the aorta using blunt dissection with cotton buds (swabs).  The aorta 

was exposed from the left renal vein to the iliac bifurcation.  Further dissection and 
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anastomosis was performed under a microsurgical-operating microscope (Zeiss Universal 

S3 OPMI 6-SFC, Oberkochen, Germany) at six to x15 magnification.  The aorta was 

dissected free from the inferior vena cava (IVC) and all lumbar and iliolumbar arterial 

branches from the left renal artery to the bifurcation were coagulated and divided with Bovie 

Aaron® electrocautery (Bovie Medical Corporation Clearwater, FL).  Infrequently, extensive 

dissection was curtailed due to difficult surrounding venous anatomy, or venous injury.  In 

these instances, it was necessary to marginally shorten the implant graft, so as not to kink 

the aorta following the implant.  This was not necessary in the loop graft, as the ‘arms’ of the 

graft could be adjusted to fit in the available space.  The left iliolumbar vein was dissected 

free and controlled with two vascular clamps and the distal clamp was briefly opened to fill 

the vein and re-clamped.  A 25G needle attached to a 1ml syringe was used to cannulae the 

vein, the proximal clamp was removed and 50iU/kg heparin (1ml) injected into the venous 

system.  The proximal clamp was once again applied; following which the defect created by 

the needle was coagulated.  Both clamps were removed and the vein was checked for 

bleeding.  Heparin was allowed to circulated for three minutes, thereafter the aorta was 

clamped and transected in a slightly bevelled manner.  The lumen was then washed with 

heparin-saline solution.  

6.4.2.(d) Anastomosis 

 

The anastomosis was performed in a stepwise manner with 12 to 15 interrupted 9/0 nylon 

sutures (Ethilon, Ethicon, New Brunswick, NJ black 5" BV130-5 taper) as follows:  

(Figure 19) Starting proximally, the right lateral (3 o’clock suture) was placed out to in, from 

graft to aorta.  The corresponding suture on the distal graft was then placed.  The graft was 

then rotated 180 degrees and the proximal and distal edges were sutured in the same 

manner.  The graft was then turned another 90 degrees and again proximal and distal 

sutures are placed.  The graft was the rotated 270 degrees back to the original position.  The 

remaining sutures were placed distally, starting anteriorly and rotating around again to 

posterior.  Following this the proximal suture were placed from posterior rotating back to 

anterior.  Prior to the final anterior suture being inserted, the distal clamp was removed 

briefly to de-air the graft and then the final proximal, anterior suture was placed. 

 

The distal clamp was then permanently removed and the graft was inspected for bleeding.  

All bleeding was then addressed, as haemorrhage from back flow would result in significant 

blood loss once the proximal clamp was removed.  A cotton swab was placed under the 

anastomosis to assist with visualisation of bleeding.  Once haemostasis was achieved, the 

proximal clamp was removed.  In the event of on going haemorrhage the clamps were 
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intermittently reapplied for a minute at a time and then removed, which was sufficient to 

control bleeding in most situations. 

 

 Figure 19 Interrupted anastomosis with 9/0 Ethilon suture. Scale bar 1mm 
 

6.4.2.(e) Photography and closure 

 

At this point, macrophotographs were taken prior to placing the bowel back and in the 

abdomen. The abdominal wall was then closed in two layers with 2/0-braided suture 

(Ethibond, Ethicon, New Brunswick, NJ).  A dose of Buprenorphine was administered 

subcutaneously and the rat was placed back in the cage and monitored until it recovered 

from anaesthesia and began to mobilise.  The animal was then placed back to the 1st floor 

housing facility. 

 

6.4.3 Graft explant 

 

The preparation, anaesthesia, draping and surgical access was performed as for the implant 

procedure, in a clean but not surgically sterile environment. 

 

The bowel was bluntly dissected from the graft and the necessary photographs were taken 

and the distal aorta was inspected for pulsatility.  Heparin (100IU/kg) of was given 

intravenously and allowed to circulate for three minutes, following which the IVC was 

transected and the animal was allowed to exsanguinate.  On apnoea the isoflurane flow was 

closed and a sternotomy was performed.  The thymus was dissected free from the heart and 

the right atrial appendage was transected.  An 18G vessel cannula was passed transapically 

into the ascending aorta and normal saline was used to flush the aorta until the flow from the 

IVC was clear.  150ml of a 1% paraformaldehyde solution was then used to flush the aorta 

after which the graft was explanted. 
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6.4.3.(a) Straight graft 

 

All straight grafts were initially measured with a vernier calliper and then cut longitudinally, 

following which the proximal edge was marked with a silk tie, or a small cut in the ePTFE.  

The halves were then either fixed in zinc salt solution for histological examination or 2.5% 

gluteraldehyde in phosphate buffered solution (PBS) for SEM (Figure 20).  One sample in 

each group was sent exclusively for SEM to examine the difference of the two halves. 

Figure 20 The straight grafts (both simple and composite) were divided longitudinally for histological and SEM 
analysis 
 

6.4.3.(b) Looped graft 

 

The looped graft was initially cross-sectioned at the mid-graft of the isolated test segment 

(highly porous polyurethane).  A 2-3mm segment was removed and stored in zinc salt 

solution.  The remainder of the looped graft was cut in the short axis into six segments 

(Table 4 & Figure 21). 

 

The sample were labelled as follows: 
Table 4 Explanted sample label 
 

Proximal 

Distal 

(PA) - Anastomosis (DA) - Anastomosis 

(P1) - Isolation (ePTFE) mid segment (D1) - Isolation (ePTFE) mid segment 

(PG) - ‘Glue’ interface (DG) - ‘Glue’ interface 

(PUX)-Mid-graft cross-section 

Histology SEM 

Longitudinal bisection 
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Figure 21 The loop graft was cross-sectioned into seven samples. Seven ±13mmin length, which were further, 
divided longitudinally for histology and SEM, and one cross-sectional of the mid-graft (PUX, 2mm) was reserved 
for cross-sectional 
 

The samples were then divided longitudinally along the axis of the loop and the proximal end 

was marked.  The halves were then photographed and divided into histological and SEM as 

for the straight grafts. 

6.5 Implant allocation 

 

Within each phase, the groups were partially randomised so that no more than three of the 

same group were implanted consecutively. The only exclusion from this strategy occurred in 

Phase B, were all of the 24 week implants (LCPU) were preferentially implanted for 

throughput logistics. 

 

6.6 Graft processing and analysis 

 

6.6.1 Patency 

 

Graft patency was determined at the time of explant.  The initial determinant of patency was 

made on laparotomy with inspection of the distal aorta for pulsatility.  The second method of 

determination was made on perfusion fixation via the left ventricular apex.  Once the 

perfusate had flushed through, the distal aorta was transected and the graft was inspected 

for flow.  An autopsy was performed on all animals that died as a result of the procedure, to 

PA

P1

D1

DA

PGDG

PUX

PUX 

Histology 

Histology SEM 

Proximal Distal 
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determine the nature of death, but it often not possible to differentiate primary occlusion of 

the graft from secondary occlusion as a result of a low flow state. 

 

6.6.2 Histological processing. 

 

Samples for histology were post-fixed in zinc solution (24 hours; 4oC) and embedded in 

paraffin.  Specimens were cut into 3µm sections and dewaxed with 2,2,4-trimethylpentane.  

Following which, they were stained with haematoxylin (Merck, Damstadt, Germany) and 

eosin (BDH; WWR International, Poole, England) (H&E), Miller and Masson elastin 

trichrome stain, anti-CD31 (Fitzgerald International, North Acton, Mass), anti-factor VIII von 

Willebrand (Dako, AS, Glostrup, Denmark) antibodies for immunohistochemistry to label 

endothelial cells, and anti-alpha actin (Abcam, Cambridge, UK) antibodies to label smooth 

muscle cells. 

 

Slides were viewed under a Nikon eclipse 90i microscope (Nikon, Tokyo, Japan).  The 

histologic presence of surface endothelium was cross-referenced against the SEM analysis 

to confirm interpretation.  Neo-intimal hyperplasia was defined as the tissue layer between 

the graft and the blood surface excluding thrombus appositions.  The sample preparation 

was performed by technicians employed by the Cardiovascular Research Unit. 

 

6.6.3 Cross-sectional vessel analysis 

 

Vessel analysis for the differentiation of transmural and fallout endothelialization (LCPU, 

LCPU-Film, LCPU-Wrap, LCPU-Skin), was manually assessed and documented by the 

investigator with a Nikon eclipse 90i microscope (Nikon, Tokyo, Japan).  A categorical data 

vessel analysis was performed, whereby ‘Present’ denoted the presence of a single vessel 

(or more) in the vessel wall, or ‘Absent’ if there was no evidence of mural capillary ingrowth. 

 

The quantitative analysis for optimisation of vessel ingrowth (LCPU-Hep & LCPU-GF) was 

performed with Visiopharm Integrated Systems (VIS) software package (Visiopharm A/S, 

Hørsholm, Denmark).  CD31 positive structures were detected following pre-training of the 

software; all analyses were assessed by an observer for accuracy and, if necessary, 

manually corrected (Figure 22).  Vessel count and area of the graft were calculated and the 

vascular density was obtained by dividing vessel area through cross-sectional area of the 

graft.  
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Figure 22 Visopharm analysis of mural vessels.  (a) CD31 light microscopy.  (b)  Visiopharm vessels labelled in 
red.  Graft wall manually processed in purple.  (c) Vessels are filled by software.  Scale bar = 100µm 
 

6.6.4 Scanning electronmicroscopic processing 

 

SEM specimens were post-fixed in glutaraldehyde (2.5%; 0.1 M phosphate buffer; 24 hours; 

4oC), dehydrated in graded ethanol, critical point dried (Polaron, Evanstone, Ill), sputter 

coated with gold, and analysed in a Jeol JSM 5200.  All samples were captured at x15 

magnification and digitally ‘stitched’ in Photoshop (CS6; Adobe Systems, San Jose, CA) to 

create a single image of the whole graft, an example of which can be seen in Figure 37a 

from the results section.  The samples were subsequently scanned at high magnification x75 

to x300 magnification for evidence of endothelium, which was cross-referenced against the 

stitched image.  Measurement of endothelium was then performed on Photoshop CS6 to 

capture area as well as minimum and maximum outgrowth length.  All samples were cross-

referenced against corresponding immunohistochemistry to confirm the presence of 

endothelium (Figure 23). 

Figure 23 Measurement of TAE (A) SEM of endothelial outgrowth edge (Arrow). (b) Corresponding 
immunoflourescent histology (CD31, Dapi) 

ⓐ ⓑ 

ⓐ ⓑ ⓒ 
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6.6.5 Graft length measurement 

 

All grafts were built as described in 6.3 Graft Construction.  Straight grafts were constructed 

to a length of 20mm and subsequently cut to the longest possible length that could be 

implanted in the dissected area.  The straight graft length could not be standardized and the 

varying anatomy of the surrounding vessels sometimes necessitated limited dissection as 

described in 6.4.2.(c) Aortic .  Graft lengths were measured with a vernier calliper at explant 

and correlated with stitched SEM imaging. 
 

6.7 Outgrowth calculation 

 
Maximal transanastomotic endothelial outgrowth distance (TAmax) was perpendicularly measured 

from the anastomoses to the tip of the furthest reaching endothelial “tongue”. (Figure 23a).  TAmin 

was the measured to the nadir of the endothelial outgrowth edge. The indexed mean 

transanastomotic outgrowth (TAI
mean

) is a linear representation of the fraction of endothelial area 

coverage, defined as the area of the endothelialized region divided by the average width (w) of the 

sample, can be written in terms of the areas A1, A2 and TAmax as shown below (Figure 24): 

 

!1 + !2 = !"!"#!×!! 

!1 = !"#!"#$×!! 

!"#!"#$ = !1
!1+!2

×!"!"# 

Figure 24 A schematic representation of the measurement of endothelial coverage area (A1), the width of the 
graft (w), TAmax and the representation of TAImean 
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Figure 25 In this example both TAmin (⋮) and TAmax (↑) are the same, but the ‘indexed’ area and resultantly 
calculated TAImean is greater in (a) 
 

The Endothelial free zone (EFZ) measured as the distance between TAmax and TRmax on the 

isolation segments of composite grafts (Figure 26).  Any value of greater than zero, in the 

presence of mid-graft endothelialization ensured that this was not due to transanastomotic 

outgrowth. 

Figure 26 The endothelial free zone (EFZ) was measured as the distance between the TAmax of 
transanastomotic outgrowth from the aorta and the TRmax retrograde outgrowth edge from the mid-graft. 
 

6.8 Capillary ostia quantification 

 

During the SEM analysis of endothelial graft coverage, ostia on the surface of grafts were 

counted for the relevant group as categorical data.  For statistical purposes, the groups were 

divided in to short-term implant (≤ 3 weeks) and long term-implants (> 3 weeks). 
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6.9 Intimal hyperplasia measurement 

 

Luminal intimal hyperplasia was measured for LCPU in Phase B of the experimental design.  

The Masson’s trichrome stains of the mid-graft cross section (PUX) was analysed with 

Photoshop CS6.  Intimal hyperplasia was calculated from the mean of eight equidistant 

radial measurements from the graft surface edge towards the lumen (Figure 27).  Only 

stained material with features of IH (Collagen, smooth muscle and fibroblasts) were included 

in the measurement.  Fresh or organised clot was excluded. 

Figure 27 Intimal hyperplasia analysis was performed on the cross-section of mid-graft segment on LCPU (PUX). 
Eight radial measurements were taken to measure the mean intimal hyperplasia per graft. 
 

6.10 Calibre offset calculation 

 

Implant macrophotography (taken just prior to closure) was analysed to establish the outer 

diameter of the aorta.  This was correlated with scale measurement in the captured image 

and Photoshop CS 6 was used to calculate the diameter of the proximal aorta.  Qc was 

calculated as a fraction of  !! !! 

6.11 Analysis of pressurized ePTFE 

 

Care was taken to capture the SEM images with similar contrast and brightness.  Imported 

images were manually adjusted for contrast and brightness in Photoshop CS6 to maintain 

consistency.  The images were subsequently polarized into two colours, which allowed for 

the measurement of internodal distance, nodal width and void space.  The void space 

fraction was calculated as a percentage of the selected area (Figure 28) 

  

Graft 

Lumen 
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Figure 28 Measurement of the effect of pressurization of the ePTFE was based on: nodal width, internodal 
distance and void fraction 
 

6.12 Data capture 

 

All data was captured with commercially available database software (Filemaker pro 11, 

Filemaker Santa Clara, Calif.).  The data was exported to Microsoft Excel (Excel 2011) for 

output of calculated variables prior to import into JMP statistical software (version 11.0.0, 

Cary; NC) for statistical analysis. 

 

6.13 Statistical Analysis 

 

Results in the text were expressed as mean±SD for continuous variables.  Graphs are 

represented as means, and error bars represent standard error of the mean.  Statistical 

significance is graphically represented with an Asterix (�).  All continuous data was tested 

for normality with a Shapiro-Wilk test and equivalence of variance was confirmed with a 

Bartlett’s test.  Where appropriate, continuous data was analysed with a student t-test and 

multi-group analysis by analysis of variance (ANOVA).  The significant level for pairwise 

testing between categories was controlled by the Tukey’s HSD studentized range test.  Non-

parametric data was performed with a Wilcoxon rank-sum test and multi-group analysis by 

Kruskal-Wallis.  Where necessary Steel-Dwas analysis was performed as post hoc analysis 

for non-parametric data.  An ! of <0.05 was used for statistical significance.  Bonferroni 

correction was applied for multiple group analysis of categorical data.  Linear regression was 

used to correlate aortic cross-clamp time and surgical experience. 
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Chapter 7  
 

Results 
 

7.1 Phase A 

Transanastomotic outgrowth in straight ePTFE grafts (IND 15-25µm) SePTFE (2,4 and 6 

weeks) 

7.1.1 Simple ePTFE grafts - SePTFE 

7.1.1.(a) Macroscopic analysis and Patency 

 

The cross-clamp time for the three groups were 36.5±14.7, 40.5±7.4 and 41.6.1±20.8min for 

the 2, 4 and 6 week groups respectively which did not differ significantly.   The mean graft 

length for the three groups was calculated as 14±1.7mm.  There was no statistical difference 

between the lengths of the implant groups (15.0±1.9, 14.0±1.3, 12.8±1.4 for 2, 4, 6 week 

group respectively [NS]). 

 

All grafts were patent at explant (18/18, 100%) and were loosely embedded in the 

surrounding tissue of the retroperitoneum.  This patency excluded early mortality in the first 

twenty-four post-operative hours, as it was not possible to differentiate graft occlusion due to 

a low flow state in the event of blood loss.  Haemorrhage occurred during the mobilization of 

the aorta, and was usually an injury to the inferior vena cava.  If these early post-operative 

deaths were included in the analysis, the overall patency was calculated at 82%.  The aorta 

was pulsatile both proximally and distally to the graft, which grossly confirmed patency.  

There was no evidence of arterial collateralization on any of the rat aortas and all of the 

grafts flushed easily with perfusion fixation solution.  On longitudinal section, all grafts had  

smooth, transparent inner surfaces, without any macroscopic evidence of clot formation 

(Figure 29). 

Figure 29 Explanted straight interposition ePTFE graft (18mm in length).  The silk tie (black) denotes the 
proximal end.  The transanastomotic endothelialization can be appreciated as a white outgrowth from the 
anastomosis.  Scale bar = 5mm 



Experimental Work  Section III 

 102 

7.1.1.(a) i Histology 

 

Endothelialization was confirmed by light microscopy and immunohistochemistry (Figure 30).  

At the level of the anastomoses, a multi-layered neointima consisted of smooth muscle, 

fibroblasts and collagen, with a superficial surface layer of endothelium.  On ELMAS stain 

the termination of the internal elastic lamina (Arrow, Figure 30e) served as the transition 

zone between native aorta and the outgrowth pannus.  The graft void spaces were partially 

filled with amorphous proteinaceous material, but was free of (Figure 30d) tissue 

penetration, except at the anastomotic suture holes (±50-100µm in diameter) (Figure 30b).  

The abluminal surface was surrounded by flattened FBGCs and collagen.  This outgrowth 

became thinner until a single endothelial outgrowth layer remained.  At times, the 

endothelium was no longer adherent to the ePTFE, and histology was therefore not used to 

determine the transanastomotic outgrowth lengths.  

 

Figure 30 Low and high magnification histology of the TAE.  The blue arrow shows the loss of elastic lamina of 
the aorta and the transition zone from native host artery and the synthetic conduit.  Endothelium is confirmed as 
a monolayer with CD31 stain (c&f).  Scale bars Black = 500µm, white = 100µm 
 

7.1.1.(a) ii Scanning electron microscopy 

 

A fine fibrin layer of approximately 10µm could be seen on the lumen of the grafts.  

Endothelial cells (which formed a confluent monolayer over the suture anastomosis onto the 

ePTFE), were easily identifiable on the aortic surface, (Figure 31a-d).  The aortic endothelial 

cells were spindle shaped, and were raised from the surface due to the underlying elastic 

nature of the aortic wall (Figure 31f).  The endothelial cells that had migrated to the ePTFE 

surface were flattened and extended over the fibrin surface as an irregular meandering 

H&E 

H&E ELMAS 

ELMAS CD31 

CD31 

ⓐ ⓑ ⓒ 

ⓓ ⓔ ⓕ 
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layer.  At times, this edge had lifted from the underlying surface in areas, but the maximal 

outgrowth edge and total area could still be deduced (Figure 31b&d).  The variability of 

outgrowth on grafts with the same implant time was evident as seen in Figure 31 below.  

There was also variation within the two halves the same explanted graft, and Figure 31c is 

an example of this variation, with the sectioned sample side by side.  In this case, the 

maximal outgrowth of the one side is equivalent to the minimal outgrowth from the opposing 

side.  Statistical analysis was not performed on these differences as only one sample per 

group was analysed in this fashion.  

 

The irregularly shaped leading edge reached (TAmax) 1.6±0.8mm, 1.8±0.9 and 3.1±2.0 at 2, 

4 and 6 weeks respectively [p=0.027] with TAImean 0.8±0.6, 1.1±0.6 and 2.9±4.2 [p=0.02] 

(Figure 32a-d).  One of the six-week-graft endothelial outgrowth edges had coalesced to 

form a single confluent layer, with total surface endothelial coverage of 96%.  The 

endothelial outgrowth rate slowed significantly over time; TAmax rate = 0.8±0.4, 0.5±0.2 and 

0.5±0.3mm/wk., [p=0.039] for the respective 2, 4 and 6 week timeframe, whereas the TAImean 

rate remained constant; 0.4±0.3, 0.3±0.2 and 0.5±0.7 [NS] (Figure 32b).  The pairwise post 

hoc analysis was statistically significant for slowed outgrowth rate between 2 and 4 weeks 

[p=0.04].  The overall outgrowth rate for all groups was 0.6±0.4mm/wk., which was not 

significantly different between proximal and distal edges (0.6±0.4 vs. 0.6±0.3mm/wk., [NS]).   

Total graft endothelial area increase over time but was this was not significantly different 

GE= 10.0± 6.3%, 18.7± 11.3% and 40.0± 35.1% [NS] at 2, 4, and 6 weeks, respectively.  

 

Figure 31 SEM analysis of TAE.  (a-d) Variation of outgrowth seen in 4-week implants.  (c) Variation between 
two halves of the same 4-week implant. (e) x350 magnification of ePTFE surface endothelium, with a flattened 
monolayer lifting off the underlying fibrin (Arrow).  (d) x350 magnification of aortic endothelium which is not a 
flattened as that seen in (c) 

ⓐ ⓑ ⓒ 
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Figure 32 (a) Increase in TAmax, TAImean and TAmin for 2, 4 and 6 week implant timeframe.  (b) The TAE 
outgrowth slowed over time for TAmax and TAmin but remained constant for TAmean.  

��

   TAmax TAmean TAmin 

0 
0.5 

1 
1.5 

2 
2.5 

3 
3.5 

4 
4.5 

2 weeks 4 weeks 6 weeks 

TA
E

 o
ut

gr
ow

th
 (m

m
) 

Implant time 

Transanastomotic outgrowth ⓐ 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

2 weeks 4 weeks 6 weeks 

TA
E

 o
ut

gr
ow

th
 r

at
e 

(m
m

/w
k.

) 

Implant time 

Transanastomotic outgrowth rate ⓑ 

��

��



Chapter 7  Results-Phase A 

 105 

7.2 Summary 

 

Graft lengths of 14±1.7mm were implanted in the infra-renal aorta to determine 

transanastomotic endothelialization.  All the grafts were patent at explant.  There was no 

difference between proximal and distal outgrowth rate, and the overall transanastomotic 

outgrowth rate occurred at 0.6±0.4mm/week.  Despite the increase in transanastomotic 

endothelialization over time, this significantly slowed from two to six weeks.  The index mean 

(TAImean) remained stable and did not slow over the same period. 
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7.3 Phase B 

Composite grafts SCePTFE, SCPU, and LCPU for 6, 8, 12 and 24-week implant. 

 

7.3.1 Straight composite ePTFE mid-graft - SCePTFE 

Serves as a control implant for SCPU 

 

7.3.1.(a) Transanastomotic endothelialization 

 

The endothelial outgrowth edge of SCePTFE was similar to that of the 4-week implant time of 

SePTFE with TAmax of 1.5±1.0mm at a rate of 0.4±0.3mm/wk., and TAImean of 0.5±0.1mm.  No 

endothelial edge extended beyond the isolation segment.  The histological appearance of 

the endothelial outgrowth and the response at the abluminal surface was similar to that in 

SePTFE 

 

7.3.1.(b) Mid-graft isolated segment 

 

None of the grafts (0/3, 0%) showed any sign of mid-graft endothelialization, which were 

covered in a thin fibrin layer, but devoid on any cellularity.  All of the mid-grafts were isolated 

from the transanastomotic endothelial outgrowth.  No tissue penetrated the PU glued edges 

of the ePTFE join, although a small zone of clot formed at the join of the two segments on 

the luminal side (Figure 33) 

Figure 33 SEM of SCePTFE (a) x15 Mid-graft free of endothelium.  (b) x150 Glued abluminal surface between 
isolation segment and mid-graft which does not allow for tissue penetration.  Scale bar Black=1mm, 
White=100µm 

 ⓐ ⓑ 
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7.3.2 Straight composite PU mid-graft - SCPU 

Isolated high-porosity mid-graft analysis 

 

7.3.2.(a) Transanastomotic endothelialization 

 

At 2 weeks, TAmax = 1.9±0.1mm and 1.6±0.6mm for proximal and distal outgrowth 

respectively [NS], with a total outgrowth of 1.7±0.4mm at a rate of 0.9±0.2mm/wk.  GSE for 

the two-week group was measured at 0.03±0.09% as only a single graft showed any 

evidence of mid-graft healing.  In this particular graft, the retrograde outgrowth progressed 

0.3mm onto the proximal segment of ePTFE.  As from week four onwards, bilateral 

transanastomotic outgrowth from both the aorta (TAmax) and the porous central PU segment 

(TRmax) led to endothelial continuity in one-third of grafts making it impossible to distinguish 

between transanastomotic and transmural origin.  From week 6 onward, all grafts showed 

uninterrupted endothelial continuity (Figure 39).  As a result, transanastomotic endothelial 

outgrowth was not measured in this group.   

 

7.3.2.(b) Mid-graft isolated segment 

 

As early as at 2 weeks, transmural vessel ingrowth reached the inner third of the graft wall in 

all implants while CD31-positive cells remained scanty near the blood surface.  Surface 

healing of the mid-graft was first seen at two weeks.  A single graft (17%) showed traces of 

endothelium on the high porosity PU with segmental coverage of 7.3% (GSE =1.6±4.1%), 

(Figure 34a). 

 

By four weeks 50% (3/6) of the grafts had endothelium on the mid-segment although only 

one of these (17%) was isolated from the anastomosis, GSE = 50.0±43.8% (Figure 34b).  All 

of the 6- and 8-week samples had pre-confluent to confluent endothelium on the high-

porosity mid-graft segment (GSE = 94.0±13.8% and 90.0±14.1%, respectively).  Thus, GSE 

increase significantly over time, [p<0.0001]. The overall endothelial coverage (GE) was 

10.0±0.0; 37.2±17.0; 70.0±12.2 and 73.3±12.5% at 2, 4, 6, and 8 weeks respectively 

[p=0.0004].  
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Figure 34 SEM of SCPU (a) Two week implant with 17%mid-graft endothelial coverage (white arrow) the insert 
shows the endothelial edge compared to the underlying fibrin. (b) Four week implant with confluent isolation 
zone (red arrow). Scale bar 1mm 
 

7.3.3 Loop composite PU mid-graft LCPU 

 

During implantation, blood oozed from the pores of the LCPU mid-section and required 

multiple clamping and unclamping to fully coagulate the graft wall prior to positioning it deep 

to the retroperitoneum.  The porous nature of the PU mid-section resulted in red 

discolouration of the graft.  All but one graft was densely adherent to and embedded in the 

retroperitoneal tissue.  This single graft was free floating in the abdomen, which did not allow 

for tissue ingrowth.  Macroscopically the graft was covered in a white glistening capsule and 

on histological analysis, had no evidence of capillary penetration through the graft wall 

7.3.3.(a) Transanastomotic endothelialization 

 

There was no significant difference between the 6 week straight (SePTFE) and loop (LCePTFE) 

groups in terms of TAE (TAmax= 3.1±2.0 vs. 5.5±5.9mm, [NS]).  As was seen in the straight 

graft analysis, the endothelial outgrowth edge increased in length over time: TAmax = 5.5±5.9, 

5.9±3.3, 12.5±7.2, 11.5±6.2mm, for 6, 8, 12, and 24 weeks (p=0.0062) / TAImean 4.2±3.5, 

3.4±2.9, 8.1±5.4, 10.4±4.9mm, [p=0.002].  Post hoc analysis revealed a statistical difference 

between 6 and 24 [p=0.0261] and 8 and 24 weeks [p=0.005].  There was no statistical 

 ⓐ ⓑ 
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difference between proximal and distal outgrow for the timeframes investigated.  Over the 

entire observation period of looped composite grafts, the decrease in TAE outgrowth rate 

was not statistically significant (TAmax = 0.9±0.9, 0.7±0.4, 1.0±0.6, 0.5±0.3mm/wk. / TAImean = 

0.7±0.6, 0.4±0.4, 0.7±0.5, 0.4±0.2mm/wk. for 6, 8, 12 and 24 weeks respectively, [NS]) 

(Figure 35) The total outgrowth rate for looped grafts was 0.8±0.5mm/wk., with proximal and 

distal outgrowth rates of 0.57±0.3 and 0.9±0.8mm/wk. respectively, [NS]. 

Figure 35 Transanastomotic outgrowth is graphically represented as (a) Scatter-plot with smoothed trendline 
represents the increase in outgrowth as well as variance over time. (b) Absolute outgrowth and (c) Rate of TAE 
outgrowth, expressed as TAmax, TAmean, TAmin. 
 

7.3.3.(b) Mid-graft segment 

 

Twenty-four of the 26 patent grafts (92%) had evidence of endothelium on the surface of the 

mid-graft PU segment.  There was no statistically significant difference in the frequency of 

endothelialization in the four timeframes (Figure 36).  One of the six-week grafts had mid-

graft capillary infiltration, but this did not reach the lumen and was thus free of surface 
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endothelium.  A single 24-weeks implant failed to embed in the retroperitoneum and as such 

remained free-floating in the abdomen.  The mid-graft was devoid of endothelium ,and in the 

absence of any connection to surrounding tissue and a complete lack of transmural capillary 

ingrowth, this graft could not be healed by transmural means.  This graft was excluded from 

the mid-graft endothelial coverage analysis.  In the remaining 25 grafts, endothelial coverage 

of the mid-graft PU segment was GSE = 72.0±42.1%; 91.7±11.7%; 95.0±10.0% and 

84.0±30.13% at 6, 8, 12, and 24 weeks respectively, [NS] (Figure 38).  Apart from the one 

excluded 24-week graft, all patent composite grafts showed radial CD31-positive capillary 

ingrowth or endothelial cells sprouting into the PU segments.  All occluded graft showed 

evidence of transmural capillary ingrowth, which extended into the occluded lumen, creating 

a dense network of capillaries (Figure 37). 

Figure 36 LCPU 12 week implant (a) Stitched SEM image with endothelium marked in red. (b) x50 magnification 
of confluent mid-graft endothelial surface with retrograde outgrowth onto the proximal ePTFE isolation segment. 
Insert x350 magnification of mid-graft endothelial surface. (c) Angiogram shows intimal hyperplasia at the 
proximal anastomosis (arrow) and an otherwise patent loop graft.  Scale Bar White = 10mm, Green = 1mm 
 

Figure 37 CD31 light stain of occluded graft with transmural capillary ingrowth providing collateral flow through 
the occluded mid-graft.  Scale bar = 100µm 
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Figure 38 Immunohistochemistry (CD31, Dapi, Actin) (a) Longitudinal segment of the PU ePTFE interface. The 
PU auto-fluoresces green and cannot be differentiated from the actin stain.  (b) Surface of the PU with 
endothelial layer with underlying intimal hyperplasia.  Endothelial cells on the surface of the mid-graft and the (c) 
mural capillary are represented by arrows.  Scale bar white = 100µm Green = 20µm  (d) Isolated mid-graft 
endothelial coverage (e) Endothelial free zone of the isolation segments. 

Figure 39 Compilation of individual straight (rectangles) and looped (circles) composite grafts in relation to the 
isolation of mid-graft endothelium. Green indicates those grafts where clear endothelial- free zones were 
present between mid-graft and transanastomotic endothelium, whereas red indicated a coalescence of the two 
across the entire graft length.  Blue grafts represent samples that were sent for histological analysis only, and  
�, graft remained non-embedded; black denotes an occluded graft at explant). 
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Retrograde endothelial outgrowth from the PU surface onto the ePTFE was a prominent 

feature in all timeframes.  There was no statistical difference in the outgrowth of the four 

groups for TGmax 1.5±1.6, 4.2±4.2, 2.5±1.9, 4.5±5.3mm / TGImean 0.8±0.4, 3.2±4.4, 0.8±1.1, 

2.9±2.4mm, for 6, 8, 12, 24 weeks respectively.  At all time points, 100% of grafts 

maintained an endothelial-free zone between the transanastomotic and the retrograde 

transmural endothelial outgrowth onto the ePTFE isolation segment.  This zone decreased 

over time; 23.6±10.1, 23.7±8.2, 13.4±11.0, 10.5±5.6mm for 6, 8, 12, and 24 week timeframe 

respectively, [p=0.0031].  The all pairs post hoc analysis revealed significant differences 

between 24weeks and 6 [p=0.026] and 8 week [p=0.007] timeframe 
 

7.3.3.(c) Intimal hyperplasia 

 

The subintimal tissue on the mid-graft segment showed varying degrees of cellularity and 

collagen content.  Once a full endothelium was established at 6 weeks, the subintimal 

thickness stayed constant with a non-significant trend toward regression (91.8±93.9 mm vs. 

71.4±59.4 mm at 6 and 24 weeks, respectively; [NS]) (Figure 40). 

Figure 40 ELMAS stain of PUX with( a) A single graft with the most significant non-concentric intimal 
hyperplasia.(six week) (b) Minimal hyperplasia noted in the majority of grafts in the (24 week ) 
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7.3.4 Summary 

 

SCePTFE served as a control group for SCPU.  Transanastomotic endothelialization occurred at 

the same outgrowth rate as in SePTFE, which never reached the mid-graft segment.  The mid-

graft remained freed of endothelium, and the glued joins were impermeable to tissue 

ingrowth. 

 

SCPU could not be used for TAE calculation due to the lack of mid-graft isolation.  

Transmural capillaries reached the luminal surface by two weeks and a single graft had 

isolated mid-graft endothelialization at this time-point.  By four weeks, 50% of the grafts had 

mid-graft endothelialization, but only one of these grafts was isolated from the anastomosis.  

From six weeks onwards, all of the grafts had confluent mid-graft endothelial surface 

coverage, none of which were isolated from the anastomosis. 

 

Transanastomotic endothelialization increased significantly over time from six to 24 weeks 

with no difference between the proximal and distal edges in the looped group.  There was 

however, no statistically significant evidence of slowing down over this period as was seen in 

the straight grafts.  Twenty-four of the 26 (92%) of the patent grafts had evidence of mid-

graft endothelialization, all of which were isolated from the anastomosis.  Pre-confluence 

was reached at six weeks, and confluence at eight weeks, Of the two grafts without mid-graft 

endothelialization, one was in the six-week group which did not endothelialize despite 

transmural vessel ingrowth.  The second graft was in the 24-week group failed to embed in 

the retroperitoneum and remained free-floating in the abdomen, without transmural tissue 

ingrowth.  Intimal hyperplasia did not increase over time. 
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7.4 Phase C 

LCPU grafts used as a positive controls for transmural endothelialization as a comparison to 

external barrier grafts for twelve weeks 

 

7.4.1 Differentiating fallout from transmural endothelialization 

7.4.1.(a) General Findings 

 

The aortic cross-clamp times were 34.0±5.6, 36.8±3.8, 28.7±2.76 and 35.6±3.4 for LCPU, 

LCPU-Film, LCPU-Wrap and LCPU-Skin respectively [NS].  All 36 (100%) rats survived to 

explant.  As was previously noted, LCPU grafts required multiple clamping and unclamping at 

times, to limit mid-graft haemorrhage (Figure 41a).  In contrast, none of the external barrier 

grafts (LCPU-Skin, LCPU-Film or LCPU-Wrap) showed any permeability of blood through the 

barrier and haemostasis was complete immediately after clamp release.  It was noted 

however that the space between the PU graft and the ePTFE sheaths in both LCPU-Wrap 

and LCPU-Film, filled with blood and were under pressure (Figure 41b&c).   

 

7.4.1.(b) Macroscopic analysis 

 

Despite 100% survival, 12/36 (33%) of the grafts were occluded at explant.  None of the 

animals however, showed any clinical evidence of hind-limb ischaemia for the duration of the 

study.  There was an overall statistical difference in patency on comparison of the four 

groups (p=0.0016).  This was accounted for by the high occlusion in LCPU-Skin 6 (100%), 

when compared to the LCPU 3/12 (25%), LCPU-Film and LCPU-Wrap 2/12 (17%) groups, 

(p<0.0001).  There was no statistical difference between LCPU-Film LCPU and LCPU-Wrap 

concerning patency.  .At explant all of the LCPU grafts were well imbedded in the 

retroperitoneum (Figure 41d).  Although the LCPU grafts were also imbedded in the tissue, 

the mid-graft was discernibly dark as if the mid-graft had clotted.  This represented the 

retained blood clot in the space between the ePTFE film-wrap and the porous PU.  It was 

noticeable that there had been resorption of the blood, as the thin film was tightly adherent 

to the mid-graft and no longer distend, as was the case at implant (Figure 41e).  LCPU-Wrap 

also discoloured with dark clot but unique to this group was a thick capsule that surrounded 

the graft (Figure 41f and Figure 42c).  The mid-graft of the LCPU-Skin had the same 

appearance as at implant, however the dark discolouration of the ePTFE was evidence of an 

occluded graft.  
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Figure 41 (a) Red discolouration due to blood permeating the porous LCPU mid-graft when compared to the 
other two implants (b&c). (b) The thin film of ePTFE can be seen under pressure, stretching the LCPU-Film 
sheath to a diameter of 4mm. (c) LCPU-Wrap shows no distortion or discolouration of the ePTFE wrap. 
 

On sectioning, the mid-graft surface of LCPU and LCPU-Film covered in a smooth, glistening 

confluent surface (Figure 42b&c).  At explant, the LCPU-Wrap was surrounded in a dense, 

thick capsule of tissue, which was initially mistaken for the ePTFE wrap due to its well-

demarcated nature, which was not seen in the other three groups.  There was no evidence 

of perivascular graft infiltration of the graft wall of LCPU-Skin, which was only loosely adhered 

to the retroperitoneum.  The lumina were completely occluded with clot; this was 

representative of all six LCPU-Skin grafts  

Figure 42 Macrophotograph with digital subtraction of the background of (i) Cross section and (ii) longitudinal 
section of (a) LCPU (b) LCPU-Film (c) LCPU-Wrap (d) LCPU-Skin.  (✽) Denotes the thick fibrous capsule around 
the mid-graft of LCPU-Wrap 
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7.4.1.(c) Histological analysis 

 

Perigraft tissue penetrated the prosthetic wall of the LCPU and LCPU-Film, which is absent in 

both LCPU-Wrap and LCPU-Skin (Figure 43).  The cyan staining, with typical wavy pattern on 

trichrome indicated the presence of collagen.  This collagenous tissue was absent in both 

LCPU-Skin and LCPU-Wrap, which was rich in erythrocytes and fibrin with a few scattered 

macrophages.  Preparation of these small samples in cross-section does result in some 

sloughing of endothelial layer from the luminal surface when compared to SEM but  

Figure 43 Cross section of the PU mid-graft (PUX) of (a) LCPU (b) LCPU-Film (C) LCPU-Wrap.  The 
immunohistochemistry is representative of the documented graft coverage.  CD31, Dapi, Actin.  
Scale bar= 100µm 
 

endothelial cells were always documented on the luminal surface of the LCPU and LCPU-Film 

grafts.  Capillaries were also seen to penetrate the external barrier of LCPU-Film, accounting 

for the high number of PU mural vessels (Figure 44).  No tissue penetrated the barrier of 

LCPU-Wrap or LCPU-Skin.  The occluded LCPU and LCPU-Films grafts also had mural vessels, 

which extended into the organized clot within the lumen.  This was not present in the other 
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two groups with occlusions, where only clot was noted with minimal cellularity.  No 

endothelium was noted on the clotted LCPU-Skin grafts as expected, and further histological 

analysis was limited to the abluminal surface due to the 100% occlusion. 

 

Figure 44 (a) H&E (b) CD31 stain of the external film of LCPU-Film with evidence of capillary ingrowth through 
the external barrier, represented by the arrows. Scale bar = 50µm 
 

Flat nucleated cells sporadically lined the luminal surface of the LCPU-Wrap, which stained 

CD31+ although not with the same intensity as in the LCPU group.  CD68+ cells were seen 

scattered throughout the wall of the LCPU-Wrap, between the PU and the ePTFE, as wells as 

within the polyurethane void spaces.  There were typical FBGC in the capsule surrounding 

the ePTFE wrap which were more densely compacted and in greater abundance than any of 

the other implant groups.  Notably fewer CD68+ cells were present in the LCPU than the 

LCPU-Wrap, but when present were larger multinucleate giant cells.  All of the LCPU (12/12) 

and LCPU-Film (6/6) had mural vessels irrespective if the graft was occluded or not.  None of 

the LCPU-Wrap (0/12) or the LCPU-Skin (0/12) had evidence of mural vessels [p=0.0001].  

None of the cells in any of the grafts stained positive for CD133. 

 
Table 5 Summary of histological findings 

 

 

 LCPU LCPU-Film  LCPU-Wrap LCPU-Skin 

Lumen Endothelium +++ +++ + 0 

Mural Vessels +++ +++ 0 0 

Mural CD68+ ++ + +++ 0 

Mural FBGC ++ ++ + 0 

Perivascular FBGC + + + + 

CD133+ 0 0 0 0 
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7.4.1.(d) Scanning electron microscopy 

 

An endothelial free zone between the anastomosis and the mid-graft test segment was 

confirmed in all samples.  All of the patent LCPU (9/9) and LCPU (5/5) grafts had endothelial 

surface coverage, which was near confluent (LCPU;80±20%, LCPU-Film;93±8.3%), whilst only 

three of the ten patent grafts showed any evidence of endothelium in the LCPU-Wrap group, 

with coverage (LCPU-Wrap;16±30%) [p=0.0015] (Figure 45a).  The categorical data for the 

presence of endothelium was also significantly higher in the LCPU and LCPU-Film (14/14) 

compared to LCPU-Wrap (0/10) [p=0.0001].  The LCPU-Skin luminal surface was not analysed 

for endothelium due to 100% occlusion.  A single traversing arteriole opened to the surface 

in one of the LCPU grafts PU.  This phenomenon was not seen in any of the other patent 

grafts  

Figure 45 (a) Mid-graft endothelial coverage with significantly less endothelium noted in LCPU-Wrap (✽) 
compared to LCPU and LCPU-Film.  (#) LCPU-Skin could not be analysed due to 100% occlusion, which is (b) 
significantly (✽) less than the other three groups 
 

7.4.2 Mechanical ePTFE testing 

7.4.2.(a) Macroscopic analysis 

 

On pressurization to 120mmHg, the 50µm ePTFE film distended and continued to expand to 

a cross-sectional diameter of ±4mm, following which saline droplets were seen perforating 

the graft wall and further expansion ceased.  On pressure release, the graft remained dilated 

in comparison to the pre-pressurized state.  The 350µm ePTFE wrap distended, but did not 

expand beyond the pre-pressurized state.  There was no permeability of saline through the 

graft wall and on release of pressure the graft had the same dimensions in terms of wall 

thickness and internal diameter as the pre-pressurized state. 
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7.4.2.(b) SEM analysis 

 

The nodal width of the ePTFE film decreased from 9.8±1.8µm to 3.8±1.3µm once 

pressurized, [p<0.0001].  This resulted in statistically significant increase in the void space 

fraction from 22.6±2.3 to 38.4±2.3 [p<0.001].  This did not however influence the IND 

24.4±4.4µm vs. 23.3±4.8µm [NS] for the pre-pressurized and pressurized grafts respectively.  

The dimensions of the ePTFE wrap were not influenced by pressurization.  Nodal width:  

8.1±1.6µm vs. 7.8±1.5µm [NS], IND 17.0±1.2µm vs. 17.8±1.3µm [NS] and void space 

fraction 13.9±0.9 vs. 13.1±1.0 [NS] for the pre-pressurized and pressurized grafts 

respectively (Figure 46). 

Figure 46 Effect of pressurization on ePTFE (a) ePTFE film pre-pressurized (b) ePTFE film post-pressurized.  
Inserts are the polarized adjustment where blue represents the void space.  Graphs of (a) IND and nodal 
dimensions (e) void space fraction of pre- and post-pressurization.  Scale bar = 50µm 
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7.4.3 Summary 

 

The grafts with an external barrier (LCPU-Film, LCPU-Wrap, and LCPU-Skin) did not permeate 

blood through the graft wall at implant, as was seen in LCPU.  The space between the graft 

and the wrap filled with blood and caused radial stretching and dilatation of LCPU-Film, but 

LCPU-Wrap showed no evidence of dilatation.  LCPU and LCPU-Film had similar mid-graft 

endothelial coverage, both of which were isolated from the anastomosis.  There was 

histological evidence of capillaries traversing the barrier of LCPU-Film but no surface ostia 

were seen.  All of LCPU-Skin grafts were occluded at explant, but had shown no clinical 

evidence of hind-limb ischaemia prior to explant.  LCPU-Wrap and LCPU-Skin were 

impermeable to tissue ingrowth.  There was a significant decrease in coverage in the LCPU-

Wrap group with a significant decrease in observed endothelial frequency.  All of the LCPu-

Skin grafts were occluded at explant despite no clinical evidence of hind-limb ischaemia. 

 

A bench pressure test was performed to establish the effect of systemic pressure on the 

50µm ePTFE ‘film’ and the 350µm ePTFE ‘wrap’ based on the observed intraoperative 

dilatation of the film.  The radial stretching did not influence the IND but had a significant 

increase in the void fraction and the nodal width.  Although the fibril pattern was disturbed in 

the wrap, none of the measured graft properties were altered 

7.5 Phase D 

LCPU mid-grafts treated with heparin and heparin + growth factors to optimise 

endothelialization.  (3 Week) 

 

7.5.1 Optimising transmural endothelialization 

7.5.1.(a) General Findings 

 

The aortic cross-clamp time (measured from application to intermittent reperfusion), was not 

significantly different 34±6, 29±2, 39±13 minutes for LCPU, LCPU-Hep, LCPU-GF respectively.  

All 30/30 (100%) grafts were well embedded within the retroperitoneum and patent at 

explant.  There was no evidence of arterial collateralization, and patency could be confirmed 

by a pulsatile proximal and distal aorta, as well as by an unobstructed lumen on sectioning.  

There were no macroscopic differences from any of the three explanted groups. 
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Figure 47 (a) Vessel area and (b) vessel number indexed as a percentage off the total graft area for the three 
implant groups as well as the sub groups analysis.  (c-e) Representative CD31 light stains of the three treatment 
groups 

7.5.1.(b) Vessel analysis 

 

Quantitative vessel analysis did not show a significant difference in the vessel number or 

vessel area the three treatment groups (LCPU, LCPU-Hep, LCPU-GF).  In subgroup analysis 

however, there was a significantly higher absolute vessel number in the SubG-Tr(n=20) vs. 

the SubG-UTr (n=10) group, 152±86.5 vs. 92±55.9 vessels respectively 

[p=0.0403].  However, when these data are indexed over the area of the vessel wall the 

apparent increase in vessel number and area is no longer statistically significance.  Indexed 

data for vessel number 33.0±19.8, 49.2±46.7 and 58.6±21.5 vessels/µm2 x106 and area 

15.6±8.6, 17.1±6.8, 20.0±8.4 x104, for LCPU, LCPU-Hep, LCPU-GF respectively [NS]  

(Figure 47). 
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7.5.1.(c) Endothelial coverage data 

There is a statistical difference in mid-graft endothelial coverage between the three groups 

[p=0.0087]. On further analysis by comparison of means, only LCPU-GF and LCPU-Hep were 

statistically different (15±20.5% vs. 0%, [p=0.0163]). There was also statistically more 

endothelial coverage in the SubG-GF group in subgroup analysis (15.0±20.5 vs. 1.25±4.55, 

[p=0.0036]) (Figure 48). 
 

Categorical analysis for the presence of endothelium was also statistically different for the 

three groups [p=0020] and LCPU-GF has more endothelium present than LCPU-Hep 

[p=0.001] but was not statistically more than the LCPU [p=0.0246, NS] following a Bonferroni 

correction.  Subgroup analysis for growth factor treatment showed significantly more 

endothelium on SubG-GF vs. SubG-nGF treatment (7/10 vs. 2/20, [p=0.0007]).  There was 

no statistical correlation between the mural vascularity and the endothelial coverage. 

 
Figure 48 (a) Graph representing the endothelial coverage of the three treatment groups as well as the sub- 
group analysis. (b) CD31 (Dapi) immune-fluorescence of corresponding mid-graft. (c) SEM representing a 
capillary sprout through the graft wall onto the luminal surface with downstream endothelial outgrowth, red arrow 
represents flow direction. Scale bar = 100µm 
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7.5.2 Summary 

 

Surface treatment of the grafts with growth factors in significantly increased the 

frequency of observed endothelium as well as surface area endothelial coverage 

compared to heparin only treated grafts.  A significant difference was also noted in the 

subgroup analysis of growth factor versus not growth factor and treatment versus non-

treatment subgroups 

 

Despite an apparent increase in the observed vessel numbers based on the trends 

observed, this was not statistically significant. 
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7.6 Combined experimental analysis 

7.6.1 Calibre offset 

 

The measured aortic diameter of the rat was 1.4±0.2mm for the sample.  This correlated to a 

calculated Qc of 0.8 

7.6.2 Aortic cross clamp time 

 

The aortic cross-clamp time improved over the course of the experiment.  There was a 

statistically significant decrease in clamp time [linear regression; p<0.0001, r2=0.311] despite 

increasing complexity of the implant graft (Figure 49a).  This analysis was also true when the 

perioperative deaths were excluded from the analysis, [p<0.0001, r2=0.327] (Figure 49b).  

The cross-clamp time also showed improvement between the various implant groups in the 

experiment.  There was a significant improvement from 44.1±8.0 to 34.0±5.6 minutes 

between Phase A (SePTFE) and the isolated straight grafts in Phase B (SCePTFE and SCPU), 

[p=0.0015];.  However, an overall clamp time of 38.1±17.1minutes in the looped grafts was 

not significantly shorter than any of the straight graft implants The cross-clamp time was 

recorded from the time of the initial clamp application to the point of clamp release following 

the second graft implant.  There was a statistically significant improvement between the 

three phases of loop graft analysis (41.8±8.0, 31.6±1.5 and 27.6±7.0) for Phase B, C, and D 

respectively, [p<0.001].  On pairwise comparison, all of the phases were significantly 

different from each other within, except on comparison for Phase C and D (Figure 50)  

 

Figure 49 Improvement in cross-clamp time over the course of the experiment.  (a) Including perioperative 
deaths  (r2=0.311) (b) excluding perioperative deaths  (r2=0.327) 
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 Figure 50 Cross-clamp time analysed per group. Stragith in blue and looped grafts red 
 

7.6.3 Quantification of surface capillary ostia 

 

At the completion of the experiment, only four capillary ostia were documented in all of the 

observed samples.  Three of them in LCPU three-week implant and one in LCPU 12 week 

implant.  None of the straight grafts or externally wrapped loop grafts had any evidence of 

capillary breakthrough.  The presence of ostia was significantly different between the 

groups, [p=0001].  On dichotomy of the samples, an implant time of three weeks 

demonstrated significantly more ostia in the longer timeframes 4/10 vs. 1/26, ostia/absence 

of ostia compared to the longer implant times [p=0.0387] (Table 6). 

 

Capillary ostia could not be correlated with the presence, or the amount of endothelium 

present on the graft surface, but the endothelial outgrowth on the PU surface appeared to 

extend in a downstream direction from the capillaries in all observed cases 

 
Table 6 Surface ostia analysis 
Group Implant time Number of 

grafts 

Endothelium 

present 

Number of ostia 

LCPU 3 10 2 1 

LCPU 6 5 4 0 

LCPU 8 6 4 0 

LCPU 12 9 9 1 

LCPU 24 6 5 0 

LCPU-Film 12 5 5 0 

LCPU-Hep 3 10 0 0 

LCPU-GF 3 10 7 3 
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Figure 51 SEM of mid-graft surface.  Blue arrows indicate indentations on the surface, which may represent 
previous capillary openings.  Red arrows are confirmed capillary openings and also represent the direction of 
blood flow. Scale bar = 100µm 
 

7.6.4 Patency 

 

At the completion of the four phases, 136 grafts were implanted in the infra-renal rat aorta, of 

which, 120 were patent (with an overall patency of 88%).  The only group that had a 

statistically significant difference in patency, was LCPU-Skin which was significantly worse in 

comparison to any of the groups [p<0.05] (Table 7). 

 
Table 7 Patency of implant groups, combined from all experiments 
Group Implant times (Weeks)p/n Patency % (tn) 

SePTFE 26/6,46/6,66/6 100% (18/18)  

SCePTFE 43/3 100% (3/3) 

SCPU 26/6,46/6,65/6,85/6 92% (22/24) 

LCPU 310/10,67/8,87/8,1210/13,247/8 87% 41/47 

LCPU-Skin 120/6 0% (0/6) 

LCPU-Film 125/6 83% (5/6) 

LCPU-Wrap 1210/12 83% (10/12) 

LCPU-Hep 310/10 100% (10/10) 

LCPU-GF 310/10 100% (10/10) 

p=patent; n=number per group; tn; total number 

ⓐ ⓑ ⓒ
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Chapter 8  
 

Discussion and Concluding Remarks 
 

 

Decades of animal experimentation have failed to distinguish between transanastomotic, 

transmural and fallout endothelialization.  The application of sequential mid-graft isolation 

has demonstrated that it is possible to clearly separate these three events in a murine infra-

renal looped-graft model.  By implanting a composite prostheses consisting of a high-

porosity mid-graft separated by low-porosity ePTFE isolation segments, it has been shown 

that transmural endothelialization occurs as a spontaneous and independent event.  Further 

isolating the abluminal surface with a low-porosity external wrap excludes fallout 

endothelialization as the primary contributor to confluent mid-graft healing.  The addition of 

growth factor surface modification further optimises mid-graft endothelialization. 

 

8.1 Modes of spontaneous healing 

8.1.1 Transanastomotic endothelialization 

 

In this study, surface healing by transanastomotic endothelial outgrowth could be confidently 

determined with a dual strategy of surface SEM analysis with reference to the corresponding 

immunohistochemistry.  Although the majority of studies do employ this dual method on 

endothelial identification, it is not universally investigated in this manner.308,449,457  

Histological analysis revealed a typically flattened cellular monolayer that could be identified 

with H&E, which was confirmed as endothelium with both vWF VIII and CD31 staining. It is 

evident however, that this form of analysis is unreliable as the sole method of TAE 

determination, as the monolayer tends to dehisce from the graft surface at the leading edge.  

The density of this attachment may vary in terms of the underlying graft material as well as 

porosity and occurred more commonly with the leading edge of the ePTFE grafts compared 

to the mid-graft healing of the polyurethane. A more significant shortcoming of histology only 

assessment is the two-dimensional sectioning, which does not take into account the 

variability of the outgrowth edge and may lead to inaccurate measurements.  It is thus 

important that inferences concerning outgrowth distance and rates cannot be drawn unless 

combined with surface analysis, most commonly in the form of SEM.  It is likely that this has 

not been determined as a significant pitfall in the analysis of graft endothelialization by 
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previous researchers, since grafts of inadequate length have resulted in transanastomotic 

confluence, and histology has been adequate to measure confluent healing.  This approach 

cannot be applied in an isolation model as confident measurement of absence of 

endothelium in isolation segments is as important in the model design as the presence of 

endothelium on the mid-graft surface. 

 

The significance of histological analysis at the anastomotic edge is thus two-fold.  Firstly as 

described above, histology was used to confirm the identification of endothelium on SEM 

analysis.  Secondly, analysis of the perivascular as well as mural response could also be 

assessed.  As has been previously documented in the literature, the voids of the low-

porosity ePTFE used in the isolation segments of this study were filled with amorphous 

material with intermittent isolated fibroblast penetration,458 but was notably free of tissue and 

more importantly capillary ingrowth.  Tissue did penetrate the suture holes at the 

anastomosis (Figure 30b) and this should be borne in mind in the construction of isolation 

models that use sutures to secure the mid-graft test segment from the isolation zone. 

 

Scanning electron microscopy served as the mainstay for outgrowth determination, but 

required immunohistochemistry to corroborate the morphological identification.  Dehiscence 

of the outgrowth pannus was also seen on SEM but it was still possible to determine the 

maximal outgrowth edge.  Transanastomotic outgrowth increased significantly over time in 

both the straight and loop grafts, which was anticipated based on previously documented 

literature.219,236,406,443,449,450,459  In the current study, there was however no difference between 

the proximal and distal outgrowth which is contrary to the findings of Jeschke et al. who 

reported faster proximal outgrowth.253  The potential difference in outgrowth rate between 

proximal and distal segments was important for the development of the lengths of the 

isolation zones.  A lack of statistically significance in this study between the two edges 

meant that the segments could be of equal length rather than a preferential offset to 

accommodate faster (proximal) growth. 

 

Interestingly the straight graft outgrowth rate slowed over time, which may give insight into 

the inadequacy of transanastomotic endothelialization as a confluent form of healing.  This 

was not statistically significant in the loop group, a result that may be explained by the 

increasing variance in the observed analysis. Figure 35a shows a trend of the gradual 

increase in outgrowth, while the scatterplot more importantly shows the high variability over 

time, specifically in the loop grafts.  Although the method for sectioning the loop grafts 

included bisection of the graft along its curvature, the variability in the loop grafts could be 

accounted for by preferential growth based on shear differences between the inner and 
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outer surface of the curved graft.  On gross inspection, there was no subjective difference 

between the two curvatures, but this was not specifically measured. Figure 31c is an 

example of the variability between two sides of the same straight graft, which may be 

accentuated in the loop graft analysis. 

 

In depth analysis of the TAE included the calculation of TAImean.  TAImean describes the 

indexed area as a linear output, which allowed for direct comparison with TAmax and TAmin.  

In the straight graft, TAImean tended to be similar to TAmin for two and four weeks, but by six 

weeks was closer to TAmax.  This suggests that transanastomotic outgrowth is initiated by a 

single leading projection, rather than a consistent flat edge.  However, over time TAmax slows 

down, allowing for the rest of the outgrowth to ‘catch up’ and providing more area coverage 

for distance extended.  This trend was less obvious in the loop graft analysis, where TAImean 

appeared to be equidistant from TAmax and TAmin. 

 

This slowing of outgrowth is likely to represent the limitation of transanastomotic outgrowth 

to completely endothelialize clinically implanted grafts.  As the rat has been always been the 

preferred small animal screening model, (Addendum A) it was extensively used in vascular 

graft research in the past despite the limited length of suitable arteries with implant lengths 

of less that 20mm.  This again highlights the inadequacy of previous animal models that 

have limited the length of implant grafts cannot differentiate this outgrowth mechanism 

(18.1±26.6mm Addendum A). In the current study, one of the grafts had coalesced (91% 

surface coverage) at six weeks, and thus this would be regarded as the maximum time-point 

to investigate TA outgrowth in an infra-renal rat model.  However, 41% of the small animal 

model papers have implanted beyond six weeks (Addendum A).  If one conservatively 

extrapolates the transanastomotic outgrowth rates from previously published data,219,236,253 

as well as the data calculated in this study, it is highly likely that all of these grafts would be 

fully endothelialized by transanastomotic means within ten weeks, and given the variability of 

outgrowth, many of them earlier than this.  

 

It is therefore recommended that straight graft be used as models for biocompatibility as well 

as host vessel-conduit interaction, but should not be implemented without the addition of a 

looped model to assess mid-graft healing, as well as the total extent of transanastomotic 

outgrowth in a non-isolated form. 
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8.1.2 Transmural endothelialization 

 

Capillary ingrowth from the surrounding tissue penetrated all of the porous mid-grafts and 

reached the blood surface of the high-porosity segment as early as two weeks.  This is 

comparable to the quoted ingrowth rate for juvenile baboons,418 but occurred earlier than in 

dogs216 or senescent baboons212.  Despite transmural capillary penetration in all of the SCPU 

grafts, mid-graft endothelialization was less prevalent in the earlier timeframes (two and four 

weeks).  At two weeks, mid-graft endothelialization occurred in only one of the six grafts that 

were implanted (17%), which was limited to 7.3% of the mid-graft area.  The optimal implant 

time for mid-graft isolation was initially considered to be four weeks or less, based on 

transanastomotic outgrowth data from Phase A (3.1±2.0mm [0.69 - 4.17mm] at four weeks), 

and the isolated mid-graft in the control experiment (SCePTFE).  Despite this estimation, only a 

third of the four-week mid-grafts (SCPU) were isolated from TAE.  In the remaining two-thirds 

of isolated four-week grafts, only one had evidence of mid-graft endothelium.  From six 

weeks onwards, all patent grafts had confluent mid-graft endothelialization, but none were 

isolated from the anastomosis.  Although a proof of concept, the two examples of isolated 

mid-graft endothelialization at two and four weeks (8%) in the SCPU model is not sufficiently 

robust to describe independent transmural endothelialization as a reproducible mode of 

healing.   

 

The feasibility of the composite graft model was however confirmed by the straight grafts in 

Phase B, which included the control implant SCePTFE.  TAE for SCePTFE was similar to that in 

SePFFE and importantly no tissue was seen to penetrate the glued edges and the mid-graft 

segment was devoid of endothelium.  Based on SCePTFE data, it was clear that the isolation 

zone of 5mm was sufficient to isolate TAE outgrowth in the straight graft, however, with the 

influence of TRmax, this did not translate to experimental arm SCPU.  Although considered in 

the initial study design, the impact of retrograde outgrowth (TRmax) from the high-porosity 

mid-graft and back towards the ePTFE isolation segments, had not been fully appreciated.  

The combination of transanastomotic outgrowth and the retrograde growth from the mid-

graft segment prevented adequate independent isolation for the mid-graft segments in SCPU.  

Another potential translational error for determining adequate length was the use of 

averaged outgrowth data.  In this study, the calculated mean of TAmax was used as a 

reference value for outgrowth rate.  It may be more appropriate to consider the maximal 

recorded outgrowth rate per implant group rather than the mean or median, when designing 

a robust transanastomotic isolation model.  This would have decreased the predicted 

implant time for isolation to less than four weeks.  It is clear that the model required further 

optimising by lengthening the isolation segments. 
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The application of short implants has previously been recognised as a limitation for 

adequate analysis of mid-graft endothelialization,7 and the length of the infra-renal rat aorta 

further compounds this as the maximum length of a straight graft in this position is 20mm.449  

In recognition of this shortcoming, researchers have emphasized the need for additional 

graft length.460  As early as 1984, Hess et al. suggested a looped conduit of up to 10cm 

could be used in the infra-renal rat aorta, which was later consistently implanted as a series 

of a loop grafts.219  The one significant adaption of the loop model in the current study 

(besides the isolated segment) was the pre-forming of the graft over a spiralled mandrill and 

securing in position prior to implant.  Previous authors have created the loop at the time of 

implant following the completion of the proximal anastomosis.219,241,460  Significant graft 

failure due to kinking was subsequently reported, which was not the case in the current 

experiment.241  It is therefore recommend that all looped grafts be pre-set prior to implant. A 

total looped graft length of 9cm was chosen as is was the maximum length that could be 

spiralled into a loop and placed under the retroperitoneum without distortion.   

 

It is clear that the implant time would have to be longer than four weeks as 50% of SCPU did 

not show evidence of mid-graft healing at this time point, and as such, implant times from six 

to 24 weeks were chosen for loop graft model (LCPU).  As expected, the endothelial-free 

zone decreased over time as TAmax and TGmax increased in length.  In contrast to the straight 

grafts however, all of the loop grafts were sufficiently isolated from the anastomotic 

outgrowth.  An extrapolation of the overall outgrowth rate from Phase A (0.6mm/wk.), is also 

consistent with the mean outgrowth rate reported in the literature,241,252,253,406,407 would 

suggest that the isolation zones would be transgressed by 24 weeks.  Despite this 

calculation, all of the 24-week grafts remained isolated with an endothelial free zone of 

10.5±5.6mm, further evidence of the slowing of the outgrowth edge.  The lack of 

transanastomotic endothelial ‘contamination’ confirmed that mid-graft healing was 

independent of transanastomotic endothelialization.  Based on these data, it is clear that the 

simplicity of the straight graft in construction and implant was outweighed by the consistent 

isolation obtained with the looped isolation model 

 

Six of the 32 LCPU grafts were occluded at explant and were excluded from the mid-graft 

endothelial analysis, since the surface could not be assessed.  However, these occluded 

grafts were still penetrated by capillaries, which fed into the occluded lumen from the graft 

wall (Figure 37).  The proposed mechanism is based on transmural capillary penetration into 

the clot, which eventually feeds into the distal lumen before complete occlusion of the graft.  

This in-graft collateralisation, in combination with extra-conduit collateralization creates a 

dual supply to the distal aorta.  This does not appear to be essential for providing distal flow 
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as the impervious grafts from Phase C (LCPU-Wrap and LCPU-Skin) were also free of signs of 

hind-limb ischaemia. 

 

At explant, 24 of 26 LCPU in Phase B (92%) had evidence of surface endothelium on the 

mid-graft.  At six weeks, the mid-graft was almost completely covered (72.0±42.1%) and was 

confluent by eight weeks (91.7±11.7%).  The isolated coverage was a vast improvement 

from the straight graft analysis where only 10% of the patent grafts had isolated mid-graft 

endothelialization, which increased to 92% in the patent loop grafts.  Thus, a looped high-

porosity isolation model, which was adapted from Shi et al. has for the first time allowed for 

the independent investigation of transmural endothelialization.  The initial significant 

adaption of the Shi model, was the omission of the external barrier to allow for transmural 

ingrowth, but still incorporating the anastomotic isolation.  The subsequent implementation of 

the loop allowed for this to be performed in a high throughput screening animal and 

establishes a reference model for future experimental graft materials.  Mid-graft confluence 

in the absence of transanastomotic contamination confirms the existence of independent 

spontaneous healing, but does not isolate transmural from fallout endothelialization. 

 

Of note was the decrease in endothelial coverage between week-12 to -24.  There is no 

obvious explanation for why the 24-week group appears to have less mid-graft 

endothelialization compared to the earlier timeframes.  The lack of significance could explain 

this as a chance outcome, but one could speculate that endothelialization may in fact 

decrease after 12 weeks.  A possible explanation could be due to dehiscence of the 

endothelium as the vascularity of the mid-graft decreases.  Although not specifically 

analysed there was a subjective observation of the decrease in mural vascularity over time 

on cross-sectional histology analysis.  This is a view that is also supported in the 

literature.461 

 

A further possible explanation (and limitation) for the decreased endothelialization may 

however, relate to the experimental design.  For logistic reasons, the 24-week group was the 

first looped group to be implanted.  The loop graft procedure required significantly more 

surgical technique, and it is plausible that the lack of surgical experience may have 

confounded the data.  It is also relevant that the only graft that did not sufficiently imbed in 

the retroperitoneum was part of the 24-week group, and this represented a significant outlier.  

Although all grafts were placed under the retroperitoneum in a similar fashion and showed 

evidence of capillary ingrowth, it is important to consider the potential for improved graft 

placement as surgical technical ability increased during the course of the experiment.  The 

24-week group was unique in its complete consecutive implant, which was performed for 
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logistic throughput reasons.  The remaining groups within the other phases were 

randomised to prevent further bias and as such, surgical experience would not have 

influenced the remaining groups 

 

8.1.2.(a) The influence of cross-clamp time 

 

The cross-clamp time can be applied as a surrogate for the difficulty of the anastomosis and 

the experience and dexterity of the surgeon.  Despite increasing difficulty in graft implant 

procedure, straight, loop and finally growth factor treated grafts, the clamp time continued to 

improve significantly over the course of the experiment.  This was not altered by the 

inclusion of early post-operative deaths in the analysis.  On comparison of straight graft 

implant, cross-clamp time improved from Phase A to Phase B, with little difference in 

technical difficulty, which suggests improvement in surgical skill.  The change in model from 

straight to looped grafts did subjectively increase the technical difficulty of the implant 

procedure, however there was no significant slowing of the cross-clamp time from straight to 

loop in Phase B.  Following this there was a significant improvement in the clamp time to 

Phase C and again to Phase D.  By Phase D clamp times were 27.6±7.0 minutes, which is 

comparable to the quoted straight graft implant time 33±16.9 minutes (Addendum A)  There 

are no data available on loop graft clamp times in the literature. 

 

In general, researchers seldom report on cross-clamp time as it has little bearing on the 

performance of the graft, but it does give insight into the difficulty of the anastomosis and the 

experience of the surgeon implanting the grafts.  This may be particularly relevant when 

describing materials that are known to be friable, with poor surgical handling characteristics.  

Based on the data presented in this thesis, a cross-clamp time of ±45 minutes would be 

regarded as acceptable with a maximum clamp time of an hour, after which there is an 

increased chance of graft occlusion.  The technical ability of the surgeon may also influence 

the outcome of results in more complex anastomoses as seen in the loop graft implant, 

which has a steep learning curve.   

 

8.1.2.(b) Mid-graft capillary ostia 

 

The proposal is that mid-graft endothelialization is due to transmural vessel ingrowth, which 

is reliant on the communication of perivascular vessels penetrating the graft wall and 

providing a surface endothelium.  The presence of capillary ostia is thus the cornerstone of 



Experimental Work  Section III 

 134 

evidence for the existence of transmural healing.  The reporting of surface ostia is 

rare,196,200,205,257,417-419 and as yet no one has been able to correlate the presence of these 

ostia with surface endothelialization.  This led Tsuchida et al. to concluded that capillary 

ingrowth is undoubtedly beneficial for the nutritional supply of ingrowing fibrous and 

endothelial cells, but their significance in remote endothelialization is secondary.  Although 

they acknowledge that capillaries may associated with improved endothelialization, as they 

had previously observed these capillaries surrounded by endothelial cells.462  They denied 

that transmural capillary ingrowth is a major source of endothelial surface coverage.417 

 

In the current study, surface ostia were observed in the mid-grafts of the loop implants.  As 

supported by the literature,196,200,205,257,417-419 there was no correlation between the presence 

of ostia and the extent of endothelialization.  Importantly however, capillary ostia were only 

seen with the presence of surrounding surface endothelium, and were not observed in any 

of the grafts, with functional abluminal isolation (LCPU-Wrap, LCPU-Skin) or in any of the 

straight grafts.  The absence of ostia in the externally isolated grafts is clear evidence of the 

lack of transmural capillary ingrowth, but the absence in the composite straight grafts 

requires further explantation.  This may be accounted for by the lack of isolation and 

subsequent contamination of the mid-graft by transanastomotic outgrowth.  It is unlikely that 

transmural capillary ingrowth would penetrate a pre-existing endothelial layer to form surface 

openings.  This does however confirm an important point; an alternative explantation for the 

presence of ostia could be that they occur as a luminal-to-abluminal phenomenon, rather 

than a source of endothelium from transmural means.  The hypothesis would suggest that 

progenitor cells (EPC) or transanastomotic outgrowth on the surface of the graft dive 

inwards and link up with penetrating capillaries.  The complete lack of surface capillary ostia 

in the straight as well as in the wrapped graft suggests that this is an unlikely hypothesis. 

 

On further analysis, significantly more ostia were found in the three-week implant group 

(Phase D) compared to the longer timeframes.  This once again supports the concept that 

tissue ingrowth tends to be more vascular in the early period, which regresses as scar tissue 

is laid down in the graft void.461  The cross-sectional diameter of these ostia ranged from 30 

to 50µm, similar to that published by Tsuchida et al., which is the size of an arteriole rather 

than capillary.463  It could be speculated that capillaries coalesce to form a ostium free 

monolayer when they reach the luminal surface, whereas arterioles form ostial openings.  

These ostia may close with time as may be the case in Figure 51.  The most convincing 

attribute that was documented in the ostial analysis pertained to the surrounding 

endothelium.  The only ostium that was seen after three weeks of implant, was surrounded 

by confluent endothelium. As was documented in the Tsuchida et al. study, and little could 
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be deduced from this observation.  However, in the three-week analysis, it was obvious that 

all ostia gave rise to a downstream extension of endothelium that fanned outwards.  The 

most convincing example of this is seen in Figure 48c, but similar findings were also noted in 

Figure 51b&c.  It is this consistent outward fanning, downstream nature that leaves little 

doubt in the origin of these capillaries.  

 

 

8.1.3 Fallout endothelialization 

 

First evidence of the limitation of fallout healing occurred as a coincidence in Phase B.  A 

single 24-week graft did not imbed in the retroperitoneum and remained free floating within 

the abdomen.  On gross examination, the porous mid-segment was covered by a white 

smooth capsule.  On histology, smooth muscle cells, macrophages, and collagen were 

present in the pores of the graft in the absence of endothelium.  Although this observation 

supports Julie Campbell’s464 finding that peritoneal macrophages are capable of trans-

differentiating into fibroblasts and vascular smooth muscle cells, it put the significance of 

“fallout” healing into perspective.  Described by Lester Sauvage’s group465,454 as a possible 

source of mid-graft endothelialization, the absolute lack of any traces of endothelium in the 

absence of transmural capillary ingrowth in this single graft suggests that in this model, the 

main source of mid-graft endothelium is transmural capillary ingrowth rather than blood-

borne endothelial or progenitor cells.  However, to firmly exclude the possibility of fallout 

healing, an isolation loop-graft experiment was required where the central high-porosity 

segment is sealed inside a low-porosity wrap of a pore size small enough to prevent 

capillary ingrowth but sufficiently porous to avoid the dismal occlusion rates of nonporous 

small-diameter grafts. 

 

Phase C was designed to address this unanswered question derived from Phase B, and was 

performed in three steps.  Firstly, the graft was covered with a 50µm thick ePTFE film 

(LCPU-Film).  The second group was wrapped with a commercially available 350µm thick 

ePTFE wrap, and finally the graft was sealed with a polyurethane skin.  This three-step 

mode determined the need for permeability as well as the barrier required to isolate the 

porous polyurethane from the perivascular tissue.   

 

Twelve weeks was chosen as the implant time based on data from Phase B, which suggests 

that it is the optimal time for surface endothelialization.  The significant bulging of the 

coverings of LCPU-Film and LCPU-Wrap represents the leakage of blood through the 
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permeable mid-graft to fill the space between PU and the barrier.  In the case of LCPU-Wrap, 

the graft became obviously taut but did not expand beyond the initial manufacture 

specifications.  LCPU-Film on the other had dilated significantly to a diameter of 4mm, almost 

double the initial implant specifications.  These findings at the time of implant were clues to 

the eventual explant results.  Once this was noted, a bench replication of the hydrostatic 

pressures was simulated with saline.  The 50µm film dilated to a similar diameter at 

120mmHg, but there was no effect on the 350µm wrap.  At SEM analysis there was no 

significant change in the IND due to the radial stretch of the graft, but of more relevance was 

the thinning of the nodes of the 50µm thick ePTFE.  Furthermore, the void space increased 

significantly.  Although there was disturbance of the fibril pattern in the 350µm ePTFE this 

did not influence any of the three parameters measured (IND, Node width and void space).  

It has been previously reported that capillaries cannot penetrate beyond 1/10th of the wall 

thickness of a standard (30µm IND) ePTFE graft.212  This would imply that capillaries could 

penetrate an unstretched 50µm film, but more important that the width of the graft was the 

increase in void space created by the radial stretch of the graft.  It is uncertain whether 

capillaries would have penetrated the graft had it not been stretched.  This is relevant when 

considering the potential for thin walled stent grafts to allow for transmural healing.  Without 

a control of unstretched LCPU-Film the transmural potential can only be speculated. 

 

All grafts were imbedded in the retroperitoneum, but the degree of adhesions to the mid-

graft correlated to the amount of perigraft isolation.  Both the LCPU and LCPU-Film were 

densely adherent to the underlying tissue, which also correlated to the tissue ingrowth into 

the graft wall.  LCPU-Wrap, although adherent to the underlying tissue was surrounded by a 

dense white capsule that easily pealed off the graft on sectioning. There were only loose 

connections to the mid-graft of LCPU-Skin that were similarly adherent to the isolation ePTFE 

segments.  These findings subjectively correlated with the degree of mid-graft 

endothelialization. 

 

The histological evidence confirmed that transmural capillary ingrowth occurred in both the 

control grafts (LCPU) and LCPU-Film.  Vessels were clearly documented in the PU void 

spaces as well as confirmation of endothelium on the graft surface (CD31+).  Significantly, 

capillaries were seen traversing the thin ePTFE film (Figure 44), negating its properties as a 

barrier.  This was not seen in either the LCPU-Wrap or LCPU-Skin grafts.  Macrophages were 

seen in all of the graft walls but most notably in the LCPU-Wrap, which would suggest that 

they are derived as monocytes from the circulation rather than perivascular ingrowth.  The 

absence of cellularity in the wall of LCPU-Skin most likely relates to the acute occlusion of 

these grafts.  Also of note was the extensive foreign body response seen on the abluminal 
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surface of LCPU-Wrap which was seen as a fibrous capsule macroscopically on explant.  It is 

possible that the lack of an extensive abluminal response in LCPU may be due to tissue 

ingrowth into the graft wall and thus the graft wall of the PU forms part of the foreign body 

response, whereas in the wrapped graft this is contained to the outside of the graft.  The 

high collagen content for the LCPU graft wall is representative of this. 

 

The addition of a CD133 stain was included to determine the source of the endothelial 

surface cells.307,434  A positive stain would imply EPC origin and one could conclude that the 

cells were derived as fallout endothelialization and only supported by underlying transmural 

growth, or in the case of LCPU-Wrap confirm the source of the endothelial cells as fallout.  

Despite corroboration of the stain on positive controls, none of the cells in any of the grafts 

stained CD133+.  Although CD133+ cells have been previously used to identify EPC, 430   

none have done so to assess fallout endothelialization. Previous authors have used CD34 

staining to identify EPCs,466,467 but unlike CD34, CD133 is never expressed on mature 

endothelial cells.468 CD34+ stain may be falsely positive in a mature non-EPC.  A simple 

explanation of the lack of CD133 positive stain is that once the cells have ‘docked’ on the 

surface of these grafts they have differentiated to lose their CD133 expression.  

 

The 100% occlusion in the non-porous (LCPU-Skin) group confirmed the importance of sub-

cellular permeability, but did not allow for surface endothelial analysis.  A finding that was 

first published at the onset of vascular graft research,21,196 but was an important finding to 

confirm that porosity is essential on two levels.  Firstly, to provide subcellular communication 

to facilitate patency and secondly at a higher porosity to permit tissue ingrowth.  It is clear 

that some form of porosity is essential for the patency of small diameter grafts and a low-

porosity wrap prevents tissue ingrowth without influencing the patency of the graft.  The 

presence of endothelium on the mid-graft of LCPU-Wrap confirms the existence of fallout 

endothelialization, and confirms the previous ‘proof of existence’ of fallout.454  The significant 

decrease in surface endothelial coverage compared to the unwrapped group also confirms 

that this is an inadequate mode for achieving confluence.   
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8.2 Local growth factor surface modification 

 

Surface treatment with growth factors was anticipated to significantly increase the 

transmural capillary ingrowth and result in improved mid-graft endothelialization.  This was 

based on heparin treated scaffold discs265 with the same porosity as the pPU in the current 

study showing an increase in vascularity on growth factor treatment when implanted 

subcutaneously.57,58,469  The challenge in model design was to determine an implant 

timeframe that was short enough for transmural endothelialization to be present on 

untreated samples, but sufficiently long for surface treatment to have an effect.  Three 

weeks was chosen base on the data from Phase B, as one graft showed evidence of mid-

graft healing at two weeks, but by four weeks the straight isolation was inadequate.  In a 

sample size of ten grafts it was anticipated that at least one untreated sample would show 

mid-graft endothelialization, which would be compared to the frequency and amount of 

endothelialization in the treatment groups.  Since heparin was used to attach VEGF and 

PDGF to the graft surface, an intermediate group of heparin only treatment was implanted to 

determine the effect of heparin treatment alone. 

 

Mid-graft endothelial coverage significantly increased with growth factor treatment, which 

was also true in the sub-group analysis.  The increase in endothelialization was evident for 

coverage area as well as the categorical analysis for the presence of endothelium.  Although 

no correlation between vessel ingrowth and endothelial overage was achieved, it appears 

logical that the apparent increase in mural vessels contributed to the surface 

endothelialization.  Previous data has confirmed the positive influence of growth factors on 

the mural angiogenesis in subcutaneous implants.57  It is therefore likely that the lack of 

statistical difference between the mural vascularity relates to a sample size that is too small 

to elicit a difference, but importantly was the statistical improvement in surface 

endothelialization. 

 

The vessel analysis did not however provide any statistical difference for the groups, or in 

the sub-group analysis for the indexed values.  Subjectively there did appear to be more 

vessels on inspection and graphical analysis do show an upward trend with increasing graft 

modification but there was no evidence of statistical significance.  It is plausible that the 

sample size was too small to elicit a statistical difference.  The increase in absolute vessel 

numbers in the treatment sub-group (SubG-Tr) does not bare scientific weight as these were 

not indexed to graft area.   

 



Chapter 8 Discussion 

 139 

One could argue that growth fact treatment encouraged more EPC deposition and thus the 

improvement in endothelialization related to fallout endothelialization, but the significant 

difference in endothelialization between transmural and fallout seen in Phase C, combined 

with the presence of vessel ostia with downstream endothelial outgrowth suggests that the 

improvement is from transmural means. 

 

8.3 Model design 

 

Specific attention was given to the materials chosen in the design of this model.  Previous 

isolation models have made use of ePTFE for anastomotic isolation, but have used PET as 

a mid-graft test segment.454,470  Although these models differ in that they were specifically 

designed to isolate fallout endothelialization (they were also externally isolated with silicone) 

there is little value in using PET as a test segment.  PET has been used in clinically implant 

graft for more than half a century, but confluent endothelium has never been seen on the 

surface of these grafts in humans.27,150  Although subsequent explant analysis showed that 

the early studies from the 1970’s underestimated fallout endothelialization, it was still limited 

to remote endothelial islands.471  It was for this reason that a goal specific mid-graft material 

was implemented rather than a clinically available graft. 

 

The isolation segments comprised of ePTFE (15-25µm IND) with an ID of 1.7mm was based 

on the literature analysis for previously implanted small diameter conduits in the rat aorta 

1.6±1.3mm (range of 1-2mm) as well as supply availability.  Based on implant aortic 

analysis, a Qc of 0.8 was calculated which is greater than the quoted threshold (>0.5) for 

intimal hyperplasia formation.7  Although not specifically measured, there was minimal 

evidence of intimal hyperplasia at the anastomosis (Figure 30 & Figure 36) due to pannus 

ingrowth.  IND specifications of 15-25µm are lower than the quoted IND of clinically 

implanted grafts (30µm), but based on quoted literature literature7 as well as the findings of 

the pressure test analysis in Phase C, the measured IND of Gore-tex® graft was 

17.0±1.2µm.  There is also evidence that an IND of approximately 20µm is most likely to 

remain patent in the short term.206   

 

A porous mid-graft segment of pPU was selected with a pore size of 150µm and 70µm 

interconnectivity.  This was previously shown to allow for the most tissue ingrowth in 

subcuticular implant model.240 Pre-clotting of the mid-graft segment was required to limit the 

permeability of the highly porous wall.  This haemostatic technique is well described,304 but 

may have also contributed to improved tissue ingrowth as a result of adhesion proteins and 
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growth factors within the clot.305  This study was not designed to investigate the contribution 

of clot towards endothelialization, but of not is that both LCPU-Skin and LCPU-Wrap contained 

clot within the graft wall, with limited endothelial coverage. 

 

Finally, an interrupted suture technique was employed. Continuous suture technique is 

reliant on an assistant ‘following’ the suture under limited tension, which would be 

cumbersome in this microsurgical procedure.  Furthermore, the use of a Nylon suture also 

favours interrupted suture technique, however if polypropylene was to be used, the improved 

sliding mechanics would make a continuous anastomosis plausible.  Although it is not felt 

that this technique influenced the result of the experiment it is strongly recommended that 

this technique be used in this model. 

 

8.4 Graft patency 

 

A further outcome of this study is the analysis of graft patency.  The high flow environment 

would explain the patency in the various experiments in this model compared to the clinical 

implant setting.  An initial patency of 100% (18/18) was seen in SePTFE.  This decreased to 

92% (22/24) for the SCPU and 84% for the LCPU (27/32).  The unsealed looped isolation graft 

from Phase C had a patency of 79% (19/24) and Phase D showed a patency of 100% 

(30/30).   

 

It is clear that the isolation segment does have some influence in the patency of the graft, 

which most likely relates to a minute offset at the time of graft construction creating a surface 

mismatch.  This could however also relate to surface thrombogenicity of the two materials 

but, further investigated with no-composite grafts would be required to determine this 

variable.  The looped isolation model had an overall patency of 88% (76/86), or 82% (76/92) 

if the 100% occlusion in the sealed mid-graft are included. This is in keeping with Robinson 

et al.’s result of 87.5% at 3 months for a non-isolated looped ePTFE graft.  It should also be 

mentioned that the improved endothelial coverage of the mid-graft segment did not correlate 

with an improvement in patency.  This may appear contradictory as the hypothesis of 

endothelialization relies on increase in endothelial coverage to ultimately improve clinical 

patency as seen in the seeding studies.10,20,274,275  On the surface the results obtained in this 

study regarding the correlation of transmural endothelialization and patency may appear 

disappointing.  It must be borne in mind however that the patency of a graft relates to the 

total surface exposed to the circulating serum.  Since the mid-graft segment form  

approximately 10% of the total graft length, even 100% coverage of this segment will only 
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result in a minor over-all graft coverage.  It is for this reason that patency correlation studies 

cannot be assessed in isolation models.  The patency quoted in this text refers thus to the 

robustness of the model for delivering measurable data.  Since the experimental design did 

not intend to assess patency beyond the above limits, early deaths related to surgical 

technical errors were excluded from the analysis. 

 

8.5 Intimal Hyperplasia 

 

One of the concerns relating to high-porosity grafts and the encouragement of transmural 

ingrowth remains the propensity for increased intimal hyperplasia.  As a result cross 

sectional analysis of LCPU was performed in Phase B.  Despite these concerns, intimal 

hyperplasia remained stable over for up to half a year.  This may relate to the suppressive 

nature of endothelium on the underlying tissue.6 

 

8.6 Conclusion 

 

Explant analysis has shown that vascular grafts remain devoid of an endothelial surface for 

decades after implant in humans.27,344,408.  Ex vivo transplantation of endothelial cells to 

create a confluent surface does improve patency,20,274,275 but the complexity and cost of this 

procedure has prevented its widespread use.  Current designs of vascular grafts only allow 

for transanastomotic and fallout endothelialization, which is clearly inadequate in their 

current form.  Transanastomotic endothelialization is thought to occur more effectively in 

high-porosity designs, but this has also not shown to occur in humans.412  Although animal 

experimental models have used optimisation techniques by surface modification to enhance 

fallout endothelialization,292 these methods have not yet translated to clinical use.  

 

Transmural endothelialization on the other hand has the potential to heal synthetic grafts 

with confluence, providing that there is adequate porosity with sufficient pore-

interconnectivity.  Clowes et al. was able to demonstrate histological and corrosion cast 

evidence of capillaries penetrating the graft surface with increased endothelialization in 

baboons.205  Although this was not an isolated model, there was sufficient evidence to 

suggest that transmural healing does exist in baboons.  The Clowes’ group followed up with 

a clinical experiment using the same porosity ePTFE (60µm), but added an external wrap for 

additional strength.412  Unfortunately, this addition of an external barrier limits any inferences 

on the humans ability to heal by transmural means.  It is for this reason that it is essential to 
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pursue transmural endothelialization unless there is further (sufficient) evidence that it does 

not occur in humans. 

 

The rat is a useful high-throughput model, which when used appropriately can provide 

meaningful information on mid-graft healing.  It is clear that transmural endothelialization is 

an independent form of healing that exists in the rat.  The lack of adequate length and model 

design has blurred the lines between transanastomotic and other forms of spontaneous 

healing that has limited progress in half a century of graft development.  Grafts less than five 

centimetres in length are inadequate to isolate the mid-graft from the anastomosis.  By 

looping the graft one is able to extend the low-porosity isolation segments to maintain broad 

endothelial-free zones for up to half a year.  Transmural endothelialization can occur by two 

weeks, but exists consistently at six weeks, and this process can be sped up with the 

addition of a heparin-growth factor surface treatment.  By preventing perivascular ingrowth 

through a highly porous graft by external wrapping, the mid-graft endothelialization is 

significantly reduced.  Intimal hyperplasia does not increase in the mid-graft where 

transmural endothelialization occurs. 

 

8.7 Study implications 

 

• The application of sequential mid-graft isolation has for the first time demonstrated 

that it is possible to clearly separate the three modes of healing in a murine infra-

renal looped-graft model.  A clear understanding of these healing mechanisms is 

crucial for future vascular graft design concepts, and the use of appropriately 

implemented animal isolation models will have a significant impact on improved 

clinical translation. 

 

• By implanting a composite prostheses consisting of a high-porosity mid-graft 

separated by low-porosity ePTFE isolation segments, it has been shown that 

transmural endothelialization occurs as a spontaneous and independent event.  As 

the other two modes of healing (transanastomotic and fallout endothelialization) have 

been shown to be very limited in clinical implants, TM healing remains a potentially 

“game-changing” method of achieving fully endothelialization grafts in humans. 

 

• Further isolating the abluminal surface with a low-porosity external wrap excluded 

fallout endothelialization as the primary contributor to confluent mid-graft healing.  

Despite limited fallout healing in this model and in humans, the lack of complete 
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endothelialization in humans even after a decade of implantation negates this as a 

potential form for endothelial confluence. 

 

• The application of growth factors via surface modification offers a valuable tool in 

further speeding up the transmural capillary ingrowth and subsequent surface 

endothelialization.  This addition may also have value in improving completeness of 

endothelial surface coverage in a clinical implant. 

 

• In addition to straight short grafts (to investigate anastomotic healing and 

hyperplasia), all experimental grafts should be tested in isolated models to determine 

their true healing capacity via the three identified modes.  The loop modification 

allows this to be performed in a small animal as a screening model. 

 

8.8 Delineations and Limitations 

 

The choice of animal (rat) and implant site (infra-renal aorta) for the experiment, was both 

purposeful and specific, and has been discussed in detail in Chapters 8.3 and 8.6 of this 

thesis.  However, there is a significant healing variation between species and age of the 

implanted animal as well as the implant site of a low resistance, high flow environment of the 

aorta in comparison to the intended implant site in the peripheral arterial system.  These 

variations should be borne in mind when interpreting the published results. 
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8.9 Recommendations and future directions 

 

• The isolation loop design serves as a screening model for future graft development 

that seeks to test the mid-graft healing whether by transmural or fallout 

endothelialization.  It would thus be encouraged that this model be used as an 

intermediate step (following standard straight implant) for all prospective graft 

designs prior to large animal implant.  A similar isolation model would be 

recommended in the large animal to investigate cross-species healing, but 

importantly graft lengths should be equivalent to the proposed implant conduit. 

 

• Intimal hyperplasia should be specifically investigated to further quantify the role of 

transmural endothelialization in mid-graft healing 

 

• High-porosity, biodegradable polymers268 should be implemented in this model to 

assess healing capabilities remote from the anastomosis. 

 

• Further graft modifications should also be investigated to enhance the rate of 

endothelialization.  The use of growth factor combinations and alternative anti-

thrombotic surface modifications may contribute to optimised healing. 

 

• It would be advisable to implement the current design with a high-porosity ePTFE 

(60µm) mid-segment without an external wrap in place of the pPU to consolidate the 

findings of Clowes et al. and Kohler et al.205,412  This would potentially require the 

least impediment to clinical application. 

 

• Ultimately transmural healing needs to be applied in a clinical model.  The model 

design of Kohler et al. is unlikely to pass ethical approval if attempted again due to 

the dual graft implant, but with sufficient evidence of transmural confluence in an 

animal model, clinical implant of a full length of high-porosity graft with long-term 

follow up would be essential to confirm the presence on transmural healing in 

humans. 
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8.10 Research Outputs 

 

The work presented in this thesis has been presented in the following formats: 

8.10.1 Publications: 
 
Differentiating transmural from transanastomotic prosthetic graft endothelialization 
through an isolation loop-graft model. 
T. Pennel, P. Zilla, D. Bezuidenhout 
Journal of Vascular Surgery. 2013 Oct;58(4):1053–61. 
 

8.10.2 Intended submissions 
 
Separating transmural endothelialization from fall-out and pannus outgrowth 
T. Pennel, P. Zilla, D. Bezuidenhout 
 
Growth factor delivery via covalent surface heparinization for improved 
neovascularization of porous polyurethane grafts 
T. Pennel, P. Zilla, J Koehne, D. Bezuidenhout 

8.10.3 Publications associated with current thesis 
 
Stabilized Arterial Scaffolds as Vascular Grafts; Pre-clinical Testing in Direct and 
Isolation Loop Circulatory Models 
T. Pennel, G. Fercana, D. Bezuidenhout1, A. Simionescu, T. Chuang, P. Zilla, D. Simionescu 
Submitted Biomaterials 
 

8.10.4 Conference presentations: 
 

8.10.4.(a) International 

 
Differentiating between transanastomotic and transmural endothelialization: An 
Isolation-loop-graft model in the Wistar rat. 
T. Pennel, P. Zilla and D. Bezuidenhout 
International Society for Applied Cardiovascular Biology (ISACB) 
Boston, September 2010 
 
Neovascularization of a Vascular Scaffold Through Surface Treatment of Vascular 
Endothelial Growth Factor-A and Platelet-Derived Growth Factor-BB 
T. Pennel, P. Zilla, N. Davies, D. Bezuidenhout 
International Society for Applied Cardiovascular Biology (ISACB) 
London, September 2012 
 

Differentiating transmural from transanastomotic graft endothelialisation through an 
isolation-loop-graft model 
Tim Pennel, Peter Zilla, Deon Bezuidenhout 
6th World Congress of Paediatric Cardiology and Cardiac Surgery 
Cape Town, February 2013 
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Transmural capillary ingrowth is essential for mid-graft healing 
T. Pennel, D. Bezuidenhout, N. Davies, P. Zilla 
Tissue Engineering and Regenerative Medicine International Society (Termis) 
Atlanta, November 2013 
 
Separating transmural from fallout and transanastomotic endothelialization 
T. Pennel, D. Bezuidenhout, N. Davies, P. Zilla 
International Society for Applied Cardiovascular Biology (ISACB) 
Cleveland, April 2014 
 

8.10.4.(b) Local 

 
Small diameter polyurethane vascular prosthesis isolation model for transmural graft 
endothelialization – A study design with Phase 1 results 
T. Pennel, P. Zilla and D. Bezuidenhout 
University Cape Town Research Day 2008 
 
Measuring Transanastomotic growth rate of prosthetic vascular grafts in the 
infrarenal abdominal aorta of Wistar rats 
T. Pennel, P. Zilla and D. Bezuidenhout 
University Cape Town Research Day 2010 
 
Differentiating between Transanstomotic and transmural endothelialization 
T. Pennel, D. Bezuidenhout, N. Davies, P. Zilla 
South African heart association (SAHA) 
East London, April 2011 
 
Transmural endothelialization: Stable and independent vascular graft healing 
T. Pennel, P. Zilla, N. Davies, D. Bezuidenhout 
South African Society for Cardiovascular Research (SASCAR) 
Cape Town, June 2013 
 
Transmural capillary ingrowth is essential for mid-graft  
T. Pennel, D. Bezuidenhout, N. Davies, P. Zilla 
South African Cardiothoracic Conference 
Zimbali, August 2013 
 
Separating transmural  from fall-out and transanastomotic endothelialization 
Timothy Pennel, Deon Bezuidenhout, Neil Davies, Peter Zilla 
University Cape Town Research Day 2013 
 
Excluding ‘fall-out’ healing as a source of confluent mid-graft endothelialisation 
T. Pennel, D. Bezuidenhout and P. Zilla 
University Cape Town Research Day 2013 
 
Differentiating between transanastomotic and transmural endothelialization: An 
Isolation-loop-graft model in the Wistar rat 
T. Pennel, P. Zilla and D. Bezuidenhout 
University Cape Town Research Day 2013 



 

 

 

 

 
 
 
 
 
 

Section IV 
 

Addenda and References



  

  

  

 148 



 Addendum A Summary of implant literature 

 149 

Author Year  Animal Position Length 

(mm) 

ID 

(mm) 

Material (Porosity/IND) Treatment Method Clamp Time 

(min) 

n Patency 

Lidman472 1980 1a Rat Femoral 4 1 PTFE None SEM + Histo NA 5 20% 

  b Rabbit Femoral 10 1 PTFE None SEM + Histo NA 12 89% 

  c Rabbit Carotid 25 1.8 ePTFE None SEM + Histo NA 12 83% 

Hess406 1983 2 Rat Aorta 10 1.6 Fibrous PU None SEM NA 47 91.2% 

Hess407 1985 3a Rat Aorta 10 1.5 PU Fibrillar None SEM + Histo 45 355 92.70% 

  b Rat Aorta 100 1.5 PU Fibrillar Loop SEM + Histo NA 51 52.90% 

Hess236 1986 4a Rat Aorta 10 1.5 ePTFE None SEM NA 18 100% 

  b Rat Aorta 10 1.5 PU Fibrillar None SEM NA 18 100% 

Ribbe449 1987 5a Rat Aorta 7 1 ePTFE (30µm) None Histo + Angio NA 11 100% 

  b Rat Aorta 20 1 ePTFE (30µm) Iliolumbar ligation Histo + Angio NA 14 93% 

  c Rat Aorta  20 1 ePTFE (30µm) iliac ligation Histo + Angio NA 8 63% 

Van der Lei459 1988 6 Rat Aorta 10 1.5 ePTFE None SEM + Histo NA 30 98% 

Marrangoni473 1988 7a Rat Aorta 6 2 ePTFE (30µm) None Histo NA 14 88.30% 

  b Rat Aorta 6 2 ePTFE (30µm) Aspirin Histo NA 23 93% 

Van der Lei442 1989 8a Rat Aorta 10 1.5 ePTFE None SEM + Histo NA 18 100% 

  b Rat Aorta 10 1.5 ePTFE Chitosan SEM + Histo NA 18 100% 

Hess474 1989 9a Rat Aorta 10 1.5 ePTFE (30µm) None SEM + Histo * * * 

  b Rat Aorta 10 1.5 ePTFE (60µm) None SEM + Histo * * * 

Robinson219 1989 10a Rat Aorta 100 1.5 ePTFE Loop SEM + Histo * 8 88% 

  b Rat Aorta 10 1.5 ePTFE None SEM + Histo * 8 100% 

Van der Lei475 1991 11a Rat Aorta 10 1.5 ePTFE (30µm) None SEM + Histo * 18 * 

  b Rat Aorta 10 1.5 ePTFE (30µm) Ethanol SEM + Histo * 18 * 

Okoshi251 1991 12a Rat Aorta 10 to 20 1.5 PU Spongy None * NA 23 72% 

  b Rat Aorta 10 to 20 1.5 PU Spongy Sealed SEM + Histo NA 12 0% 

Zdanowski443 1992 13a Rat Aorta 5 2 ePTFE (30µm) None SEM + Histo 21 30 93% 

  b Rat IVC 5 2 ePTFE (30µm) None SEM + Histo 21 30 93% 

Hirabayashi457 1992 14a Rat Aorta 5 1.5 ePTFE (20µm) None SEM + Histo NA 5 100% 

  b Rat Aorta 5 1.5 ePTFE (40µm) None SEM + Histo NA 5 80% 
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Author Year  Animal Position Length 

(mm) 

ID 

(mm) 

Material 

(Porosity/IND) 

Treatment Method Clamp Time n Patency 

Hirabayashi457 1992 14c Rat Aorta 5 1.5 ePTFE (60µm) None SEM + Histo NA 5 80% 

  d Rat Aorta 5 1.5 ePTFE (90µm) None SEM + Histo NA 5 80% 

Okoshi241 1993 15a Rat Aorta 10 to 20 1.5 Low porosity PU (spongy) None SEM + Histo NA 12 0.08 

  b Rat Aorta 10 to 20 1.5 Medium PU (Spongy) None SEM + Histo NA 17 0.76 

  c Rat Aorta 100 1.5 Medium PU (Spongy) None SEM + Histo NA 1 1 

Ahlswede476 1994 16a Rat Aorta 10 1 ePTFE (30µm) None SEM + Histo NA 15 93% 

  b Rat Aorta 10 1 ePTFE (30µm) Endothelial sodding SEM + Histo NA 6 17% 

Doi68 1997 17a Rat Aorta 20 1.5 PU Laser holes bFGF SEM + Histo NA 4 100% 

  b Rat Aorta 20 1.5 PU Laser holes None SEM + Histo NA 4 100% 

Masuda69 1997 18a Rat Aorta 20 1.5 PU Laser holes None SEM + Histo NA 9 NA 

  b Rat Aorta 20 1.5 PU Laser holes VEGF5µg/ml SEM + Histo NA 6 NA 

  c Rat Aorta 20 1.5 PU Laser holes bFGF SEM + Histo NA 6 NA 

  d Rat Aorta 20 1.5 PU Laser holes VEGF5µg/ml/bFGF SEM + Histo NA 11 NA 

  e Rat Aorta 20 1.5 PU Laser holes VEGF50µg/ml/bFGF SEM + Histo NA 5 NA 

Jeschke253 1999 19a Rat Aorta 10 1.5 PU Electrospun None SEM + Histo NA 69 82% 

  b Rat Aorta 10 1.5 ePTFE (30µm) None SEM + Histo NA 81% 

Contreras252 2000 20a Rabbit Carotid 20 2 ePTFE (30µm) None SEM + Histo NA 8 100% 

  b Rabbit Carotid 20 2 ePTFE (60µm) None SEM + Histo NA 8 100% 

  c Rabbit Carotid 20 2 ePTFE (60µm) PU Sealed SEM + Histo NA 8 100% 

Kidd382 2003 21a Rat Aorta 10 1.5 ePTFE (30µm) None SEM + Histo NA 9 100% 

  b Rat Aorta 10 1.5 ePTFE (30µm) HaCaT SEM + Histo NA 7 100% 

  c Rat Aorta 10 1.5 ePTFE (30µm) II-4 SEM + Histo NA 54 100% 

Zhang477 2004 22a Rat Aorta 10 1.5 PU (5,10,20 & 30µm) None SEM + Histo 47±9 8 100% 

  b Rat Aorta 10 1.5 ePTFE (60µm) None SEM + Histo 49±13 8 100% 

Randone478 2005 23a Rat Aorta 10 2 ePTFE (30µm) None Histo NA 10 100% 

  b Rat Aorta 10 2 ePTFE (30µm) ECM Histo NA 10 100% 

  c Rat Aorta 10 2 ePTFE (30µm) ECM+VEGF Histo NA 10 100% 
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Author Year  Animal Position Length 

(mm) 

ID 

(mm) 

Material 

(Porosity/IND) 

Treatment Method Clamp Time n Patency 

Pektok479 2008 24a Rat Aorta 13 2 ePTFE None Histo 67±1.4 15 100% 

  b Rat Aorta 13 2 PCL Electrospun None Histo 72.1±3.5 15 100% 

Pektok308 2009 25a Rat Aorta 12 2 ePTFE (30µm) ETOH Histo NA 5/gr 100% 

  b Rat Aorta 12 2 ePTFE (30µm) None Histo NA 5/gr 100% 

bFGF = Basic fibroblast growth factor 

ECM = Extra cellular matrix 

ePTFE = Expanded polytetrafluoroethylene  

ETOH = Ethanol 
gr = Group 

HaCaT = Human keratinocyte line 

Histo = Histology 

IL-4 = Interleukin 4 

NA = Not available 

PU= Polyurethane 

SEM - Scanning electron microscopy 

VEGF = Vascular endothelial growth factor 
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   Implant time 

Author  Year 1d 3d 5d 1wk 10d 2wk 3wk 4wk 5wk 6wk 8wk 12wk 18wk 24wk 25wk 20m 

Lidman 1a 1980 * * * * * * * 52.5±9.8 * * * * * * * * 

 b  * * * * * * * * * * * * * * * * 

 c  * * * * * * * * * * * * * * * * 

Hess 2 1983 * * 1.5 * * * Full * * * * * * * * * 

Hess 3a 1985 * * * * * * Full * * * * * * * * * 

 b  * * * * * * * * * * * * * * Full * 

Hess 4a 1986 * 0 0.3mm  0.5mm  1 * * 1-3mm * 1-3mm * * * * 

 b  * 0 0.3mm  0.4-0.7mm  2-5 * * Full * Full * * * * 

Ribbe 5a 1987 * * * * * * * * * * * * * Full * * 

 b  * * * * * * * * * * * * * * * Full 

 c  * * * * * * * * * * * * * * * Full 

Van der Lei 6 1988 * * * * * * * * * * * Half * * * * 

Marrangoni 7a 1988 * * * * * * * * * * * * * * * * 

 b  * * * * * * * * * * * * * * * * 

Van der Lei 8a 1989 * * * * * * * * * 19±4% * * * * * * 

 b  * * * * * * * * * 76±22% * * * * * * 

Hess 9a 1989 * * * * * * * * * * * * * * Partial * 

 b  * * * * * * * * * * * * * * Full * 

Robinson 10a 1989 * * * * * * * * * * * Few mm * * * * 

 b  * * * * * * * * * * * Few mm * * * * 

Van der Lei 11a 1991                 

 b  * * * * * * * * * * * * * * * * 

Okoshi 12a 1991 * * * * * * * * * * * * * * * * 

 b  * * * * * * * * * * * 73% * * * * 

Zdanowski 13a 1992 * * * * * * * * * * Partial * * * * * 

 b  * * * * * Full * * * * * * * * * * 

Hirabayashi 14a 1992  * * * * * * * 24.80% * * * * * * * 

 b   * * * * * * * 68.30% * * * * * * * 
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   Implant time 

Author  Year 1d 3d 5d 1wk 10d 2wk 3wk 4wk 5wk 6wk 8wk 12wk 18wk 24wk 25wk 20m 

Hirabayashi 14c   * * * * * * * 100% * * * * * * * 

 d   * * * * * * * 100% * * * * * * * 

Okoshi 15a 1993 * * * * * * * * * * * Partial * * * * 

 b  * * * * * * * * * * * Full * * * * 

 c  * * * * * * * * * * * 0.47 * * * * 

Ahlswede 16a  * *  No Cells * No Cells * * * * * * * * * * 

 b  * *  Cells * Cells * * * * * * * * * * 

Doi 17a 1997 * * * * * * * 58±17% * * * * * * * * 

 b  * * * * * * * 29±9% * * * * * * * * 

Masuda 18a 1997 * * * * * * * 29.4±9.8% * * * * * * * * 

 b  * * * * * * * 58.3±19.6% * * * * * * * * 

 c  * * * * * * * 56.0±28.5% * * * * * * * * 

 d  * * * * * * * 52.4±5.3% * * * * * * * * 

 e  * * * * * * * 52.5±9.8% * * * * * * * * 

Jeschke 19a 1999 0% * * 6% * 53% * 100% * * 100% * * 100% * * 

 b  0% * * 5% * 22% * 63% * * 97% * * 100% * * 

Contreras 20a 2000 * * * * * * * * * * 5mm * * * * * 

 b  * * * * * * * * * * 5mm * * * * * 

 c  * * * * * * * * * * 5mm * * * * * 

Kidd 21a 2003 * * * * * * * * * * * * * * * * 

 b  * * * * * * * * * * * * * * * * 

 c  * * * * * * * * * * * * * * * * 

 d  * * * * * * * * * * * * * * * * 

Zhang 22a 2004 * * * 0.2-0.6mm * 1.5-1.7mm * Partial * * Full * * * * * 

 b  * * * * Minimal * * * * * Anastomotic * * * * * 

Randone 23a 2005 * * * * * * * * * * 52.8±6.37% * * * * * 

 b  * * * * * * * * * * 36.8±7.33% * * * * * 

 c  * * * * * * * * * * 20.8±4.89 % * * * * * 
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   Implant time 

Author  Year 1d 3d 5d 1wk 10d 2wk 3wk 4wk 5wk 6wk 8wk 12wk 18wk 24wk 25wk 20m 

Pektok 24a 2008 * * * * * * 45% * * 100% * 100% 100% 100% * * 

 b  * * * * * * 8% * * 24% * 85% 88% 88% * * 

Pektok 25a 2009 * * * * * * 31.03±10.61% * * * * * * * * * 

 b  * * * * * * 13.03±9.46% * * * * * * * * * 

d = Day 

wk = Week 

m = Month 
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Addendum B 
 

Equipment 
 

Isolated straight graft build 
 
Equipment 
 

1. Desk lamp 
2. Stereomicroscope microscope with attached light source 
3. Cutting board 
4. Non-sterile gloves 
5. Microtome blade (Accu-Edge) 
6. 1.5mm straight steel mandrill 
7. Fine paintbrush 
8. ePTFE isolation segments 
9. Low-porosity ePTFE (Zeus Industrial Products Inc, Orangeburg, SC) Internal 

diameter [ID]:1.77 ± 0.05 mm; outer diameter [OD]:2.48 ± 0.05 mm; internodal 
distance [IND]:15-25 mm) 

10. Mid-graft segment 
11. ePTFE (control) 
12. PU (test) 
13. Sterile petri dish 

 
Chemicals 

1. 10% M48 (w/w) in chloroform solution 
2. Chloroform 
3. 70% Ethanol 

 
Isolated loop graft build 
 
Equipment 
 

1. Electric hot plate 
2. Stainless steel bowel 
3. Thermometer 
4. Desk lamp 
5. Stereomicroscope microscope with attached light source 
6. Cutting board 
7. Non-sterile gloves 
8. Microtome blade (Accu-Edge) 
9. 1.5mm nylon cord 
10. Fine paintbrush 
11. ePTFE isolation segments 
12. Low-porosity ePTFE (Zeus Industrial Products Inc, Orangeburg, SC) Internal 

diameter [ID]:1.77 ± 0.05 mm; outer diameter [OD]:2.48 ± 0.05 mm; internodal 
distance [IND]:15-25 mm) 

13. PTFE mandrill ([OD] 13 mm, Length 100mm) 
14. Petri dish 
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Chemicals 
 

1. 6% M48 (w/w) in chloroform solution 
2. Chloroform 
3. 70% Ethanol 

 
Implant 
 
Surgical equipment 
 

1. Electric hot-plate 
2. Stainless steel bowel 
3. Desk lamp 
4. Operating microscope with attached light source 
5. High flow non-rebreather anaesthetic circuit. 
6. Isoflurane vaporiser 
7. Seven to ten sterile drapes (30x30cm) 

 
Heavy instruments 
 

1. Large Needle holder 
2. Scissors 
3. Adson’s forceps 
4. Ear tagger 

 
Fine Instruments 
 

1. Vanna scissors 
2. Suture tying forceps 
3. Fine Needle holder 
4. Vascular clamps (x4) 
5. Microclip applicator 
6. Bovie Cautery 
7. Micro forceps (x2) 

 
Consumables 
 

1. Buprenorphine (0.05mg/kg dose - 6 doses per rat) 
2. Heparin saline (50IU per rat) 
3. Isoflurane 
4. Oxygen 
5. 9/0 Sutures (J&J Ethilon 2809G) 
6. 2/0 Polyester Braided suture 
7. Gauze swabs 10 swabs per rat 
8. Saline 500ml 
9. Ear buds (x6) 
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Addendum C 
 

Systemic Anticoagulants 
 

Acetylsalicylic acid, also known as Aspirin, is the mainstay of anti-platelet therapy in the 

secondary prevention of cardiovascular disease.480  It functions by permanent inactivation of 

cyclooxygenase (COX) activity of prostaglandin H synthase-1, -2 (COX-1 and COX-2).  Low 

dose aspirin is sufficient to inhibit the COX-1 dependent platelet function by prohibiting the 

conversion of arachidonic acid to thromboxanes.481  Aspirin used as a single antiplatelet 

therapy or in combination with other anti platelet drugs has proven effective for primary and 

secondary cardiovascular events and PAD.337 

 

Thienopyridines, (Clopidogrel, Ticlopidine) are a class of anticoagulant drug that involve 

irreversible modifications of the platelet receptor P2Y12, which inhibit adenosine 

diphosphate (ADP) -induced platelet aggregation.  They have no direct effects on 

arachidonic acid metabolism and may be a useful alternative when aspirin is not available.482 

 

GP-IIb/IIIa receptor antagonists, (Abciximab, tirofiban and eptifibatide) bind with the platelet 

glycoprotein (GP) IIb/IIIa complex. 

 

Dipyridamole is a pyrimidopyrimidine derivative that was initially used as an arterial dilator 

and its mechanism of action as an antiplatelet agent has been controversial.  However, 

combined with low dose aspirin it has shown increased efficacy when compare to the use of 

either drug alone.483 

 

Warfarin (coumadin), a vitamin K antagonist was initially used as a rodenticide in the 1940’s.  

It has been the mainstay of oral anticoagulation for more than half a century and has been 

used extensively in the prevention of secondary embolism for patients with prosthetics heart 

valves or atrial fibrillation.  The challenging clinical prescription of these drugs remains a 

problem, due to their narrow therapeutic window and the variability of dose response 

amongst patients that is influenced by diet.484 

 

Factor Xa inhibitors (Rivaroxaban, apixaban) Are once daily oral drugs, which have shown 

non-inferiority compared to vitamin K antagonists in the prevention of stroke and embolism 

trial in atrial fibrillation but have no established role in graft patency.481 
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Heparin is a glycosaminoglycan that was discovered to have antithrombotic properties 

almost a century ago.  Its high affinity for antithrombin III (ATIII) markedly accelerates AT’s 

ability to inactivate thrombin(FIIa), FXa and FIXa, of which thrombin is the most sensitive. Its 

use is limited by the necessity for parenteral administration, but has a major advantage in 

that it is completely reversed by protamine sulphate, which binds to heparin to form a stable 

salt.297 

 

Low molecular weight heparin (LMWH) is derived from heparin by a chemical or enzymatic 

depolymerisation and has a more inhibitory function against FXa than thrombin. It can be 

administered safely as a subcutaneous injection. 
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Addendum D 
 

Bulleted Results Summary 
 

 

Transanastomotic endothelialization 

 

• The rate of transanastomotic endothelial outgrowth in the straight graft analysis was 

shown to slow over time. 

• This finding was not statistically significant in the loop graft analysis. 

• The high variance in the loop grafts may be caused by preferential growth along the 

curvature of the graft. 

• Although not measured, there was no subjective difference of outgrowth between the 

greater and lesser curvature of the graft. 

• In the straight graft analysis , TAImean tended to be similar to TAmin for two and four 

weeks, but by six weeks was closer to TAmax, suggesting that transanastomotic 

outgrowth is initiated by a single leading projection, rather than a consistent flat edge. 

• Furthermore, TAmax was shown to slow down over time, while TAmean remained 

constant, allowing for the rest of the outgrowth to ‘catch up’ and providing more area 

coverage for distance extended. 

• This slowing of outgrowth is the key to the limitation of transanastomotic outgrowth to 

completely endothelialize clinically implanted grafts. 

• Based on these findings, the length of the infra-renal rat aorta is too short to correlate 

this data with clinically implantable grafts since transanastomotic outgrowth alone is 

sufficient to fully endothelialize grafts by six weeks. 

• This infers that mid-graft healing cannot be implied in an infra-renal aortic graft 

model. 

• It is therefore recommended that straight graft be used as models for biocompatibility 

as well as host vessel-conduit interaction, but should not be implemented without the 

addition of a looped model to assess mid-graft healing, as well as the total extent of 

transanastomotic outgrowth in a non-isolated form. 
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Transmural endothelialization 

 

• Perigraft capillary ingrowth reached the luminal surface by two weeks. 

• As a result, luminal endothelialization was seen to occur at two weeks in a single 

graft (17%). 

• None of the two-week grafts showed evidence of TA isolation zone breach. 

• By four weeks transanastomotic outgrowth breached the isolation segments in one 

third of the implants. 

• Only one of the remaining uncompromised mid-grafts in the four-week group showed 

evidence of mid-graft healing. 

• Transmural endothelialization breached the isolation segment in all of the patent six 

and eight week grafts. 

• Based on these data it is clear that four weeks is insufficient length of time to 

establish isolated mid-graft healing and the isolation segment is too short for longer 

implant times. 

• SCePTFE control data, estimated that an isolation zone of 5mm was sufficient to isolate 

TAE outgrowth, however, this did not translate to the experimental arm of SCPU due 

to the influence of TRmax. 

• A straight graft isolation model has been determined to be inadequate. 

• Looping the graft enabled the investigator to increase the isolation length from 5mm 

to 40mm. 

• None of the patent LCPU grafts showed evidence of transanastomotic endothelial 

breech of the ePTFE isolation zone, yet 92% had mid-graft endothelial coverage. 

• A single graft (24 week) did not imbed in the retroperitoneum and remained ‘free-

floating’ in the abdomen.   

• The lack of mid-graft endothelialization on this graft, suggests that perigraft capillary 

ingrowth is essential for mid-graft healing. 

 

Fallout endothelialization 

 

• Phase C was designed to differentiate transmural from fallout endothelialization 

• Twelve weeks was chosen as a reliable timeframe to ensure mid-graft 

endothelialization. 

• The thin film barrier, LCPU-Film (50µm) distended in situ resulting in radial stretching 

of the graft. 
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• The increase in interfibrillar distance and increase in void space was confirmed at 

subsequent bench pressure testing, there was however no influence on the 

internodal distance. 

• This significant increase in the void space allowed for capillary ingrowth through the 

film, thus not serving as an adequate external barrier. 

• Surface endothelial coverage did not differ between LCPU and LCPU-Film. 

• The 350µm wrap, LCPU-Wrap showed no evidence of distension in situ and did not 

show any evidence of radial stretch at the bench pressure simulation. 

• There was significantly less mid-graft endothelialization in the LCPU-Wrap grafts 

which suggests that transmural capillary ingrowth was the predominant source of 

mid-graft healing in Phase B loop. 

• Impermeable LCPU-Skin grafts all occluded confirming the need for some form of 

porosity to maintain patency, a finding documented at the start of vascular graft 

research. 

 

Surface modification 

 

• The three week timeframe was chosen based on results from Phase B of the study. 

• Endothelial coverage significantly increase through surface modification with heparin 

bound VEGF at three weeks 

• There was no significant increase in vessel quantification, despite the apparent trend. 

• There was no statistically significant correlation between vessel number and the 

amount of endothelialization. 

• Despite this finding, the author still suggests that the source of this increased 

endothelialization is due increased angiogenesis.  Further studies are required with a 

larger sample size will be required to confirm this finding. 

 

Supplementary findings 

 

• The cross-clamp time decreased significantly over the course of the study. 

• This suggests that surgical skill does improve with experience. 

• This finding should always be taken into account as a potential confounder. 

• All experimental groups and timeframes were randomised to prevent this confounder 

except for the 24 week LCPU group fro logistical reasons. 

• This could account for the slightly decreased (but not statistically significant) 

endothelialization of this group compared to the earlier timeframes. 
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• Mid-graft capillary ostia were seldom seen on surface analysis and had no 

correlation to the degree of surface endothelialization. 

• Importantly however significantly more ostia were seen in the earlier timeframes 

suggesting that they regress over time. 

• No capillary ostia were seen in the wrapped grafts. 

• It is concluded that these capillary ostia are a source of transmural endothelialization, 

but are not required for the process to occur. 
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