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‘and the advent of aorto- coronary bypass surgery, an 1ncreasing demand

L has ar1sen for small ca11bre arterial. grafts At present most smal]

ca11bre grafting’ is.done ut11121ng segments of autogenous veins to |
v1nterpose 1nto the‘arter1a1 system The hea11ng characteristics of
these are not c]ear]y understood and a]so detradt from thelr function ’
) in many cases, Thus the need for a more 1dea1 and also read11y
ava11ab1e a1ternat1ve has prompted our study of various other sma]l
: a11bre conduits. | | ,. T | A d
. Ne dec1ded to study the function and heal1ng characteristics
of four separate types. of grafts (a) autogenous arteria] segments.
- {b) autogenous venous segments. (c) 4 mm. dacron conduits, and
d) 3 mm po]yurethane foam~condu1ts A group of eachuof these separate‘"f
types of grafts were 1mp1anted 1nto a dog s femoral artery site and
h left to mature for a one hundred day period or until occlusion..
ydeterm1ned by 1nterm1ttant ang1ography They were then removed and
o subJected to h1sto]ogwca1 .and. e]ectron microscopic examination to htijh7%e
"de11neate the structura] and cel]u\ar changes occurring | - ‘vv
:' | The autoqenous segments performed extreme1y we11 and were
-[studied as. above HOWever, the two types oﬁ fabr1c~grafts proved |
‘unsuitab]e by demonstrat1ng ear1y occ]usion due to throhbos{s and were ;.A
h,not further studied 4 Histologic and ultrastructura] examination of d
“the autogenous segments demonstrated that the venous segments under- fi'g”?
N went changes of 1nt1ma1 th1cken1ng and media1 ftbrosis, wh11e the o

.~!arter1al segments rematned essenttally unchanged
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'INTRODUCTION -

\

The vascular .surgeon is confronted daily w1th the problem of
'replac1ng an arterial segment, which has. been damaged traumatically
or pathologically, w1th an adequate substitute - In order-to satisfy
‘ the requ1rements for a satisfactory arterial substitute. a conduit
a must fulfill several criteria Ideally,the calibre of the conduit
should correspond to the Size of the vessel being substituted for .
_.or grafted to. Attaininq this, the conduit must also fulfill several
more challenging requirements It must be of durability sufficient
to: allow lt to withstand the physical stresses imposed upon it by the .
' fluid flow it now carries Next,- the conduit must be of such compo-- N
f51tion thqt it can withstand the chemical stresses inherent in such |
"a biological environment and yet not produce alterations in the _
,surrounding structures Finally, an ideal replacement must be c:bable |
- of acting A soec1fically as: a vascular segment conducting a flow of |
' ‘_blood for the surVival period of the individual
A The size compatibility problem was solved alnnst immediately ~{,,,1
fas the surgical repair of the vessel became a possibility Th e |
."Jobvious solution was ‘to- use another vessel similar size and
r;anatomical structure from the host Historjcally this is precisely

';fwhat was realized in the early work consisting of the replacement of i

! an: arterial defect with a fresh autogenous arterial segment Such f7*<][

"'work was &arried out QYCarrél andGuthrie in the early l900 s (l)



.
and reviewed by‘Sch]oss and Shumacker (25. Th1s s1mpi;)solut1on '
also met the ‘other requ1rements of a vascu]ar conduit and proved qu1te
,‘successfu], at least for: short and med1um term time 1nterva1s o i
y In practice however -an expendable arterial rep1acement 1s
'seldom ava11ab]e from the‘bost and therefore other vesse]s had to be ‘
. trxed as rep]acements ‘ Autogenous venous segments wh1ch are anatom1ca11y f
“ more accesstble were tr1ed as arterial rep]acements Ear]y successfu]
resu]ts of the1r usuage appear in the 11terature A the. work of Carrel
.and Guthrle (3), Goodman (4) and' SchToos. and Shumacker (2) These -
venous segments demonstrated an ab111ty to funct1on wel] when 1nterposed
in-the. arter1a1 system and pers1st as’ v1ab1e structures However.,_ o
h1stolod1ca1 exam1nations revea]ed that def1n1te ear1y and progressive
structural chanQESoccur in the var1ous 1ayers of.the venous wall, .
These Have proved tb he som&yhat detrimenta] to the function of the, 3
'_grafted segment (2-4) These changes, labelled arter1a11zation are
character1zed by marked thicken1ng of the venous wall. consist1ng of '_”
var1ous degrees of 1nt1ma1 hypérp]asia media] and adventit{al hyper-- ' |
.‘trophy and fibrosws These changes were attn}buted 1n1tia11y to. the .{f} .
n:effect of the arter1a1 pressure upon the wa]] of the vein graft Thus,fp‘7i'
5a1though 3 venous graft ‘can- in many instances act as an adequate | | ”
: ,'funct1ona1 rep]acement.of an arteria] seqment it 15 not an 1dea1 or, R
Aln nany cases, ‘a pract1ca1 a]ternat1ve ’ '__ ’ 1 | _ |
| Attempts to. find a]ternatlve. easily accessible arterial grafts-;h.‘s:
}ﬂfesulted exper1menta11y in the use of both arteria] and venous homografts :s;_
.or heterOgrafts Ear]y exper1menta1 work on these types of grafts 5

demonstratéd that they cou]d 1ndeed remain {ntact and functional at
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least for some time; but histological follow -up demonstrated complete '

fibrOSis and hyalinization (5 6).: Arterial homografts were used

. clinically in l948 (7) and then in some succeeding cases (8 9) both ,

"as fresh and variously preserVed spec1mens Despite under901ng complete

fibrosigﬂreplacement, some have functioned for extended lengths of - time.

However, although easily acceSSible these types of grafts are’ far from |

.fbeing ideal there is a risk of early dissolution of the graft and\
. subsequent-rupture as well as all of the late complications-of late

'degenerative fibrosis such as stricture, obstruction, aneurysmal

dilatation and also atherosclerotic change
The result of the problems involved in the procurement and usé :
of biological alternatives for arterial segments was that synthetic*

prosthetic replacement would be attempted Immediately upon attempting E

-to interpose a prosthesis in the vascular system, the fundamental

f problems of vascular graftinq which arterial and venous segments had

inherently fulfilled presented themselves Merely finding a prosthetic :

Areplacement that could acb as a blood conduit and withstand the physical

stresses 1mposed upon it by the arterial hemodynamic situation was

’quite Simple ' Joseph Lister solved this by using a rubber tube as a

replacement fOr a sheep s aorta over l00 years ago (lO) To date _ﬁ,f .

'v.several thousand various types of prostheses have been evaluated

.iexperimentally and clinically from materials as seemingly inappropriate

~as an artist's lead daint container (ll) to the present day knitted

. vascutar prostheSis relates toa blood foreign surface interface

'dacron prosthesis

;,i_ olhe critical parameter determining success or failure of any_-i *



compatihiIity. Ideally, the inner surface of a vascular prosthesis
should he capable of simulating the function of the vascular endothelium
and providing a stable flow surface for the blood. - " It should be ne1ther
1nJur1ous to any blood component nor. stlmulate the b]ood coagulation }
components into act1v1ty Desp1te the mu1t1tude of ava11ab1e synthetics
which are physically jand chem1ca11y capab]e of acting as ‘blood condu1ts,
" this last factor remains an unresolved problem. | ‘
| ~ When it became apparent that b]ood-foreign surface'interface
| reaction: was the cr1t1ca1 prob]em exper1mentors began the study of -
<4ﬂctors operative at this thterface 1t was noticed that coat1ng of
g]ass w1th paraff1n could markedIy increase the clott1ng t1me (12). |
Thus 1t was hypothes1zed that non~wettab111ty of a surface would be |
.advantageous to blood hon- react1v1ty Lampert formulated the hypothesIs .
,that .the coagu]at1on t1me wa's inversely pr0portiona1 to the. wettability |
“of an art1f1C1a1 surface (13 14). Many hydrophilic surfaces however s ; ,
show ‘the same delayed c]ott1ng times as surfaces made specifica]ly non-
",weﬁtahle (12). In some cases It was found that, spec1fica1]y increasing,"'
the hyroph111a of a compound (example elvax, hydroxyethyl methasry]atel’ |
and. ethyl methacry]ate) would 1ncrease 1ts b]ood compatibi]fty (13)
‘iMoreover, vascu]ar endothe11um seems to be a wettab]e surface. *Jj -5: ,

) K o
B More recent work has suggested that coagulatio'_factors XII X,y .

IX,- and prothromb1n are hydrophy11c and not readi]y abvorbed onto a ni{l13;n7
. wettab]e surface. This ‘may, in part epraln Lampert s 0 'ervation (15)' .

On the other hand, factorsXI VIII v thrombin and‘fibrh;ogen are : |
‘hydrophoblc Surface Wettab111ty therefore is not the on]y determiningﬁesz?e”

factor in bIood forelgn surface reactiv1ty



[

Another factor which was eva]uated in eariier work was surface

smoothness It was found that by polishing glass, isotropic
carbon  and other foreign surfaces coagulat1on_couid'be retarded
compared to unpolished or rough surfaces'of the same constituents (16).
There have been severa1 exp]anations offered for this observation
-Roughness of a surface may 1ncrease the relative surface area of
that foreign materiai to such an extent that this a]one may account
for ghe rapid coagulation (12). This is not va11d except in extreme
instances, however as any smooth surface 1s only nominally 50, and
-represents in itself a Targe true surface area to the b]ood |

. Rough surfaces may mechanicaljy damage b]ood eiements and thus'
induce coagulation. Thislfactor‘i 'difficult'to experimentally

'A ana]yze but it wou]d not appear to be operative except in cases of

extremely 1rregu1ag surfaceélvpgne of | ‘the more likely explanations is
- that roughness of a surface 1nduces areas of microturbulance in the |
flow. Th1S would stimuiate coagulation inherent]y by 1ncreasing the
:'_exposure time of various blood coagulation proteins and blood p]atelets
.to the foreign surface Th1s exp1anation has a sound hemodynamic basis
in that 1rregu1ar1t1es of surface conformation 1nduce concomitant A

.areas of vortex formation and stagnation and 1s in agreement with

many experimentally observed events -of - thrombosis.\ Increased thromb051sia -

| ,has been observed in the regions trailing even minute f]ow irregular— A'*jfs*"

ities (17-19). AnatomiCaily the vascu]ar endothe]ium presents 2

“reiatively smooth surface to b]ood flow Smoothness therefore can be :;"

a correlated to b]ood foreign surface compatibility but within very

"narrow iimits Smoothness a]one cannot markedly aiter inherent thrombo-- f fﬂg

4



gen1c1ty of any surface and cannot really be cons1dered a major
factor in blood compat1b111ty _

As knowledge of the vascu]ar wa]] and endothe11um became more
sophisticated it was’ found that the vascu]ar 1nt1ma has an electrbs
negative potent1a1 1n the range of m1nus one to m1nus f1ve m1111v01ts :
| re]at1ve to the advent1t1a (20) Th1s, coup]ed w1th the negat1ve

‘e1ectr1ca1 potent1a1 found on c1hcu1at1ng blood components, characterized |
the b]ood endothe11um 1nterface as "a suspen51on of electronegat1vely
charged ceHu]ar elements in a col]o‘ido] so]ution of hydrophﬂl'ics i *)‘i
‘electronegat1ve1y cﬁarged proteln f]ow1ng past an electronegatlve | .
-solid ]ayer“ (21). Such observations 1ed to the 1mpression that ’
electr1ca1 factors were perhaps the. major factor in contro] of blood
forelqn surface react1on Coe | . }
| Much work has been done 1n an attempt to determine the optimum 4fv
:charge that should be 1nduced upon-a foreign surface to prevent | o
‘thrombos1s Early work done by Sawyer demonstrated qu1te c]ear]y that
: a very small p051t1ve charge will 1nduci;§hrombosis.»whi1e a small
) negat1ve charge w111 tend ‘to prevent this: (20 22) with an even m1nor
1n3ury to the 1nt1ma an 1mmed1ate reversa] of the norma] poTarity
,jconduc1ve to thromb051s w111 occur It soon became c1ear that the
'stat1c charge a]one 1mposed upon a prosthes1s would not a1ways prevent .
;thrombos1s (23) A h1gh1y negat1ve surface 1s indeed quite thrombogenic. f;lfj
.‘ | Cons1der1ng the dynamic cond1ttons present at the blood vascular
| 1nterface, 1t wou]d seem a bit simp11st1c to consider only the statid

v

-ie]ectr1cal phenomena Invest1gation therefore turned toward dynamic

'f:e1ectr1ca1 phenomena at the 1nterface Investigators began trying to"



're]ate‘theﬁparameters of streaming potentials and zeta potentia]s_to
.biood-foreAgn’surface reactions “For clarity of terms, -a brtef
discussion of these phenomena as related to the vascular interface.
w111 be given. o , \ ‘
Zeta potential is defined as the. potential drop across the

mobile phase of the e]ectrical boundary 1ayer at an eiectrolyte solid |
‘1nterface This is. schematically shown 1n Figure 1 (24) This concept —
encompasses several separate phenomena re]ated to the vascuiar interface
»in the case of the vascuiar endotheiium the soiid 1ayer is represented
by a membrane meetrix of fixed negative q?arges conSisting of anionic
}groups such as the carboxyi groups of the proteins or the- phosphate
'vgroups of lipids “To maintain e]ectro—neutra]ity these fixed anions

| will accumulate a number of salt cations from the surrounding region

_ and repel anions giv1nq rise to the membrane Donnan potential This
.;then estabiishes the boundary potentiaie Nhen an eiectrolyte soiution o
- flows. past a fixed boundary, -a thin nominally immobile electro]yte L
1ayer and a. mobile e]ectro]yte]ayer'w111 be established These two
layers are separated by a. slippage p]ane that 1s 1nf1uenced by such
factors as jonic strength Viscosity and surface roughness (25)

The 1ocat10n of this slippage p]ane relative to the solid boundary

3w111 detennine the magnitude of the measured zeta potential Thus‘_yimiffii;f

'}this measurement 1s inherently arbitrary

| E]ectro-osmoSIS is the eieotrical phenomena exhiﬁited by the
‘ f]ow of ions across ‘a membrane having fixed pores when a potentiai
5‘5d1fference 1s applied acrOss this same membrane Streaming potential

‘1s the inverse of this process., The streaming potential may be
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‘ measured by the potential difference between two electrodes 1nserted
into a. capiilary tube or vessei throuqh which an e]ectroiyte soiution A

s f]owing The zeta potentiai can be deduced from the measured

istreaming potentiai by the following formuia (12)

'L\.‘

-
where Z exieta.potential'in;miilivoits: |
5.S,='streaming-potentiai-'miiliVOlts“,yi )
.n‘f v1sc051ty of f1u1d poise )
| h-= re51st1v1ty of fiuid esu
' D oy dieiectric constant of fluid |
p = pressure drop across capiilary, dynes cm 2

| when 1nvest1qators began measuring the electrical characteristicsyf

- of various prostheses severa] interesting observations were made. K?_fg_n
1 Any surface when expoSed to"a fiow of eiectroiytes wiii demonstrate ,‘it;

p’fa characteristic zeta potentia. (12 ?0 126). Several studies suggested
T'that a neqative zeta potentia ; relative to physioiogica] saline, was"

_necessary for b]ood-foreign‘ urface non-reactiv1tiy (20 26 27) Howeverspjf

, ;exposure of any foreiqn surface to b]ood results in rapid adsorption
»{; of biood proteins onto the surface and causes the zeta potential to |
’ -.approach zero despite 1ts previousiy measured va]ue (12 15 28) This ;{[{
'»y?criticai blood-foreign surface reactiOn negated any siqnificant ;}
‘V,fcorrelation between the above measured electrical phenomena and blood ahfﬁt

":react1v1ty. | jff | 3f;j~;?:1ﬁ,1;-’,;.j{i‘j*" ,u_t'- f"af‘; i Tgf,i;t'rc-'
4 oy OSeveral experiments demonstrated that an electroconductive |
'i'fiining 1s advantageous for blood compatibility (16 27 29) Again

«hi]however adsorption of proteins tends to change the conduction of the '_fff



.;surface‘facing the biood- Indeed the portein adsorbate itseif is
'bisomewhat conductive and thus wiii determine the amount of eiectro- ;-
_conductiVity faCinq biood flow (12) - ;'A_ R
| ‘ None of the above eiectricai properties then are of criticai
| ‘importance They may affect but do not primariiy determine, the ) »

‘uitimate fate of a vascuiar prostheSis Eiectrica1 phenomena however
- are. certainiy important in the processes of intravascuiar thrombosis. <\‘

:Sawyer has. stated that "intravascuiar thrombosis RE an eiectrochemicai

rinterfacia] phenomenon and predominately dependent upon interfaciai
potentiai differences" (30) | ‘ __" 2 1 | ' |

. | Another interesting property of foreign surfaces which has _L

.ybeen investigated and correiated to blood reactivity is surface free _“

' energy It was hypothesized that the free energy of a surface would be

"operative in providing the interaction energy necessary to induce o

.kcoagulation (3i) The point in thercoaguiation series where this ?f7f“ .
»ah_energy wouid be utiiized wouid be det?rmined by the nature of the sur-;.

J;face infiuencing the substances adsorbéﬁ from the biood Theoretica]iy

: :'the surface with the iowest posSibie surface energy wouid be‘the most

h“compatibie because a surface With a iower surface energy»wiil not

o modify the con?brmation of the adsorbed protein 1ayer as marked]y (32) |
_f‘This hypotheSis does hoid true within 1imits Most bio]oqicaiiy inert ;gjf
,f'surfaces tend to demonstrate iower surface free energy.: This,however {fif";f

' 'ﬁmereiy ref]ects the chemicai nature of the surface which has been

f;'acknowiedged as operative in b]ood foreign surface reactivity. o

It shouid be emphasized that there is no compieteiy athrombosen{c
B R YN
"surface known Furthermore there is no singie property known primarily




, ‘TT
responsibTe for the thromboqen1c1ty of the surface “Any: foreign surface
- impTanted 1nto the vascular system W1TT 1n1tiate a reaction by the x |

;solubie and formed eTements of the bTood the nature and extent of which
| w1TT ‘be- determined by the chemicaT nature of the impTanted prosthesis. a
: Study"of thTS reaction,however does bring to Tight some interesting .
_observations ’ S o

The 1n1t1a1 reaction of any foreiqn surface w1th bTood appears

- .to be ‘the 1mmediate adsorption of various pTasma proteins (13 15 33 34)

: These proteins con51st usuaTTy of aTbumin gammag]obulin fibrinogen
and aTso factor XII (35) Different surfaces vary 1n the types and

amounts of the various proteins adsorbed (36 37) If the outermost

'b’_ adsorbed Tayer of protein demonstrates TittTe structuraT modification o

hregard]ess of: whether it 1s adsorbed directly onto the surface -or onto -
-»'a‘secondary or tertiary Tayer of protein, it may act as 2 passive |
i barrier towards activation of. other approaching protein species (32) |
| i Adsorption of factor XII to a foreiqn surface activates the 4'3

"'11ntr1n51c coaguTation system with the resuTting denosition of fibrin

and poSSibTe thromboSis fonnation The next important reaction of

"blood with foreign surfaces TS the reaction of platelets with this
'Surface It would appear that thewblood pTateTets adhere to the e
'iwadsorbed protein Tayer (13 17 38 39) These pTateTets may adhere, 5ﬂ;1c;vh;
'rfb31n91y or in agqregates Depending upon the degree of activation.,yb f
‘5~:the pTatelets demonstrate changes Teading to thrombosis formation suchyf;afy

Cas pseudopoda] formation. degranulation and. Tater, disintegration. Jsﬁ's}d”

":mm -

'j";The stimulation for pTateTet adherence appea;s to be mainly contact
- dtime w1th the surface (18) Leucocytes and erythrocytes may aTso

‘ -'adhe”e t° thiS adsorbed protein layer‘ The end result of thjs entire-;foﬁgf}
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wprocess is. thrombus formation . Th the case of a vascular conduit, o
o thrombus may either embolize or°occ1ude the conduit. depending upon

: att?ghment to the surface, 51ze of the conduit and flow characteristics

' Failinq to achieve an 1dea1 blood-foreign surface interface,.;

= and confronted with the inev1tab1]1ty of reaction against a prosthesis

: by the biood a compromise would be to nﬂnimize the reaction stimu]ated
and hopefuiiy, thain a stab]e f]ow surface A flow surface of unstab]e

A
nature 1s inherent]y detrimentai because it would progress to one of

: Several outcomes If the surface continues to evo]ve'structuraliy, . R

" never: attaining an equiiibrium state with fiow, thrombotic occiusion oﬁ , |

h the prosthesis deve]ops.- - ,,‘, “. o . .ii'_" | | | g

e Another possibie outcome of an unstable flow surface is

F.__thrombotic materia] continui?g to embolize and the flow-surface o
.'jrefonming Assuming that the thrombotic materia] embo]izes and does

| 'not only partially separate or 1odge distally in the prosthesis, this

=‘_‘.second alternative may provide a functionai blood conduit However, the / |
-pathoiogical results of this embolic process on the host wou]d render

o A third and final possible type of unstabie fiow'surface wouid

;;fbe one: which underwent the process of disso]ution and repiacement at

'4:}a §ﬂb-m1croscopic levei Such a process wou]d invoive the continua1

’"?tremoval and repiacement of individua1 protein moieties biochemically

.,por physicaliy This nay indeed represent the normal process which B

'ffdoccurs at a nomina]ly stable flow surface. The stabiiity of the flow E f{

o surface, therefore, is of critical importance if a prOSthEtfc graft

- Tisto have a functiona] er of usefu] duration. Stabilization of the
‘.dfiow surface, resu]ting from the vascular homeostatic mechanism oper- Q:f“fff
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vat1ve at a/fZCe1gn synthet1c 1nterface, introduces a central concept
f.tn modern synthet1c grafting, that of porosity, _' B

"_- f. In the early 1950 s. Vorrhees Jaretzk1 and Blakemore (40) did
.'exper1mental work 1mplant1ng V1nyon N cloth prostheses 1nto the aorta
of dogs, They postulated that it would be advantageous to have a porous
type graft such that f1br1n plugs could arrest hemorrhage yet fibroblast '
-dngrowths through the mesh would later occur Theoretlcally the ;
’1ngrowth would serve as a stimulus for endothel1al proliferations or
| poss1bly provide a funct1onal intima 1n 1tself Nesolowski (41) and
.\"others proved the val1d1ty of this concept Synthetic fabric grafts for y':*
‘3large cal1bre arterles function satisfactorily for prolonged perlods . -
| ifExperlmental studles in dogs p1gs and calves have,confirmed that rd;ﬁ§j; E
| ‘complete heal1nq. includ1ng endothel1allzat1on does occur 1n porous i

-%_fsynthetic grafts 1n these an1mals 'f ‘:fffs.

Early expertmental work proceeded to differentlate the. healing
"f-character1sticS of various plastwcs such as. orlon, nylon. teflon;“;;{tflff
"dacron and many others Nesolowsk1 postulated that porosity 1tself was
-~ the crlt1cal determ1nant of the ult1mate face of synthetic grafts and : ty
l’;not the bas1c t1ssue reactlvity of the matertal 1mplanted (4l) T
'*hCl1n1cal use of these porous fabr1c grafts was ploneered 1n the mid to

~ff‘late f1ftles by DeBakey, wesolowski and others. using graftSaébnstructed :

fi{of knltted dacron." ;u

}_;“replacement have elucidated thefheal{ng charactertstics of fabrf& .
‘*g}grafts in humans.; It has been found that humans can only incompletely

f?_heal a synthetlc vascular prostheses (42) The healtng process of these

fiifabrtc grafts pr1mar1ly determtnes thelr ulttmate fate and thus thefftffﬂ a{;



incomplete healing seen in humans has several 1mportant 1mplications
"These can be best anticipated by ‘an understanding of the complete '
"healing process 1tself . o
Implantation of the graft is performed by. anastomOSing suture :
techniques as this has proven most atraumatiﬁfand effective Immediately
'. follow1ng transplantation. blood proteins depOSit upon the lumenal aspect
- of the synthetic fibres in a manner characteristic of any blood-foreign :
' surface interface (43) The interstices then become plugged by blood
"clots conSisting mainly of fibrin and erythrocytes (ll), which form in ";:
- zones of sta51s deep w1thin the fabric material This same process may
. dccur as a result of preclotting of the graft pn the flow surface
“fibrin and platelets dep051t in layers under the‘influence of hemo- g;lfaf?'
:‘<dynamic factors and the thrOmbotic process resulting in formation of a

fibrin membrane over a period of minutes (43) This results in the

" development of @ neo- intima or pseudointima of thickened fibrin layers

:".ﬂhlch may - be v1rtually complete w1thin a period as short as: 20 minutes
Following thls initial hemostatic process, the gradual organ-,f;_ o

o ization of the clot and neo intima begins and results in the formation

o of three rather distinct zones 1n the wall which are. somewhat analogous

5‘,to the three layers 1n the normal vascular wall (45) This process of

_fp{organnzation is similar to the normal-process of thrombus organization, f‘ip;
fiiialthough-the neo-intima layer is modified by hemodynamic factors o
irg:of the flow surface Granulation tissue with inflammatory cells ~itzf”iffﬁf-
vaf;and macrophages quickly ferm, surrounding the graft (45) Hithin
’lffa week the capillary buds and fibroblasts can be seen invading the

S
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1nterst1ces of the fabric from this granulation tissue around the
'externa} surface. . Concomitant w1th this process, 1eukocytes depoSited
on the inner Surface migrate through the piateiet fibrin neo-intima
lysing thrombus as they proceed In some animais these macrophages '

: can differentiate into. fibrobiasts and contribute to organization of‘
the thrombus (46) k Aithough this‘may take p]ace.in humans, such'has. i
pot been proven o | - o .‘ R

| with maturation of the organization process fibrobiastic foci -
;coaiesce throughout the, fabric intersticies often complete]y encasing f

: _fibres of the graft materiai These advancing fibrobiasts eventually

reach and contribute to the organization of the neo intima In some

"animais fibrobiasts may participate in or actuaiiy form,a complete 5'

: pseudo-endotheiium -of fiattened ce]is in contact with the biood Ihis i.'

L layer of cells may also be contributed to by seedinq of macrophages

from the b]ood stream which can uitimateiy differentiate into cells
“indistinguishable from norma] endotheiium. The origin of these ceiis
- from the b]ood stream/has been demonstrated by experiments with
-_;impianted isoiated dacron hubs (47) The process of organization of |
the neo-intima is markedly restricted and deiayed in humans,confined
T ,mere]y by attachment to the basai 1ayers under even the most optimai 1iffi

! conditions (42 43 45)

with proceeding maturation of the granuiation tissue and Can T

f 3increasing amounts of coilagenous rep]acement, separation of tﬁe_'aii

ws'.into iayers becomes more evident The outer capsule surrounding the

_:»:graft con51sts of a fibrous connective tissue, this outer capsule hhs f.i?ff
]been further subdiv1ded by wesolowski into three sublayers (11) -

" The outer of these consists of a looser fibrous connective tissue whichf’f;a
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contains a vascular p]exus,;the new vasa vasodtm for the prOStheses

The middle iayer of the outer capsuie consists of a dense coiiagenous :

scar tissue, whiie the inner ]ayer of the outer capsule remains as a

»Tayer of granuiation tissue adJacent to the fabric eTements of the

graft The middle layer of the three maJor ]ayers, con51sts of the

fabric matrix of the graft, with granniation tTSSUE bridqing the
1nterst1ces from the outer to the 1nner capsules The 1nner capsu]gp

' can be subdiv1ded 1nto two regions (45) The layer 1mmed1ate1y |

adJacent to the fabric again conSists of. granulation tissue. continuou$
 with that extending through the 1nterstices., The f10w surface Tayer .
.con51sts mainly of compacted fibrin in humans, a]though in many anima]

N species it is compTeted wnth an: bver-]yinq endothe]ial Tayer B i i't/

| The foregoing describes the qraft severa] weeks to months after

| implantation During the iatterstagesof this time period however, with .

continuing maturation of the granulation tissue around the fabric fi

,"elements and through the interstices contracture develops and capi]Tary}fiy‘

’ *'eTements become stranguTated at the weakest points, particu]arly those S

‘"‘bridging the interstices This produces a potentia]iy criticai situationiivif

- in the "°rma/ healing pracess of ¥ graft, Nlth this contracture of the
o fibrous eTements, vascular suppTy to, the inner capsule is Tost Tﬁ oy Sl

;;inner capsuTe 1s probably completeiy dependent upon this blood supply

~ to maintain 1ts integrity (11) with 1055 of its b]ood suppTy’ the Hv,;,, R

-'inner capsuie undergoes degeneration with severai possible consequences

‘ jdepending on the surface area of degeneration and the degree of porosity ':ff“,

}‘of the graft.; Smal] areas of degeneration result on]y in a further .;f;"
'ﬁ"iayerlng of fibrin onqehe inner surface whi]e Targer areas may '

}sembolize Contracture may also produce physicaT rhexus of the :wcji;;{if;.j .
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bridging elements.in the~fabric_matrix, eventuating in the formation |
. * . d AN ‘1
’

The degree. of porosity appears to determine the ultimate\fate .

of intracapsular hematomas. B | - \

‘of the graft at this stage : Wesolowski believes that if a graft is
suffiCiently porous any degeneration of the inner capsule Wiﬂl
stimulate a. second wave of ingrowth of granulation tissue of sufficient
magnitude to reorqanﬁ;e the structures and prevent progreSSive '
degeneration or the other complications In a graft of suffiCient
L porOSity,however, these complications may be averted merely by the H
size and phySical tenacity of the bridging fibrous elements In a graft
of low porOSity these bridginq structures will be more tenuous and .
| ~sub3ect to rhexus. than in a graft that allowed more substantial ingrowth ﬁ’,
originally There is little change in the morphology of the'normal e
1mplanted fabric graft structures after a period of several months except
for perhaps increased density of . collagenization This is evident from ;
| clinical grafts which have been studied for periods up =to eleven years .
'(4245) o S S
. At the anastomotic Sites a different healing response termed
vipannus ingrowth occurs ThlS speCial reaction represents a hyperplastic \
reSponse from tke ends of the host arteries (42), and consists of tissue
'outgrowth from the wall and the luminal surface of the host artery ;;_fi '“f
around and over the implanted ends of the graft structures At these Zc::ffﬂ
'7iPoints of pannus ingrowth healing is always complete with endothelial- f;lfi
k*sization. which may even extend out over the graft surface beyond the
; pannus for short distances.: This type of healing is very limited to ffffii}f

ﬂ.the anastomotic Site and extends only ) one to two centimeters

e
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with time. S ' .
The 1ncompleteness of the heal1ngfv?bgess in humans compared

to experimental anlmals is reflected by two major d1fferences F1rst.

Alt is of delayed nature and secondly,there is. an 1nabil1ty to

< .
endothelialize flow surfaces. Extensive clinical and exper1mental .

work by Sauvage and Berger (48) led them to correlate,the speed of

healing with the final quality of hea)ing. -Delayed transinterstitial

‘ 1ngrowth of f1brous tissue W1ll delay organlzatlon of the inner capsule

1ﬂ-wlh1s pred1sposes human grafts to several problems wh1ch may prove.r

-~
3

detrimental. W1th delayed organ1zat1on the 1nner capsule tends to be '

thicker than when 1t is rap1dly organlzed and endothelial1;ed The-

‘ 1nner capsule S0. formed will be less adherent to the underlying struc-

tures during the early staqes of healing. This pred1sRoses it to

slough1ng and embolizat1on at cr1t1cal stages 1n its development. such-l

 as when rhexus of 1nterst1t1al tufts occur A delayed healing pattern" .

'also seems to pred1spose thin walled porous grafts to- delayed trans-

1nterst1t1al hemorrhage ' The reason. for th1s has not been elucidated
in the case of man. o | | | R

Fa1lure of humans to endothellallze the flow surface also has

.adverse effects on synthet1c grafts Th1s fa1lure may merely be a

: reflectlon of the markedly delayed‘healing process as - well Th

' organization of the compact~f1br1n neo-{nt1ma 1|I!§1gelayed that
| endothelfzat1on is never ach1eved due to subsequent changes in the
underly1ng°structures and flbrin interface Regardless of the cause;iizfpi .
. fa1lure to endothella41ze results 1Hll flow surface cons{sting of T

, compacted f1br1n This surface, althpugh funct1onal’ is certainly

l_-'
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o
‘more tenuous than an'endothelialized surface. Compacted fibrin has a
relativeiy high thrombotic threshold veiocity and'therefore can oniy
prov1de a functional surface under conditions where a high flow. is

S
assured and maintained. If the flow is compromised new 1ayering of

fibrin can be ‘expected on the inner flow surface This w1]l eventual]y '
result in occlusion (49). . | ‘J‘ |
Fabric and suture p1ay a v1ta1 ro]e in maintaining the phy51ca1

,integrity of the arteriai conduit Hea]ing is never completed to the
| extent that the fabric or suture can be. dispensed w1th This 'is . ‘
ref]ected in cases of de]ayed anastomotic rupture. years after implan-.’
tation caused by suture faiiure or deiayed graft rupture due to fabric
| dehiscence In humans then, a typicai healed porous fabric graft,
structura]]y con51sts of a capsule of re]atiyely aceilular scar tissue ’
'surrounding, but poor]y attacheﬁ' to the under]ying fabric matrix and e
the 1nner capsule by prongs of fibrous tissue extending through the o
‘ interstices The inner: capsule 1s composed mainiy of compacted fibrin o
of varying age.‘ This has Ied weso]owski to predict a 10 to 20 per. centjg;“f
per annum faiiure rate of femoro-popliteai dacron grafts due to. intrinsic
- graft. faiiure after the first year (49) Patency predictions are some-- ‘f;
“9what better however for 1arger calibre grafts | ' ; | ' :\‘4
| " An understanding of the healing process and the critica1 stagesr*lﬁiH
linyolved ai]ows us to, h0pefu11y, a]ter these for functional improve-.,d;‘

f"<ments This approach has indeed led to severa] structura] innovations S

'.iwhlch have improved the healing capacity of these porous grafts. From ﬂv7~‘.

a strict]y structura] standpoint, it vas s00n- recognized that the graftfa_:ff

amust be cbnstructed of a fabric which was relatively inert s as not to;ﬁ [{:

ey .
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) Qstimu1ate a'markediforeign—body response' -This-is}not of major imporQ
tance however for weso1owsk1 squests that ;he fore1gn body response

is stimulated by autolys1s of host tlssue in th& v1c1nity of the
~implanted substance (11) 0f more 1mportance perhaps the graft fabric
must not be subgect to biglogic degeneration such as occurred w1th
‘nylon and po]yv1ny1 alcohol: grafts. (11) These con51deratlons have
. resulted in the c11n1ca1 use of maln]y dacron or tef]on grafts |

An>1mp1anted synthet1c prosthes1s with the normal flbrotic

:process involved 1n hea11ng, demonstrates 1oss of e]astic1ty Never-:. -
thheless, it must be ab]e to ma1nta1n patency w1thout k1nk1ng or : |

‘obstructuoh through whatever range of mot1on is 1nherent 1n the anatom-- S
ical pos1t1on into wh1ch it is 1mp1Lnted P1a1n dacron grafts can ‘ ‘
kink exce551ve1y and physically obstruct f]ow. This prob]em led to ;t:_h
"the deve]opment of cr1mped grafts thCh a]]ows bending through ]80
1_degrees w1thout ktnklng (50) | | ' L ,,‘ ' f A
' Attempts have been made in several ways to increase the
"7_poros1ty of grafts and achieve better hea]ing There is a limit to

the degree of por051ty that may be obtained with m1n1ma1 risk of graft»,s-

| leakage To circumvent thIS problem, attempts were made to develop a ff i

"compound type graft in wh1ch elements of the wall would be absorbed to~',tf )

1ncrease "hea]ed poros1ty" (51) These types of grafts however have

not proven c11n1ca11y usefu] because the risk of de]ayed hemorrhage 1ssgjf :

"hlgh In an attempt to. physical]y increase porosity, Hesolowski

1suggested the gossamer concept wherein flnely fabricated I{ghtweightta';?):f

"‘gyarns wou]d produce an increase 1n the ratio of pore size to yarn

'._’d1ameter (52) Exper1menta11y this concept has proven advantageous, L*?s”;w
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but 1t is applicable only to small calibre grafts

. Inan attempt to increase the rate of fibrob&ast migration
through the fabric wall and thus fac1litate binding to the graft and -
.healing of the neo- 1nt1ma, several approachs have again been used It"
was found that decreaSing the wall thickness would fac1litate healing |
and also tended to reduce the thickness of the 1nternal capsule (53)
Although thlS may be a useful tephnique in small calibre grafts, 1

maintaining. the strucutral 1ntegr1ty of the graft obv1ates its useful-.

ness in clinically used grafts. Another useful concept is that of the

velour surface The velour surface provides a trellis for the magration o

; of fibroblasts through the interstices of the graft 1n order to 1ncrease ;
the rate of cellular migration._ The velour surface consists of fine "
4f1bres of the synthetic material protruding as loops or fibres from the; hf :
: 5~ma1n fabric matrix to prov1de a roughened surface. Experimental and .
»clinical studies w1th external (54) or internal velour surfaces (55)
l'have been conducted Current investigation relates to double velour

| surfaces (55) | o S

The external velour surface provides several functional

advantages It facilitates inner capsular healing by aiding fibroblast nf:}'f

';fmigration It also reduces 1mplant bleeding by providing a more

.definite matrix for thrombus formation. Furthermore. external velour |

”Jassists in more rapid binding of the graft to surrounding tissues thus fﬂd'

I"_ mlnlmlzlng peri-graft hematoma and seroma formations. factors which

,?detract markedly from the healing process (54) Sauvage and Berger
fqghave documented several cases of complete healing in grafts utillzing

"*;fexternal velour dacron knitted conduits (54 55) ‘ _f'aieigggjgaﬁf'?;57 :



‘ interna1 velour}surfaces differ s]ightlv from thehexternai o
type fn their finer COnstructton The internal ve1our surface -
serves to anchor the thrombot1c inner f]ow surface and speed 1ts .

organlzat1on by prdv1d1ng another tre111s for f1brob1ast1c 1ngrowth
| C11n1ca] work by DeBakey supports the va]ue of thts (56).

The exact nature of the ro]e thCh por051ty p]ays in mainta1n1ng h
the 1ntegr1ty of a funct1ona1 neo- 1nt1ma rematns obscure It has been -
"suggested that the pores allow a flux of- electrons and 1ons through
rthe graft to estab11sh an e]ectrochemica1 gradtent such as occurs in .,_f
1the5norma1 arter1a] wa]l (56) Th1s however has not been experiment--av‘
a]]y verffied Sawyer has suggested that an 1mpenmeab1e syntheticav B
prosthes1s may act as an. electr1ca1 condenser which, 1n the presence

)

’”°f b]°°d f10w, produces a thromboqenic charge th1s a1so rematns con-- e

. ‘Jectural Another 1nteresting concept 1s that the porosfty of grafts

Val]ows for the establtshment of ffbr1nolyt1c activfty 1n the neo-fntima.“;_f

i 'fStudtes done on dogs have 1ndfcated the presence of ftbrinolytfc

""ffact1v1ty 1n the neo 1nt1ma w1thin 24 hours of 1mplantation that lasts
~ for several weeks (57) These studies cannot be extrapolated to _"

| humans however One study carr1ed out on dacron grafts recovered from
t.,hthumans has shown the ftbrinolyttc enzyme plaSminogen activaton to be "fg

‘,”present in the neo- 1nt1ma of patent grafts. Qt sftes °f capillary

‘fhpenetration (58) PIasminogen is absent in occ]uded grafts. 'The73h:t“jf,§':

“'”-Afibrinolytic system may function to maintain patency 1" P°r°“5

"~;synthet1c grafts 51m11ar to the role it p]ays in norma] vascular A.f'ffﬁjff
tstPUCtures,‘_.' - L S e Ll

Grafts permeable to f{brohlasts certafnly are inherently
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permeabie to any or aii of the'above'factors An 1nterp1ay between

these and other, as yet undetermined factors probahly is important

to the maintenance of - graft patency InvaSion of fibrous tissue/

: through the graft functions to stabiiize and organize the neo-intima

This invading granuiation tissue aiso appears to nutritionaiiy support

the inner capsu]e Wwith a capiiiary suppiy Disruption of these fibrous. .3
supporting e]ements compromises the graft Despite the. thrombogenic df -

»nature of the compacted fibrin neo 1nt1ma,.1n order to maintadn patency..ff

h'~,this neo intima must be stabiiized by invading f1brous tissue e]ements

V“The more rapidly and extenSiveiy this can be done, the better the f f‘
result, or’ as Wesoiowski states,z"the degree of phySical poros1ty 1s ,f
.',the primary factor in. synthetic grafting (11) | R J‘ ‘”v‘
L Various workers have attempted to minimize neo-intimai formationf el
_ by m1n1m121ng biood—foreiqn surface reaction Gott has done extensive e

- work toward creation of a heparin-bound surface (59) Originaliy "”;':‘

- ’fGott used qraphite—benzalkonium~hepar1n surfaces but these proved

.-unstable over 1ong periods because the heparin eiuted from the surface

'fﬂin three to four weeks (60) Gott and other workers have 51nce deveioped

'h].l7more stabie heparin bound surfaces (Gi 621, and aiso an increasingiy

"'f509h1st1cated combination of anticoagulant surfaces such as heparin-:;.,-f;f}
h furokinase (63) and SIiver ailantoin heparin surfaces (64) Ail of .
L _these surfaces do bind piasma proteinseand attract piatelets but oniy o ;vi

'~:;fto a 11mited extent None have as. yet proven ciinica]iy usefui except if

:f for short term periods » R , -
| Many other types of highiy sophisticated surfaces have been

;;:fdeveioped such as po]yelectroiyte hydroqeis (65), electrochemical (661,4_3¥s



24
, and autobiological synthetic surfaces (67 69).. None have been as
3 useful however as the porous synthetic surface for vascular grafting

‘ with this background understanding of the principles, our

A~synthetic grafting of small calibre grafts in particular, will be .

. conSidered Most prev1ous studies of prosthetic vascular grafts have

related to grafts w1th internal diameters 1n the range of 10. to 15
,'millimeters There was little problem in applying tecbniques and
,materials developed in. large calibre grafts to grafts W1th 1nternal

diameters in the range of S1x to eight millimeters with the advent

C of aorto-coronary surgery however, and 1ncrea51ng demands for small

';}arterial replacement the need for grafts with 1nternal dtameters of
"four millimeters or less arose Special problems were encountered i“
,1w1th grafts oﬁ this calibre » | ] .' f ‘: : .: T i.‘

From a technical point of View, small calibre grafting posed

"S;;spec1al problems related to materials and urgical technique.glA;ujﬂi:f'.ii'
dv_fsmooth anastom051s with minimal compromise became a necessity for graft
'fsuccess ThlS reqUired fabric materials that would be readily conform-;;ryi‘
j"“_able to the arterial anastom051s. readily pliable to prevent kinking,_ﬁz_ifdl'
‘;’fabricated to prevent even minor fraying defects, and easily suturable

-;frto accommodate the light sutures and fine techniques required in the

{fl[anastomotic procedures These requirements can be met quite well by
. various’ types of finely fabricated synthetics such':srdacron-or poly- :
'7<_urethane Small calibre grafts can indeed be constructed of finer.' |

. iflighter and thinner fabrication than is necessary fOP QPGftS °f larger .

‘7lcalibres as can be appreciated by consideration of tbe law of Laplacei

,{n which states Simp]y‘. fif ﬁ;f!‘:
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pressure tending to dlSt&ﬂd the vessel

]}

‘where P
- T'= tension. experienced c1rcumferent1ally in
the vessel wall - ,

R. radius-of the'vessel.

;For 51mple cylindrical vessels, the ten51on that will be. experienced

by the wall of a small calibre graft will be much less than that ‘.;'

o experienced by the wall of a. large calibre COﬂdUlt

A well as being a technically favorable characteristic, the
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"'thin walled construction allows more rapid and complete healing of the f‘ﬁnjf

» graft and thus tends to minimize neopintimal thickness. The criticalf3f7r3

f‘factor in small calibre grafts is thickness of neo intimal formation

‘bhwhich will be determined primarily by fabric reactivity, rapidity of

'fhealing and velocity of blood flow A dynamlc and complex interplay

jldOCCUFS between graft flow veloc1ty and neo-intimal thickness Velocityﬁf.-ib

.:: ;of blood flow will affect the 1ntimal formation by determining the _:fﬁn*?‘t

‘:time of contact at the blood 1nterface of protein and cellular elements_ ;fgi

| f~and by determining the sheer stress tending to remove thrombotic

'jelements at thls 1nterface From the law of 901seiulle which states

. /.¢

"7nrthat the flow through a leindrical tube is: 5?;_;;i;g,,;i,,_;;1_'~*
: e N T
L ;F,';ngic T
;:i*_woerei]F = flow o .“ S
el ibP,% pressure differential between

o the ends of the conduit ‘_~;f"*’

e
T

l re51stance factor

Y
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which is calculated from the followinq equation

(—-—) X (n) X (-;q)-

'4IWhere nis fluid viscosity <f‘ '4 | f - g o ~-,p':
1= length of vessel o ) |
P radius Of t’he-vessel‘ o

E IIt can be appreC1ated that the factor most affecting flow 1s the
.radius of the vessel Veloc1ty of flow cannot be equated directly S
- to flow volume but referring to the equation of flow continuity.
) nmy be related by R SO
F = v XA e

flow volume

L

| '"fwhere;‘r
' !f V flow veloc1ty 'fjg“f,'ﬂ*‘-
.-ifA~

i

B | X

cross- sectional area (A = nrz)
'h Sléble neductton.of equations yields ~':€::fh‘f';e;'
e v -'P p __T_
"‘l‘”_f;where‘ v, = velocity of flow sl
};fThus it may be apprEClated that the dominant factor in determining

»f‘f}velocity w1ll be the radius of the graft This means that an increasingif;}:

: j}:thickness of neo~1ntima, decreaSing the internal diameter of the graft

'7'?{w1ll decrease the flow velocity which Till tend to propagate production j;ﬁ;J=f

“jj‘of neo-intima., Because of this it ha4 been found that neo-intina

:~f{formation in excess of 500 microns will result in occlusion of

s millimeter grafts f?b) Neo-intimal thickness for medium and large }f(;hi{b

"f_calibre grafts 1s usually in the range of 1200 microns..;g g”-*»’"

P . N o ﬁ

The flow velocity through small calibre arteries will be slouer'i];gféf




"E{edrop in thrombogenic1ty With rapid complete healing, the inner

“
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than that through larger calibre arteries as can. be apprec1ated from
the 51mple equation of continuity of flow stating that the productt
'of the total cross sectional area and the mean veloc1ty must remain
v',constant throughout the vascular bed Thus for example the mean -
fflow velocity through a two centimeter diameter aorta Will be 28 -
‘.'centimeters per second while that through distal arteriesaof four
'fmillimeter diameter w1ll be approx1mately 12 centimeters per second
'under normal phy51ologic conditions (7l) ThlS lower flow velocity . ;l/v

N
~_w1ll contribute to thrombosis of small calibre grafts

o From°these considerations, 1t can be appreciated?that.factors -
v‘EXlSt both favorable and detrimental to maintaintng functionsﬂin small
_ ;lcalibre arterial grafts Nith a neo-intima composed of fibrin with
- ,a relatively high thrombotic threshold velocity. the hemodynamic
. t651tuation 1n small calibre grafts is at best a tenuous one Any
.factor adversely affecting the hemodynamics or. thrombotic process é?;ﬁfjleh

'“?{1n these grafts w1ll result in 1mmediate occlu51on At present the

’f;}jmost effectlve way to improve the s1tuation is to have a fab.ic surface RSOS

‘i{of lowest p0531ble‘tJood reactivity and speed the healing process.»‘fjjf:

'jdfhopefully to complete endothelialization with the consequent marked

”"icapsule may be restricted to 100 to 200 microns (56) and this, coupled

Sf ;with a normal endothelized surface would assure pate cy.;g:_.,i;§”__’};f;°5v”?

'T;W1th arteries vessels of the threeiandffour millimeteifsize“are s

fﬁ}iclassed as muscular distributtng arteries and include such branches

::,‘as the main. stem coronaries the internal mammarie ;’ fiiltil;f:j;:~u;, S



L~pop11tea1 arter1es and numerous other distal d1str1but1ng branches

S The wa]]s of these muscular arter1es 1end themse1ves well to

b ;5d1v1s1on }nto th?ee dlst1nct c1a551ca1 Iayers that 15, 1nt1ma med1a

and advent1t1a (Flg 2) The 1ntima of muscu]ar arter1es cons1sts

-ijof an over1y1ng endothe11a1 1ayer of ce]ls, an under1y1ng basement

o Qmembrane, a subendothe11a1 space composed of de11cate elastic and

; }co}]agenous,f1bres<as wel]-as the-occas1ona1 cell, and the 11m1t1ng

B
7 o .-

ifl_fmedwa is: aga1n composed of circuTar1y orientated smooth muscle cells

:fff of an’ 1nner long1tud1na1 and an onter c{rcularly arranged well

';icpdemarcated bundles of smooth muscle Theyadventitia of veins is well i

z-?;ainternaine]astfc~1amina The Med1a of muﬁfular arterxes 1s the ma1n4
'iléegwaII component and comprlses mu1t1p1e layers of - c1rcu1ar1y disposed
'Liii”smooth musc]e cells W1th 1nterspersed connect1ve tissue e]ements of

e e]ast1c, co]]agenous and glycoproteln comp051tion The advent1t1a 1s.j B

c ’;composed of 1005e connectwve t1ssue ma1n1y of co!lagenous nature,v

or1entated mainly 1ong1tud1na11y as we]] as occasiona] neurogenic

\fi-structures and vasa vasorﬁm The 1nner layer of adventitia is often 3;“:f_tt

"]condensed 1nto an externa] elast1c 1am1na in mu$cular arteries

Veyns of 51m11ar ca11bre to the muscu1ar arterwes show analogous";

- h!but less we]] def1ned morpho]og1c structure (F1g 3) The 1nt1ma
v*f?‘fcons1sts of endothel:al ce1ls with a usualTy lnconspicuous subendotheT1a1jg{g
,ffhESpace of f1ne connect1ve t1ssue TThe 1nterna1 elastic membrane | |

s absent or. rud1mentary, consist{ng only of fine elastic matrix Th ,ﬂrh_ff

.iﬁ?"lnterspersed w1th connective t1ssue matrix, but is much thinner and

“zﬁpless we11 deve10ped than 1n the case of the arteries.“ An 1mportant

4

71]f;exceptlon to this is the media of the saphenous vein which is composediﬁi;ﬂﬁfl

‘ o,



can1ne carotid arteny,

{outer Timit intima,
- outer 1imit media, -

outer 11m1t adventitia.lh O

Y.
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Flgure 3.ﬂNorma1 can1ne saphenous vein,

‘o

(1; outer Timit intina, _»“E}hf{fz_ﬂflg'ﬁjiii)'f
(2] outer 1imit medfa, . .. .- B T
(3) adventit1a.';;;_: ot i




developed and comprises a major. component of the venous wa]].\

. Structurally it is similar to that*of the "arteries.

3.
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CHAPTER 11

METHODS AND MATERIALS
It is our.intention to study the healing characteristics,

histologically and submicroscopicaiiy of autogenous vascuiar graftsw~r.'
- of smaii caiibre 51ze and aiso assess the functionality and where
'_p0551b1e the heaiing characteristics of selected three and four

“millimeter synthetic grafts These studies are pertinent to aorta-'.t

'coronary and distai artery bypass surgery which presents an increasing
demand for suitabie synthetic prostheses of this caiibre and a]so
i elucidation of the healing characteristics.uitinateiy affecting the

fate of autogenous grafts presentiy being used;for these procedures

"we have chosen d09$ for our experimentai animai because of avai]abiiity

“'and their suitabiy 51zed arteries which most cioseiy approxinete

‘_ the heaiing response of vascuiar tissues as seen in man (48)

” Our experimentai modei will con51st of bypass segments anas- .
tomosed onto a readiiy acce351bie distai artery of proper caiibre using
- an end Side anastom051s which has been shown superior by Linton (72)

The suture technique wiii be a continuous suture beginning with an
everting mattress at the receding end of the 1mp1anted segment and
proceeding around with a continuous over. and over suture td ffha&iy -
") place the tie on the iaterai aspect of. the graft where distending |
f;'pressure will maintain max1mum diameter The suture utiiized wiii be .
.7 O proiene doubie armed which provides a fine siippery monofiiament {:'f .
type suture, and is simiiar to 6-0 proiene presentiy being utiiized 'f-sfﬁf“

,('.cigsicaiiy at this center
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Our experimental series will ‘be divided into. four qrbups

roup : will con51st of a series of ten dogs w1th bilateral -

autogenous saphenous vein grafts onto a dista] artery

_ \
- Group 1 w111 cons1st of a .series of ten dogs W1th b11atera1

autogenous arter1a1 grafts onto a distal artery.

roup I11 wi]l consist of a series of ten dogs with four .

Jl]]lmeter dacron grafts onto a dtsta1 artery I _rJy i
roup V: will consist of a series- of ten dogs with three o

' m1]11meter po]yurethane grafts onto a dista1 artery

At operat1on, f]ow measurements w111 be taken on the grafts.
Q

'hthen patency w111 be assessed every three weeks anglograph1cally. ‘we
: w111 Ieave these grafts for one hUndred days then remove . them at o

Sacr1f1ce for h1sto1oglca1 and e1ectron m1crosc0p1c examxnattons

A 100-day pertod w111 al1ow a stqn1f1cant tlme lnterval to assess |

' ce11u1ar changes occurr1ng in autogenous grafts and w111 a]]ow for S

';complete hea11ng of ‘the synthetic qrafts wh1ch 1s approximately eight

to 12 weeks 1n dogs

As we: are 1nterested 1n the hea11nq processes 1nvo]ved fn these

"grafts our mode] 1s constructed to 1nsure optimum patency rate Ne

Cwill qraft short 'straight seaments onto a hea1thy artery This model

_w111 prov1de opt1ma1 distal hunoff aIIOW1ng unimpeded f1ow, and

-our short segments W111 1nsure relatlvely high flou rates To further
R 1ncrease the f1ow in some of our segments e wi]l ligate the arter1a1

”f segment under1y1ng the bypass segment In the case of our synthetic

\o
. grafts.‘1ncreas1ng the flow rate thus w111 hemodynamicaliy optimize

ﬂpatency rate “In: the case of the autoqenous grafts where high patency .



rate is. anticipated, ligating the underlying arterial segment Will
more closely approx1mate the true arterial hemodynamic 51tuation

At present as Will be later discussed the importance of various ‘
factors 1nherent in the arterial environment relative to the changes .
seen in autogenous venous -and also arterial grafts is still obscure '
and* controverSial Therdfore morphological examination following
sacrifice may demonstrate structural and cellular differences between
autogenous segments introduced 1nto the arterial system as simple 2

' bypasses and those as bypasses with 1mposed flow | l L

| The autogenous vein artery and also four millimeter dacron ,lé.'}‘

| grafts have been and are being used clinically and thus the need for . :]:

. complete understanding of their healing characteristics is obvious

In the case of our- polyurethane grafts. these are 1n the experimental

=stage of development Various recent experimental studies suggest poly-

‘74‘, urethane may PrOV1de an acceptable and, in fact, superior synthetic f°”'.*'“

vascular grafting Polyurethane basically 1s a polymer of the urethanef -

| ’group and may be represented as

) 0
[C—-O--R--O-—C--NH--R —-NHJ
~ 'umﬂmm lf~w~.'-p~

E ngolymerization may be catalyzed by various processes and represents a

f ».condensation reaction Some polyurethanes have been shoun to degrade

t:very rapidly due to 1inkage cleavage when subjected to the biological

'“-ENV10aneﬂt (73) However, by various changes in the catalytic process,eff;

“.:‘blOloglcally Ltabie POlYUrethane can be poiymerized Polyurethane _
fj,foams, prepared by the reaction of disocyanate and difunctional alcohol ffﬁf;



'.'_lg_perimental Operation Technique

. 35_
' ' & ' o
leading to polymerization with expan51on by evolution of carbon -
.>diox1de gas, . represents a’ biologically stable form (74) Recent |
vexperiments have demonstrated that a polyurethane lattice showed a. more
rapid healing response and better pseudOintimal incorporation than |
:'dacron velours 1n large calibre prostheses (75) Also recent work oy
'ZSharp has demonstrated long-term patency of three and four millimeter -
'grafts of electrolour a dacron velour lined with a polyurethane coating
‘ -w1th a. static blO potential imposed by. addition of carbon black .
_(25 26 70) ' Polyurethane demonstrates the additional de51rable
o characteristic of . 1ncreased elast1c1ty compared t% dacron. Polyurethane
foam ‘can be readily constituted with varying pore structures and presents f
“exciting p0551b1l1t1es as a synthetic for vascular grafts As such we ‘1ft
have obtained various machined and wrapped three millimeter poly- o

L

i:urethane foam grafts from Bentley Laboratories for assessment of
» o %;“~,..-,;
-functhN and achieVing this. healing characteristics. R

e
\

The femoral artery Site was chosen in lieu of the carotid forr33}1

2 .;',our graft Site for reason of accessibility for percutaneous angio-

."fgraphlc follow-up tudies The dogs were anestheti!ed with intravenousf,]f
},Nembutal using an ipitial dosage of 0 5 cc/kg body weight The dogs

"1"’were then intubatep using an oral endotracheal airway.: An intravenous:j-lk*

a :]lhe was established in the dog s fore limb using an initial slow

' ?»ifFollowing this the groin site was prepared bilaterally'

‘“('5infusion of 2/3~l/3 solution for maintenance during anesthesia.-;,4j7;ﬁ957?-f

'5:ji*washing and sterilization with Ibprep so]ut{on.l, ”‘“Agg__t,:‘fa_*4

The dog was surgically d?aped and longitudinal skin incisions AT }i
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- were made over: the femoral arter1es, us1ng arter1a1 pu]sat1on as
vreference for 11ne of 1nc151on The subcutaneous t1ssue and

,sartor1us muscle 1ayer were d1V1ded h mostas1s being obta1ned with
he]ectrocautery The femoral sheath was then 1dent1f1ed in the femora]
'.triangle and incised. The femora] artery was..now d1ssected free. |
| assur1ng a suffic1ent length for graftlng Minor branches of the .
"afemoral artery 1n the femora] tr1ang]e were 1igated and d1v1ded for
o ease of graft1ng R = ‘v .‘ wi L (
v Fol]ow1ng b11atera1 exposure of the femora] arteries graft
segments were obta1ned In the case of autogenous vein series. L
| A'seqments were taken from the 1atera] saphenous vein which is the major ,ﬂf
- superficfal vein 1n the hind limb of the dog‘, Th1s was obtained with

A longrtud1na1 sk1n 1ncis1on over the vein, and disseoting through

: .fthe subcutaneous fascia The saphenous vein was then dissected free

| ‘J‘as atraumatical]y as possib]e taking care not to 1nadvertently 1ncise

"ror damage the vesse1 with forceps 311 branches were ligated withv'f%-?'?*

: ‘~3-0 siTk and divided taking care th t the Iigature was place"so{as




| 7
| ..the carot1d sheath Hav1ng reached the carotid sheath “the artery 5{,5:'..
was carefu]ly dISSECted free/of the sheath, usual]y obtaining a.
. suffic1ent branch free length beTow the: 1nfertor thyro1d branch

| for two grafts In two cases, th1s was not possxb]e and the other

, fcarotld was eas11y d1ssected free u51ng the same m1d11ne 1ncision ju:*'

e The dogs suffered ho 111 effects with bi]atera] carotid removal

L hav1ng a very we]] developed vert bral system to ensure adequate centra] if

| f nervous system perfusion The carotid artery was doubly ligated

: prox1ma11y and d1sta11y to the segment to be removed WIth 2 0 511k

_;11gatures\and then the graft segment was excised,. Again, 1mmed1ately

'l__; upon exc1s1on, the graft segment was immersed 1n cold 2/3 1/3 solution. ?:i;

ZI" the Case °f synthetic grafts, no further Surgical procedures uere
.d.tnecessary fol]owing exposure of the femora1 artery sites._g&-,.. e e

At this point having procured the graft segments the surgicaI

| *hwounds were closed by surgically approx1mat1ng the various layerS//

d1div1ded and finally performing the sktn c]osure with subcutaneous

-,;'continuous 2 0 chromic gut suture Now the femoral artenyggraft stte;

,1:;']ength of the recipient site. nd the ends of 'h;,r.:e




appl1ed proxlmally and d1stally to the graft s1te on the femoral
.artery and a longltud1nal arter1otomy was made in the femoral artery
| for the proxlmal anastomos1s The f1rst qraft segment was now taken

out of- the cold sallne solut1on and the anastomos1s was performed as

e descrlbed (Flgure 4) : The prox1mal vascular clamp was now

5'hjm0mentarily released to assess adequacy of the anastomosis whlle holdlng
‘ ;wgentle d1gital pressure on - the free end of the qraft segment The dlstal “ i
' 5 anastom051s was completed 1n a s1m1lar manner as the proxlmal and the o
'.;1vascular clamps were removed dlstal flrst The anastomoses were |
}h~aga1n exam1ned and any excess1ve bleedinq points were oversewn wlth
| a ftgure of e1qht Suture tak1ng care to include only adventitfal

| ”{f1bres and not re-enter the lumen.:'Papaverfne was now sprayed onto

"~;fthe external surface of the/autogenous grafts with a f1ne syrlnge

:ﬂto reverse any vascular spasm 1nduced by the manipulative procedures

.f3lf~wh1ch 1n some cases was quite obvfous and slgniflcant The second

“::Q.‘graft was now perfOrmed on the contralateral fémora t rtery_similarly (ng 5);3}




__enous segment

L 39.

""iinitial stage of lmplantatfon_of autogenous fff7;:5 §"



© Figre 5 ‘Completed graft; animal still heparinized. .
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1 GRAFT As SIMPLE. BYPASS WITH _r
compermve FLOW (PARALLEL) e

2 GRAFT AS SIMPLE BYPASS WITH

HOST ARTERY I.IGATED (SERIES)

'fj'jF1gure 6 D1agrammat1c representation of hemodynamic
e s1tuat1on of qrafts e L

e
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= ‘subcutaneous pOSltlon for easy palpable assessment of patency Care

- was taken during closure to ensure no tissue planes exerted pressure

.“upon the grafted segments Final skin closure was again performed withi

" a continuous 2- 0 chromic gut subcutaneous suture Following operation.f” 1
an 1ntramuscular 1nJection of Durapen penicillin was administered B

| 'Prophylactically and the dog was returned to the vivarium.p ri : .'.Q

The grafts were now assessed for patency every three to four o

1

y _'weeks by percutaneous angiography In our experimental series a totalt}

o _ extra two dogs 1n each group were kept as a precaution against unusual

rof twelve dogs were done using each type of autogenous graft Th o

._,infection or other serious complication igA series of ten dogs were
nfldone utilizing four millimeter dacron grafts For our experimental
senies we chose Sauvage TM external velour. four millimeter internal
‘;-diameter, crimped dacron grafts (Figure 7) He receive total of
' ‘{32 various wrappeq&and machined polyurethane grafts from Bentley -
‘_Laboratories and thus this series included a total of sixteen animals S

| "f(Figure 8) The only difference in techniques for implanting the synthetic

"‘ ﬁgrafts as opposed to the procedures used for the autogenous grafts as

o pdescribed. is: that blood was drawn from the animal prior to hepariniz-’?}%'fff”

g‘ation and the grafts were preclotted Also, in the case of the poly-

L aurethane grafts, the underlying arterial segments were all ligated to

7'1ncrease flow and optimize conditions for patency The ends of half off;“"afff

b .
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- approx1mately 20 k1lograms | In all case s, the surg1cal procedures -
%

'--employed were as descr1bed prev1ously The only signif1cant surglcal

C U CHAPTER 11T ¢

PR RESULrs- . ,/

Varyous types of grafts were 1mplanted in our ser1es of dogs -

: over a t1me period of. four. months Our dogs obtalned from the

F,

Health Sc1ences An1mal Center of the Un1ver51ty of Alberta, were a f‘
random select1on of vartous mongrel types, rang1ng 1n 51ze from

13 to 32, k1lograms body we1ght w1th the average body we1ght being

’*l compllcat1on encountered was that of bleed1ng In most cases, 1ntra--,';‘

operat1ve bleed1ng was m1n1mal be1ng estimated at lQO to 200 milliliters

tand accounted for bv bleedlnq dur1ng 1mplantat10n at release of clamps. ',]?2:7

‘ }and also anastomot1c bleed1ng prior’to reversal of ant1coagulat1on

I some cases bleedtng occurred in, moderate amounts be1ng estlmated

L

5, _ at 400 to 500 m1ll1llters Th1s was usually accounted for by longer

'{'operat1on ttme or exce551ve bleeding from anastomot1c sltes requ1r1ng

ladditlonal sutures In these cases,.SOO to lOOO mill1l1ters of Rlnger s f'laf'

) \\.
!

| ﬁffwhele blood replacement One dog in. the series expire! intraoperatively S

O

L ')actate solut1on was adm1nistered 1ntravenously‘as replacement fluid
) /

In np cese d1d mortallty result from intraoperatfve bleeding and lack of \\\ :A

.’;as a result of anesthetlc overdose No other 1ntraoperatire compli- .f”}“

.

l'*Qrcatlons were encouhtered ?jf; e;l:{.j_;<;,;5’1;:'fr_;ic_lailfgtj;j,;’” ”

7”«;f . Several postoperatlve compl1cations occurred in our experfMENtal

fSer1es The most usual was breakdown of suture lines due to the dogs

e -;.._';.1-'4'5 S



\\: ‘ _ | : . | B
.chewing at the sutﬁtes This resuited 1n 1nfection and requ1red
surgikaJ debridement and repair This eomplication was encountered
in severai dogs in the series No other types of wound 1nfections
\0ccurred Two dogs 1n our series of dacron grafts died one and two
days postoperativeiy as a result of” subsequent bleeding from the graft
51te In both of these cases, examination revea]ed intact suture |
]ines and no overt cause for the bieeding One dog died sudden]y two

days postoperativeiy and no apparent cause of death could be discerned"

this was. ho%ever, an- acute doq. inadvertentiy suppiied to us for a
. N . .
chronic experiment h

L3

roup A series. of twelve dogs was: included in this group

utilizing autogenous vein grafts Ai] the dogs survive-ew d did well’

postoperative]y Intraoperative flow measurements t.’ \f the grafts
demonstrated that. generai]y. in. the paraile] bypass,pituation.
’approxamate]y one third to one. haif of the totai arteriai fiow would be |
‘ carried by the graft* In the case where fiow was entirely through the
graft segment, graft flows wouid approximate fiows normaliy occurring

in. the femora] artery Flow measurementscare given in Table I, Blood

: pressure measurements taken using an arterial catheter connected to a ﬁ; f;’
fpressure transducer demonstrated normai intraoperative blood pressures.

»1n the femoral artery to ‘be 120-130 systolic and 70-80 diastoiic

I ‘Pressure recordings were made early in severai dogs and then.was
_ oy A

o assumed similar for the rest of the series N ;sj ) f‘7”

KD

nngiograms were done every three to foUr weeks from operation

3fto sacrifice Angiography was performed by’percutaneous puncture of

| the femOVa‘ artery USing 16 and 18 gauge arterial catheters and injection e

o
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TABLE 1
FLOW WASUMMNTS - GROUP I

Dog Weight Opérd;tion_ -  Normal - © Graft - Sacrifice .
No. Kg. ~ Date . Artery Flow - Flow Date

8315 260 15/10/74 5(P) 147275
8141 42 19/10/78

" B4416 20.4 - - 23/10/74 15;(?} 187275

833 16,0 abhmﬂ'  :nf8A1wyﬁ ‘
|

B-461 .2q.2'_' o078 ¥‘ 18/2(75
410 296 221078 .
'.39427 f'gi.4 ) .24210/74 : _ | '19/2/75 : -
o B1s2 _15;of‘ﬂ ?1'28/10[74; o

B34 315 . 29/10/74 s (p) ouTs
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B-425  26/0  31/10/74 354s) 1972775

B-412 284 50 LUBP) 9275
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CoB-528  28.00 . 2/12/74 - -
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w
N

L \-'_]’e.f_tf S L e

‘R - right - BRI

P - graft in parallel with artery SR
oS- graftﬁinféeries;,artéﬁyjTigatéq;uhdeffjraft_; o

10 (R) 17275 -

s

28 §5)1 1922/75¢f_]i _ .

10 éP)i 19/2/78 -
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of severa] milliliters of Vascoray
[ 4

’ .

Of the 24 saphenous vein segments implanted one occluded prior
~ to the- initial angiography, otherwise all remained patent until | _‘,r \5

: sacrifice Sacrifice was carried out between 100 and 120 days ‘

- postoperative

up 1 Again twelve dogs were 1ncluded 1n this group with
two grafts implanted into each -for a total of 24 grafts Flow
'measurements 1n this qroup were consistent with those of the preceding -
' group and are’ given 1n Table I1. Postoperatively, angiography was done ir
: . as in Group I All grafts in this series remained patent to sacrifice.i.,
performed between 90 and lOO days post0peratively }.,f .; ‘_Jj'
roug II1: This group consisted of a series of: ten dogs into o |

‘ which knitted dacron fabric tubes (Figure 7 ) of lengths varying from

’ 4_v4 to. 6 centimeters were implanted as the arterial conduit (Table III)

';?.”from the group

'Angiograms were done on this qroup beqinning one week postoperatively. fj;i"'

then every three to four: weeks thereafter until sacrifice This group

- was: sacrificed after a time interval of l4 to 70 days Unfortunately, L

. due to physical circumstances we were: unable to leave these dogs for

l the total anticipated loo-day period thus accounting for the great

‘.variability in sacrifice intervals Of this group one dog died | .
at~*1ntraoperat1vely of an anesthetic overdose given intraoperatively as a

' ;maintenance dose Two other dogs died one and two-days postoperatively.

:,'as previously mentioned These three dogs were necessarily excluded f;fffrk

: GrouE Iv This group consisted of sixteen dogs L L
o ;1nto which two. polyurethane foam conduits were implanted These grafts .PTV;’"
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| - TABLE II' |
" FLOW MEASUREMENTS - GROUP IT
Dog  Weight . Operation: Norml - . Graft - Sacrifiqq..
No. - Kg. Date . - . Art,ery Flow Flow . Date
30 . 28 C21)2/78
30 0 2 L

(
| (
3% 30
¥ . 18 (
(
(

xr-

B-466 150 . 19/11/74
Be525 19.2 . 20/m/Ta s
8 A

B . 3.

3% 16 (

P
42_: _ ?v;'lZSﬁ‘

35h .E.jA:‘f;30:Q(

(

(

CoB-522 214 22/l | 24275

B-547.21.0  26/11/74 2275
B-529  30.0 -~ .27/11/74 ] o wps

B-489  23.5 . 29/11/74 . s

.

B854 30.5 ¢ 6174 . L & - .40 215

02 ()
W

s
g L ~2i25/2/75‘:;' G
P SRR

35 .f-essbfis
p
S
p

B-23d 142 ey

W mr mrT mes D oo e e

8453 25,2 12/11/74 | | |
EIRE C2 () A
3 ?:35f-$sn«5=f
B wo) o mems
B e L

s

)

)

) omans
3469 2.5 ﬁj3}i]/74fi'fif ;

CE-d67 247 wye spprs

o

B Y R 173 12 TS

S L
[P



os0

CTABLE 111
S ‘_ 2 : T
FLOW MEASUREMENTS"~ GROUP III. -

g Reight  Operation - Womal . - Graft  Saovifice
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o 1to follow the course more closely The intraoperative flow studies

‘were specially constructed by three separate techniques as listed in
Table v, This group was 1ﬁplanted in three separate sets In the
-first set, all were 1mplanted as. simple bypass conduits and the under-.i‘
lying artery was left patent These dogs were left to Heal for one
rweek 51m1lar to the preceding dacron group, before angiography
Initial angiography after this 1nterval disclosed occlusion in\all
:, Jcases and these dogs were sacrificed at this p01nt.v5 g 1 "_‘
.. In the second set the underlying artery was ligated to increaseg; -

5‘flow and optimize patency Also, angiograms were done at six-hour

iintervals until 24 hours, then at 24-hour intervals until occlﬁSion

©and times of occlusion of this set are listed in Table Vo The final
"'::fset of grafts were implanted and followed similarly to the second set

:Wlth results as 1ndicated in Table V

tsg;Histologjc and Electron Microscopic Results ‘ T |

,' All autogenous grafts were subjected to routine histologica] ?f;:h};}
and e‘ectm" microscopic anaiysis in an attempt to delineate thetr
structural and cellular characteristics.' Sections u!re taken through-:fttrgﬂé

out the length of the grafts, including anastomotic areas.a From

' ’7every graft several sections were stained with hematoxylin and eosin

| ::5{*stain for routine structural study Several sections from every graft B

”ljfwere also subjected to one of several connective tissue stains selectedi7?f;7f

”v;{fshowed various degrees of alteration from normal venous structure
"57;t]fThe nost common change was seen to occur in the intimal layer.“

"lﬂ* Tconsisted of varying degrees of intimal thickeningv_ The. “amount of

ft° more Clearly demonstrate the‘various structural changes occurring. '“’“”"”

roug f All sections of autogenous saphenous vein grafts
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o TABLE IV T
R POLYURETHANE FOAM GRAFms
e varapped Taparad! o
7051?142‘?-'-"A,"',.-" 70018154 ;a_':_-}"‘-:*_}.ri_.',.'7001.1-003 o
Comoam 7oo1x-155.v_,_ f sl 2001:7-002 -
- 76@3‘1 136:_'. 7001x-153j*"5 £
| '27001 ]327:1i_{ ';f“fiii jfi: 17°°]x‘751¥ 7;i f*f}7  ~;;'”;ﬁv;'
oj0ta0. f_.,"'-f‘f.f:""-".'5T,5‘,7oo1x-157',‘-77_"; . L
| ¥7oo] ]33;;  3; i\;é 1_f 5  33?79°1X7152:}?f;;€i.555%;ifﬁ7if3f”f7:':51 e
‘ '770'01‘ By 7001x 147 S
. 7001 1282 S 7001 x145 i o
 ' 77QD]—J3Q ffi_;F€;i*i i€ﬁf* ~;;¥7003x5}5qi€fff’;;§f1i?;ﬁffi$11 f;1J¢:h':i.;‘
- 57001 141,‘ - Tt 7001x148 L
  7001 134 : i B ._{7001 x-1 43 i

-

fT?Grafts are listed in order of decreas1ng permeability‘
1?1'+ See Figure 8 ' o .

vﬁ*i See Figure 9
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“Dog ' Weight
.o, o Kg-
Sef1

- B-594  17.5

B-632 . 23.4

| e o e e e e e e e

'f;’.';;.,Set 1 - Polyurethane foam conduits 1mp1anted; as’ simp]e | 'ypass“conduits
: “With’ the under]ying artery ]eft patent" e

  .set 2 - Underlying arteny ligated tu increase fi Uf;¢  _
o Set 3 - Under1y1ng af-tery Hgated to 1ncrease ﬂow and' ptimize ‘patency

| aft
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iinintima] thickening which occurred varied greatiy between grafts and :
o also throughout the ‘same graft In some sections 1t was seen to be <%
~f4qu1te extensive, encroaching weii into the iumen, while in other o
" areas it was minimai No sectiOn was seen, however, to be compietely f.-.
'fffree from intimai change DeSpite the very rudimentary internai o
.:eiastic membrane present in the\canine saphenous véin, it is possib]e:fllf
'o"to deidneate the 1im1ts of the intimai thickening by using connectivefa;ﬁyi
f tissUe stains and also distingu1sh it from the more reguTar smooth B
e\:hmuscie iayers of the media The intimai thickening was seen to be

| «}"composed of various amounts of connective tissue eiements and smooth ;{i:’f

"‘7musc1e ceils In sone areas 1t gave the appearance of organized

f;rthrombotic materiai From the<eiectron micrographs, the intima couldttfdﬁf
ii be. seen t0 be Composed of a continuous endothe]ium.' Many of the i
Af;pendotheliai ceiis appeared thickened in places,a1mo§¢ cuboida] »f,ffilf*'
‘;ilsuggeStive Of injury Underlying this couid be seen smooth muscle fff"?'
_};fceiis and fibrous eiements of connective tissue. mainly collagen. The .
ifegsmooth muscle ce]ls demonstrated a normai appearance uith some shouing
fffiincreased density suggestive of aging E ‘h: b e v' ' t't"'h
The media of the vein grafts showed increased coilagenization

fﬁiiand many areas of decreased density of smooth muscle\celis. ,,:hpa ,Fﬁfiﬁfi

"‘r‘

t[~some sections the media appeared to be~re1atively normali_*ff*ﬁﬁtg‘*"
L e o

;isadventitial iayer showed increased collagenization. S i
= At the anastomotic sites. the grafts sbowed increased'anounts -

itfpof intimai thickening of the same nature as elseuhere;n;p;;;"?‘*

l}j;various changes are demonstrated in figures 10 to 20 taken;asA AR
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Flgure 10 Cross-section graft B 412 right, arrows R
demarcatmg extent of 1nt1ma1 hyperplasfa IR

.

e
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Cross-section B-461 Fight; arrows demarcating =~ -

Jeo s Figure 11 on | S
o cextent of intimal -hyperplasia.  Note varylng - -
. ... .. o thickness. "Also note paucity of smooth miscle . -



e .

’ F1gure 12 Electron microscopy of same graft as Fig 1.
- Section through intima. .

glg endothelial’ cell, somewhat thickened
2) smooth muscle cells =
(3) probable derise smooth: nuscle ce11
L questionable fibrin: IR
, -(4) typica1 appearance of co]lagen






F1 gure 13. Cross-section B- 427 left Aga'ln note varying
th1ckness of 1ntima1 hyperplasia.(

60
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F1 gure 14 Cross-section B 528 1eft Note again lint.im-al o
“thickéning (1), Also separation of smooth .
muscle ce]ls of media due to co'llagenization (2)

61
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~ Figure 15 Cross-section B-434, Relatively thin Tayer of

- ~intimal hyperplasia. ~Area giving: appearance of
S el organi zed thrombotic material (1? RN



F1gure 16 Cross sectwn anastomotic re
demarcating intima1 layer._

sin 8-012. g row

AN 2o RN

|
i
i
i
3
1
}



F1gure 17 E]ectron m1croscopy B 410 1eft ‘ .
(1) Tumen [T

- (2) endothelial cell - norma’l appearance -

§ g polymorph.in intima | o
'( smooth nuscle cells -

5): coHagen fibres in clbsé associat1on with ‘

smooth musc1e ce]ls ST






oo

tending. 1nto media

F1 gure I\I{ectron mi croscopy 8- 410 right Se_éti_on-?f R

lumen BN
endotheHum e
smooth muscle cel'ls

Note increasing amounts of collagenization" TR

toward medi a.
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o Flgure 19 E]ectron micrOSCOpy of int'imal 1ayer B 410 right
: Endotheha1 cells showing almost cuboidal _
appearance RN E R .






F1gure 20 Electron microscopy of lumena] aspect B- 461
- left. Again note: polymorph in 1ntima






" characteristic of the‘autoqenous Vein»quUp

~.1ncreased collagen1zat1on and separat1on of the muscTe cel]s. The;

-

R +1

Group I1: Most sect1ons of autogenous arter1a1 grafts
showed an appearance approx1mating norma] arter1al structure very

closely. b Cross- section, they showed a comp]ete endothe11um. with

‘_the endothe11a] ce]]s demonstrat1nq norma] f]attened appearance

Uhder1y1ng this was a very ‘narrow subendothe11a1 space then a norma1

o

'1nterna1 e]ast1c memhrane.

The med1a was seen to be composed of Tayers of smooth musc1e .,e.f~

ce]]s and elast1c ]am1na w1th some col]agen flbers.} Some areas showed

N
smooth muscle’ cells themse]ves appeared to be quite normal 1n structure;

;:F1na11y, surrounding th1s the advent1t1a showed heavy co]lagenization

‘with occa31ona1 vasa vasorum “~-~_ '7}“>,KI};Q4_J*'f\ '_3 I

tells were seen to be’ po]ymorphs smooth muscle ce]ls and 1n some

Some areas showed s]1ght 1nt1ma1 thickening with the appearance'

cases, perhaps f1brob1asts. These argps of'th1ckeninq were never seenf;

shto be very extensive or encroach1ng upon the 1umen as in the case of

B autogenOUS ve1ns. Thzs same 1nt1ma1 appearance occurred also quite

o

un1formiy, at the anastomot1c 51tes.e,

Flgures 21 to 30 are sect1ons taken as representative of Group{ S

I. L e : . S e AR . S :
M . . . . . . . RS o T %t 3 “ N . .
- . . . : o . - o e L B .
b @ A . . .. . . .
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F1gure 21

Cross section B 469 1eft. Note normai 1nt1ma
.. bounded by internal elastic membrane (1).
Media showing increased to11agenization (2)
Adventitia (3) | &

73
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F1gure 22 Cross section B-469 r1ght Again note norma1
intima. Media wlth 1ncreased collagenizati n

. . i . X ) S .
Y . & R . - PN




F1Qur’e 23 Cros§ section B-489 1eft Note normal. agpearing
intima (7) ‘media (2), and adventitia (3) ‘

. ,.\



Figure 24 ‘Electron m1croscopy of 1ntima and 1nner,g§d1a : “;;

- B- 489 right.

- -(1) Tumen
3 223 .endothelium - : ‘
internal elastic membrane

: 4g smooth muscle cells.
collagen fibres

»Note norma] 1ntima1 structure
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F1gure 25 Cross section B- 522 right Note areas
. demonstrating®mild degree of intimal
R ff-; --wthickening (arrows).. “This section is one’
e . of only a.few which: demonstrq&e th1s
SRR appearance., ‘a._ R S SRt

T . <
[ . »



Fagure 2% Cross sectwn B- 471 righ,t Aga‘ln showing
“o s.normal intima. with some COHagenization 8 : .
P of media.. . o




F1gure 27 Cro&s section B- 547 1eft anastomotic site.- :ff'{-K5; HEPT:;;’
“. - Note intimal hyperp]astic react1on (arrows). R
and a1so suture sites (1) I S MR S




Figure 28 E]ectron m1crosco€y B 466 right 'Médfa;gEJQ_ﬁj’;;gQ'}

Note 1ncreased co lagen
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. Figure 29

Electron m1croscopy B-456 1eft Media

Demonstrating relatively normal structuref ;-ff

- with smooth muscle cells (1), elastic _

*ixjfibres (2) and collagen {3)

a






&

. * Flgure 30 Electron microscopy B- 466 1eft Adventitia

Note vasa vasorum and heavy_collagenﬁzation






* CHAPTER IV
® - DISCUSSION

Autogenous Grafts _

‘The’ h1stolog1ca1 changes occurr1ng in autogenous venous segments

. 1nterposed 1nto the arteria] ~system have been exam1ned by varijous -

1nvest1gators S1nce the exten51ve work ﬁx Carrel and Guthr1e. They
a
ﬁ1rst descr1bed the changes as cons1§%1ng of 1nt1ma1 thlckening and L

"f1br0515 of the ned1a and advent1t1a (1 3). ) Th1s same pattern of change

, _has been repeatedly reaff1rmed in varlous other studies to the present
'_.t1me Areas of content1on between 1nvest1gators have concerned thﬁ ’
cause, nature and degree of these structural changes Ear]y stud1es

-’Conc]uded genera]]y that the ce11u1ar elements 1nvo]ved were of

f'connect1ve tlssue or1g1n and the changes were 1n response to the higher |
pressure 1mposed by the arter1a1 envirbnment ‘; '_”u ”ff{»;e f_;ufdté#li?
Recently WIth the extens1ve usage of saphenous vein segments 1n
'c11n1ca1 aorto coronary bypass surgery, renewed interest has 1ncreased
'efforts to cﬂearly dellneate the nature Of the structura] ch:nges f}fﬂ:vﬁin
."occurr1ng 1n these grafts Desp1te the structural difference betweené:'ffJ

fhuman saphenous veln segments and vefns of experinental an1mals¢ goodﬁ],, o

Tttﬁcorrelat1on exists between c1in1ca1 and experimental studies.; ; ?i:: |

"is;Vspec1mens have c]ear1y defined many aspects of thdf
J:F:ahstructurarbchanges a]though controversy st111 rema

";7causat1ve factors 1nvo]ved 4,-;"'

Recent studies both of experimentaI and clinical]y obtained f fj':g

ﬂ ;;;~rf;~:s: Cel]ular and structura] changes have been demonstrated to

nﬂfii’->1?;z.5751ﬁi“f,‘.',fif”i}jff31'17;Aﬂffff:l?,ﬁ::a;./‘;.“w.-v“‘v»

T
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progreSSively occur in these grafts from the innediate postrimplantation
“period to many - months The Airst "Ot‘?iéb]e change has been described w
as endothelial damage and desquamation occurring 1mmed1ately post-
~\ : anlantation (76) wyatt observed up. to 70% endothelial desquamation at.
48 hours (77): Subsequent and consequent to this endothelial disruption. 3

mural platelet and fibrin depOSition occurs Regeneration of the
ndothelium occurs to completion in approximately~12 weeks During the
first week medial edema w:th inflannatory infiltrates has. been
described 761y Also. during this: same period Marti (78) has described ;
S a tranSient hypertrophy of. the nedial muscle cells Nithin approximately
.htwo weeks of implantation there is a beginning progressive necnOSis |
of the nedial myocytes and’ increaSing medial fibrOSis (79) This,process
'_continues to complete medial fibroSis by approxﬁnately twelve moneh5°
.Nithin a period of;four to eight weeks all grafts show increasing intimal
: thickening This inti l hyperpla51a is also prdgressive, gradually
narrowing the lumen and tnus ultimately determining the long term fate _ f.h
: of the graft ThlS 1ntimal hyperplaSia consists of increasing cellular '1::
_ and fibrous 1nvaSion of the subendothelial space The cellular elenents |

-

. id>this process, originalhy thought 0 be fibroblasts due to their

,assoc1ation with the other fibrous tis‘je elements present have recently
‘been’ identified as modified smooth mu'cle cells by electron microscopic 5;--;
| 'examination (79-81) These modified smooth muscle cells proliferate R
| and produce ground substance collagen and other fibrous elements _
present in the earlier stages of intimal thickening, but later mature to
typical smooth nuscle celQS TQ? origtn of these cel]s in the sub- "'i/f;;
,,endothelrgl space where t&ey—are not usually present, is thought to be

N ?"\"” S
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~ either fromgmigratibn of smooth muscle cells from the media or
\ .differentiation from deposited fibrob]asts The tempora] or physica1
-extent to which this intimal hyperpiastid process proceeds is variabie
and. obscure In some. grafts Tt will proceed to complete occiusion of
Lthe Iumen over a period of severai months while 1n others a static
state appears to be reached maintaining 1umena1 patency for years ‘The _f

v .
" salient factors operative in determinipg the extent of this process

are Unknown o

| The stimulus for the structurai changes described ars'stiil
I;conJecturai As mentioned empiricaiiy it was thought these changes
- Were- an attempt of the venous wal] to sinulate arteria] structure in o
direct response to the 1mposed arteriai pressure Th1S arteriaiization .
concept however leads to severai observed discrepancies The ’ -
arterialized' vein in no way resembles normai arteria] morphoiogy |
It s difficult to hypothe51ze the medial changes as. being other than L
degenerat1ve Aiso, if the intimai changes are considered as. being
'adaptiye to- pressure then ahat stimulates the progression to occlusion f‘
zseen in many cases? Confronted W1th these discrepancres, investigators

‘ have hypotheSized other parameters as causative in the changes seen

' ’ABrbdy (79) experimentaiiy demonstrated ischemia as causing the medial

~changes subsequent to interruption of the vasa vasorum during removai fhf

. .He hypothesized the intimal proliferation resu]ted from pressure and

| gfdemonstrated an 1nverse re]ationship between the two processes The»

"'causative ro]e of 1schemia in the nedial changes is supported by other

'»sobservetions 8211agy1 (82) observed that the deterioration of the

sm oth musc]e cei]s was maximal 1n the central regions of the nndia. withfifff



perSTstence of cells in the 1nned1ate subendothellal and. quter medial
nareas where nutrltlon could be ma1nta1ned by d1ffus1on Concurrent _i"’
‘w1th the role of 1schem1a, observat1ons on eXper1ﬂental arter1ovenous
' f1stulas demonstrate that the maJor change‘Gccurn1ng in the venous walls

is l1m1ted to 1nt1mal proltferat1ve reSponse unt1l marked physical t';
ﬁsruptxon leads to f1brot1c changes (83) Stormﬁt al (84) demonstrated
that advent1t1al str1pp1ng of in s1tu ve1ns results 1n no apparent "
'h1stolog1c change, suggest1ng that perhaps warm 1schemia time after - N
‘vemoval is more 1mportant than'nerely dev1talizat1on from loss of vasa :

:'vasorum ' wyatt (77) denonstrated that neovaScular1zat1on of the -

. advent1t1a beglns~almost 1mmediately at 1mplantat10n w1th complete vasa -
| structures w1th1n days Other observat1ons as well have speciflcally o

1mpl1cated warm 1schem1a tlme as belng detr1mental to venous segments S

) f(82 85). Sz1lagy1 (8 6) has 1ndeed suggested that opt1mal protection

) can only be prov1ded by 1mmed1ate lnnErsion of the graft segment 1n ,f.il(._

: heparlnlzed Whole blood at 4°C as even cold balanced 1&lt solutions fail ﬁs
to prevent ultrastructural deterloratljn " L B
o Recently, many researchers have been 1mpl1cat1ng endothelial
| A damage as be1ng related to the subsequent proliferative changes occurring

in the graft segments Endothellal 1ntegr1ty is critical 1n maintaining

| ‘_funct1onal 1ntegr1ty of the vascular wall both by being selectively per- a} .

'“'mnable to plasma constituents and also preventlng platelet adherence_ , 5

or f1br1n depos1tion to the hlghly thrombogenic subendothelial__t:_ i
' selements Thus damage to, or desquamatlon of endothelial cells, leads to

o flbrl" 1ayerln9 and also abnormal 1nsudatlon of plasma and formed cells e

- “1nto the vessel wall Small thrombot1c depos1ts nny be removed by 3




RERTEY|
. :

; fibrinolytic act\yity, but larger dep051ts must be organized resulting
in -intimal thickening Such thickenlng may inherently conteibute to .
- the observed nntimal proliferation, lt also has been demonstrated to : |
be detrimental to underlying 1nt1mal and medial components by partially .
' blocking diffusmn (87) Abnormal msudation of plasma ‘pnstituents |
into the,intima and media may stinulate smooth muscle cell proliferation ‘;{
> (81) leading eventually to the 1nt4mal hyperplastic changes A e
| iﬁg Endothelial damage” speculatively, may be caused by several
factors Endothelial cells are specialized and highly reactive to :;
| various types of 1nJury Anoxia causes almost 1nnediate opening of f}
1nterendoth%lial JunCthNS (88) and necrosis (89) Thus ?ﬁ; warm ischemiaf'
6 time could potentially cause the marked endothelial sloughing observed
by various experimentors Endothelial cells are highly reactive to ) |
nechanical or hemodynamic stresses'as well The acute yield stress of
the endothelial cells 1s relattvely high (90) but even minimal turbulence l :

.can cause 1ncreased perneability, cytologica] Changes and 1ncreased rate o

| of mitosis (9l) Phy51cal handling of the grafts during implantation :1;iftl

| "-‘ or any unusual hemodynamic situations after 1mplantation nmy thus

-

| contribute to endothelial damage '3}' :

If desquamation occurs then direct insudatton of blood components'f';
S et
1nto the yessel wall ean occur However, cytological changes from

tf'; cellular 1n3ury short of complete desquamation. also can allow.abnormal;;
1n5udation of plasma components Unusual stretching of the endothelial;n
cells caused by direct pressure may aiso result in permeability‘:hangesa'
even through a relatively intact endothelial layer ’ Speculativel

'iﬂ{{j such rnusual stretching could occur as a resuﬂt of overstr

ftChtn.**




o evoiution of observedfintimai hyperpiastic changes can be anticipated

! fa;fdifference noticeabie between the grafts Ieft as simpiy bypasses

"7‘_::energy component ‘"ﬂk”"' -

;-”1<:expressed by the equation

5o M

) . . OO . EE N s o

- \) . .. . . :
. . . . . . N .. B

PR . . o ) 3

venous wa]i‘by the improved‘arteriai pressure ' ThiS unusuai stretching
o may henndynamicaiiy damage the- endotheiiai ceiis resuiting in observed f;
.a'p rh;ab‘]ity changes or the 1ncreased tension exerted upon the ce11§ by

stre ching Wiii increase the energv\den51ty of the bIOod vascuiar i'fg

| 1nterface which can also be reiated to permeabiiitg changes (90) Hith‘
"endotheiiai changes aitering the normai permeabiiity barrier, angh
“assuming a*éausative reiationship between abnormai 1gsudation of piasma

;

rtand smooth muscie ceii proiiferation, theoreticaily at ieast thev5>i*'

I

11 In our group of autogenous vein segments the changes which we' fggf.

| ﬁ:observed were Sinniar to those observed both ciinicaily and from other”é§%i:;

Sf“ekperimentab series V?rious degrees of intimal hyperpiastic changes

"were present 1n ail grafts There was no significant structurai

: aand those 1n which the Underiying arterial segment was iigated The |
- hemodynamic 51tuation in these two cases wiih’differ by the kinetic 'f;f;

The totai fiu1d energy at any point in the circulation nay'be X

n

; P + pgh + 1/2 pv

~ 2 F f totai flu1»ﬁfg'gf
“jgf;fi_Pressure R
e ?ffden51ty 5 S
,‘,g:fg[g ¥facceieration due to gravity 8
. I height above. arbitrary pointf
"3}Q;fv --veiocity of- fiow i
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.. In our exper1menta1 model the second term gh) may be neg1ected .'«
'“f,becadge of srm11ar 1mplantatlon s1te on both 514es The pressure term

"'( P) wlll also be’ sxm1lar in the two cases However, the last term will S
- d1ffer because'%f a d1ffer1ng blood ve1oc1ty with 11gat1ng the under-
7.?i1ay1ng artery, the f1ow through the graft segment wi]] 1ncrease by

f1increas1ng the ve10c1ty of flow, assum1ng relatlvely constant diameter

| 5211agy1 (82) has 1mp11cated 1nt1ma1 f1br1n layering as a factor 1n :“ i

n'ftideterm1n1ng the degree of 1nt1ma1 changes seen. The amount of fibrin

;’1a¥er‘"9 Wh*ch may occur 1s re1ated to the: velocity of blood f]ow, and
o thus it could be antic1pated that,“1f‘1ndeed th]S process occurred in _»‘,»‘ f
'pur grafts some difference 1h‘the amount of intima] change_may‘gg .
'not1ceab1e As this was not the case, we nay say that 1n our experi-\rff‘d ’

i “*mental mode] ve1oc1ty changes wfﬁhln a phy51o1091ca1 range maintaininggﬂi; g’

) “f,ulam1nar f]ow do not appear to affect the degree of intimal hYPerPIaSia;;jﬁffi

ff_jj;sane graft The greatest degrfj




FibrOSis of the nedia and adventitia,

.

Our group of autogenous arterial grafts‘demonstrated essentially
no structural changes after the same medium term interval This resuit'i:‘,:
| is concurrent with observations of other experimental series where S
o autogenous arterial grafts remained unchanged When 1np1anted into -
'kanother arteria] site (92 93) Histologic studies of autogenous
arterial patch grafts alsp demonstrated maintenance of g§sentia11y
norma] structure except for some media] fibrosis (94 95) Our results's“.'“
- ,l on these autogenous arteria] segments NOUld tend’to contradict theorilsr;iz
re]ating endothelial damage directly to the intimal hyperp]astic ,
: phenomena as it appears only p]au%ible to assume the sanexendothelial

4;damage would occur 1n the arteria] segments as in the}“enoust_ This

, iiwouid seem to 1mp1y that the intimal thickening seen in veins 13

| 1ndeed at }east partially an adaptive reaction to the arteria1 RO

o ;env1 ronment

| ff*ffvasospasm. It isi ossibﬂe that stT”ct al




..j'_adequacy of the outflow tract may detérm1ne the “]t‘matgtFESponse seen.__: e
e " »

. -'N1th 1nadequate graft f]ow, f1br1n 1ayer1ng may occun, eventuat1ng 1n 'éjf;A\\

" .

Eh;]htima1 hyperplas1a L s : ﬂ;7 l‘ic.7 L -»ff?>i‘5fff57;?5153(1‘

- "Fabric Brafts REICI R T i T
R N ieton ke
R The group of dacron afts showed an occlusion rate of 30% 1njpur.ng

; Series These graft fa\lures occurred 1n the early pOStOPerative period }t“l
before endothe11a11zation could occur .The 1nnad1ate Cause of graft
‘f511ure was lumenal thrombos:s in all cases as seen at sacrifice. Al] 'ﬁy?~"

" . grafts 1n th1s group were implanted simtJarly, w1th s1m11ar 1engths

R . Flow measurements demonstrated o sign1f1cant dffferences betwienﬁthe

1\4,fgrafts'rema1n1ng patent and the ones occ1uding,?except 1n one.case, ¢“.;4fii7f§

L BS 622 where flow was marked]y decreased Thus the primary cause:if the ;5ferf
‘;}umenal thrombos1s cannot be ascertaﬁhed from this series Speculative]y.5if:y
.'.11t would resuit from successxve neo 1ntin91fffbr1n ]ayering? ver the |

-

Vﬁcr‘ti a1 thmkneSS Of 500 u, however, the- factors operatif S

'“ﬂ;{tproducing th1s 1n one graft and not anotheg are obscure

A patency rate of 70% proves to

. contemplat1ng c11n1ca1 usage ThlS patef



MUY

'--th1s ca11bre “any phys1cal aberrat1on w111 resu]t 1n 1mmediate thrombosis.

- The cr1t1ca] th1ckness of neo- 1nt1ma format1on 1s déterm1ned to be even

!-less than 500 u tolerated at 4 m1111meters Exper1menta11y, the only

R ]ong-term patency ach1eved w1th conduits of ‘this ca]ibre has beenlwhen |

'than opt1ma1 b1oxpotentia1 has been ma1nta1ned e1ther by 1ncorporat1ng a
fsta1n1ess stee] wxre carrylng a current w1th1n the small wal] or ‘ :
3fspec1f1ca11y 1nduc1ng a static potentia] ~In: the first 1nstance the ;

- - current 1tse1f will eventually prove destructive, while the second type -

‘«of condu1t does prove to be funct1ona1 However; 1ong-term patency

O :"at th1s ca]tbre is def1ned as. exceeding 21 days (26), which is sti]]
R L

. Y

e c11n1ca11y unacceptable ’;‘:v{i j5"hf';;' e

'connnn fabr1c mater1als can be measured tn;m1nu es rather than.hours

v

The(funct1on of 3 m1111meter dianeter grafts constructed of
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) CONCLUSlONS R g

- .l;v.'f The most 1deal replaceuent for a small cal1bre artery segment

Cis a s1m1lar s1zed autogenous arterlal condu1t ,

‘2':'. AutOgenous Venous segments although funct1onal replacements for

o f'small é%l1bre arter1es, undergo structural changes which may prove T

/’

- detr1mental toﬁfunct1on. . ;¢ :_3-'7 f']'s"‘7;'i ll* 1 T; i N

'

B ’ 3 | At this stage 1n the1r development fabric grafts\canﬁOt be

d"-'

: fconsldered as, adequate replacements for small calibre arterles
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