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ABSTRACT 

\ 
'6 

At present, the only effective treat~ent for atherogcl~rotic 

arteria,l obstruction is surgical revascularization. Unfortun-

a tel y, l n 5 om e pat i e n t s, t h l sis uns u cee 5 s fuI cl u ~ t 0 the e x t e nt. 

of the disease; most of these patients require amputation of the 

11mb because , of severe pain or gangrene. 
r' 

By expanding on the experimental work of others, we wer0 

able to successfu 11y save the 11mbs t-f exper imf'nta l a~imn l c; 

(canine) with obstructed arteries by restoring circulation ~ia 

the use of the venous system (.t4hich is not affeèteon by 

atherosclerosis). Subsequently, we1have also been able to savp 

the 1imbs of a srT1al~ group orpatients uSlng a slmilar pro"'cenure. , 

Angiograms in the clinical and ex~er1mental ssttinq revealed 

reversed f10w ln the venous bed with new vessel formation arounrl 

and distal to the arteriovenous reversal. In the present stooy, 

we Investigated whether or not the reversed venous flow rrovided 

nutrient perfusion to the hind 1imb, the role of severe ischemia 

ln the development of the network of vesse1s appearing around ann 

distal to the arteriovenous reversaI and whether these vesspl are , 

i 

\ I~ 

n e w 1 y for m e d • Ina d dit ion, we aIs 0 e x ami n e d ti\ e roI e 0 f l i pin 

angiogenic factor and controlled exercise, as sti mu 1 ants _1 n the 
development of this network of vesse1s. 

1) 

, 
We have demonstrated that the reversed venous f10w provides 

nutrItive perfusion t~ the 1imb as measured by tran~cutaneous 

ox ygen. In addition, we have shown that severe ischemja plays a . 

d 
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maJor role in neovascula ization of the ~anine hind li~b in the 

presence of arterioveno reversaI, as d-etermined angiographic-

al 1 y. We h a v e "-a 1-8' 0, d e mont t rat e d th-at there' is increased 

cap III a r y 9 r 0 w t h i n the pre sen ~e 0 f se ver e i s che m i a fol l 0 WIn q 

arteriovenous reversaI and that this capillary neoformation can 
~, 

be enhanced by ~ vivo administration of lipid angi~genic factor 

Gr controlled exercise. FinaIly, we have demonstrated increased 

trltlated thymId1ne uptake by endothellal cell nuciei ln hinr 

Ilmbs with arteriovenous reversaI, suggesting that there is new '" . 
endothelial formation. 

\ 

• 
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RESUME 

A l'heure actuelle, le seul traitement efficace de 
" .. 

l'obstruction artérIelle due à l'athé.rosclerose est la 

revascularisation chirurgicale. Malheu~usement, chez . ~ 

certains dont la maladie'est trop étendue, cette techni-

que est- vouée ~ l'échec; la plupart de ces malades 

devront donc subl r 11 amputatIon dl un membre pour 

remédier à leur douleur Intense ou à la gangrène. 

Ens lIn s p 'i ra n t des t r a vau x exp é ri men tau x dia ut r es . 
chercheurs, nous avons été en mesure de sauver les 

membres 'd'anlmaux (ChIens) dont l'es artères étaient 

ob s t rué e sen ré t:a b Ils san t 1 a c 1 r cul a t ion par 1 e b i ais 

du système veIneux (qui nlest pas attelnt par l'athéro-

sclérose). Par la suite, nous avons été en mesure de 

sauver les membres d'un petit groupe de malades en nous 
, 

servant d'une 'technique similaire. Les angiogrammes 
.. 

effectués tant dans le mIlieu clinIque que dans 1 e 

milieu expérimental ont révélé une lnversion de la 

clrculation dans le lit veineux avec formation de 

nouveaux valsseaux autour du 1 ieu où 11 inverSion avait 

été réa Ils é e et dan s 1 a par ti e dIS t ale par r a pp <ir t à 

11 lnversion. 
" 

a,v 0 n ste n t é 

Dans l'étude dont il est fait état, 'ous-­
/' 

de préclser si la circulatio~ veineuse 

inversée permettait la perfusion de nutriments aux 

membres postérieurs, nous avons également tenté, de 

déterminer le r61e de l'ischémle grave dans le dév~lopp­

e men t dur é se a u d e v ai s s eau x qUI a p par: ais s e n\t a u t 0 u r d u 

--------_._------~----- --- 'ICI!' --
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du, lieu d'inversion- artérioveineux_ et ~s la région 

qui lui est distale -et si ce.s vaisseaux -sont dé format-

ion récente. Eni "0 u t r e. no usa von s é t u d i é 1 e r ô 1 è du 

facteur angiogéniqu'e 1 ip'oidiq'u'e dans la 

développement de ce résea~ de v~isse~ux. 

stimulation du 

Nous avons démontré que l'inversIon de~la circulation \ 

ve i ne use p e r met 1 a p e r fus Ion nu tri t ive du me m br e , tel 

qu'on a pu le mesure.r par le ta.ux d'0XJ'gène transcutané. 
, 

De P 1 u,s • no usa von s dé mon t ré qu' une i sc hé mie g r a ve 

joue un rôle prépondérant dans la néovascularisation du 
,.. 'II~ 

membre .postérieur 'du chien en présence d'une inversion 

Q r t é rIO V e i n e.u se. démontrée a l'angiographie. Nous 
j 

avoris également fait la preuve qU'il" existe une 

'c r 0 r s san cee api lia ire a c c "{1 e en pré sen c e d' une i sc h é mie 
. 

grave qui fait sUIte 'à une lnversion artérioveineuse et 

que ce tt e PI 0 u v elle f q r ma t.i 0 n d.e cap i Il air es op eut ê t r e 

f a v 0 ris é e p'a r lia dm i n i s t rat ion 1 n v i v 0 d u f a c t e u r 

angiogénique lipoi·dique ou ,par un exercice suivi. 

Enfin. nous avons démontré qu'il eXlste une captation 
, . 

accrue de thymidJne ·tritiée par les noyaux de.s cellules 
, , , 

end 0 thé 1 i ale s des me m b·r ~ s po sté rie urs sur 1 e 5 que 1 son a 
• 

pratiqué une inverslon artérioveineuse;".. cette observ­

ation .6ërïne à penser qu'il y a formation d'un nouvel 

endothélium. 

.. 

., 
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A. PERIPHERAL VASCULAR-OISEASE 

1. General Introduction: 

The primary role of the circulatory system is the transport 

of oxygen, -nutr ients, by-products of - metabol ism, heat and other 

constltuents of blood to and from aIl tissues of the body. The 

energy for this important function is generated by the heart 

which pumps blood through a series of distributing vessels. \ 
\ 
) 
1 

In accordance with Jean poiseuille's la (1842), the flow of 

blood is controlled by the arterial blood pre ure, resistance to 

the flow by the blood vessels and blood viscosity. Furthermore, C 

the resistance of a vessel is inversely proportional to the 
'" 

fou r th po we r 0 fit s rad i us. Th us, the rad i us 0 f a v e s sel i s 0 f 

paramount importance in the circulatory system. In the presence 

of arterial lumenal narrowing, which is usually due to 

atherosclerosis, the efficient transport of blood to the 

peripheral capillary beci is impeded (1 - 4). With mild 

obstruction, characteristic symptoms become evident only after 

brief exercise, such as walking or climbing stairs. In contrast, 

more severe disease leads to symptoms even at rest and eventually 

necrosis of tissue. 

II. Intermittent Claudication: 

The term claudication, which is derived from Latin, means 

"limping". Intermittent claudication is a weIl characterized 

symptom of peripheral vascular disease and is almost always J 

16 
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atherosclerotic in origine However, there are other rare causes, 

such as t:'ystic adventitial disease of the pooliteal artery ann 

popl,iteal entrapment syndrome (5, 6). 

The general cornplaillts of these patients are muscle pain, 
", 

cramp, fatigue and/or severe weakness with exercise, which c1re 

rel ieved by rest. The arterial blood flow may be ad€'ClUntE' to 

maintain resting tissue requirement but, with exercise, the flow 

may not be increased enough to deliver the necessary oxyqen tO 

maintain muscle function. The location of intermitten't 

claudication is determined by the level of i3therosc]erotic 

stenosis. Generally, symptoms felt in the lower back, buttocks 

or thigh are associated wit:l distal aortic and common illt'lC 

di sease. In contrast, calf and foot symptoms are ca~sed by 

occlusion of the superficial femoral artery, whi le pon1 iteal 

artery disease may lead to foot pain o'r numbness on walking. The 
\ 

etio1.ogy of the pain is unclear, although it 1S believec'l to he 

caused by muscular hypoxia and accumulation of metabolites. 

Me tabol i tes such as 1 act i c ac id, phos phor us compound s, ammon i a, -- ' " 
phosphoric acid and potassium have aIl been suggested as the 

cause of the pain (7 - 9). 

Intermittent claudication Ls relatively benign (l0, Il). 

Fort y per cent of patients improve, 40% remain unchanged and only 

20% need surgical treatment (12). Furthermore, it has heen 

reported that only 5.8% of intermittent claudication patients 

require amputation during a mean fo110w-up period of 2.5 years 

(13) • 

/ 
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III. Ischem.ic Rest Pain: 

with furthe~ progressIon of vascular disease, more arterial 

and colla ter a 1 v e s sel s m a y bec om e 0 ccl' u d e d • Consequent1y, 

arteria1 flow becomes inadequate even at rest, causing more 

ischemia and pain (14). In' addition to the reduction of total 

arterial blood flow, most of these patients have significant 

structural changes in the capillary vascular bed and it has been 

s u 9 9 est e d t h a t the s e~ cha n 9 e s m a y b eth e immediate cause of 
• 

necrosis (15). 

Pain at rest means the arterial flow to the extremity is so 

limited that even the sma11 nutrient requirements of the skin is 

cornpromised and this'signifies the start of severe peripheral, 

vas cul a r dis e a 5 e (16, 1 7) • 1 s ch em i cre s t pa i n i sun rel en tin 9 a n à 

severe. It is' usual1y worse at night when the patient is in bed, 

sin c e i n the ho riz 0 n ta 1 po s i t ion, the ben e fic i ale f f e ct s 0 f_ 

gravit y in carrying blood distal1y are lost (14). Thus the 

patient has to hang the foot over the side of the bed or spend 

the night in a chair in order to relieve the pain. However, this 

posture may lead to edema which in turn leads to further 

reductio.n of f10w becaU5e of increased extracellular pressure. 

At this sta~e, another type of pain due to ischemic neuropatny 
\ 

may occur (14). 

l'V. Ulceration and Gangrene: 

Ulceration and gangrene are the end stage of peripheral 
\. 

of the ex t r em i t i es. It i5 weIl estab1ished that 
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the stereotype of chronic leg ischemia is graduaI development of 

claudication which becomes worse wIth shortening of walking 

dIstance. This is followed by continuous pain at rest and 

eventually, deterioration in sldn nutrition with ulceration ann ..... 

frank gangrene (15, 16, 18). Usually, ulcers occur on the toes 

or heel but may occur anywhere on the foot or lowpr le~. ~ 

Slmilarly, gangrenous changes occur in the toes, heels ann 

lateral aspects of the foot or proximal parts of the Ipg a~ a 

result of trauma (such as incisions, burns or heat) or by drug-

Induced vasoconstriction (19, 20). 

B. THE ETIOLOGY AND PATHOGENESIS OF ATHEROSCLEROSIS 

1. 

.. 

caus 

of Atherosclerosis: 

espite recent advances in atherosclerotic research, the 

and pat h 0 9 e n e sis 0 f • a the r 0 sel e r 0 sis r em a i n uns 0 1 v e d • 

However, there lS a general agreement that there are three 

different types of atherosclerotic lesions: fatty streak, 

f1brous plaque and complicated lesion. 

Atherosclerosis is a disease process that starts early in 

Il fe. ~he fatty streak begins in the intima and may coyer about 

10% to 30% of the intimaI area of the aortic surface by the age 

10 or 30 years, respectively (21). The lesion first becomes 

apparent as fatty dots or streaks on the intima of large 

arteries, 109Plized primarily at proximal and lateral branch 

orifices and the shoulàers of qifurcations. Eventually, the 

lesion spreaàs to smaller arteries. His toI og i cal l y , the 1 es ion 

\ 

, 
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shows an intima thickened by the collection of l ipid-laden foam 
/' 

celIs, which may be either smooth muscle ~ells or macrophage type 

foam cells. Usually, this lesion causes little or no obstruc\ion 

and no clinical symptoms. The fa c t t h a t fat t Y SI t r e ,a k s are 

pre sen tin the a 0 r t a cff v i r tua 1 l Y ev e r y chi 1 d b Y the age 0 f l 0 

years has led to the suggestion that juveni le fatty streaks are 

th~ precursors of the large fibrous plaques of developed 

atherosclerosis (22). 
/ 

r 
However, this suggestion has been 

challenged by several studies using topography, geographic 

pathology and chemistry,. and also by preliminary studies using 

ce16ular markers (23 -)25). For instance, the ubiquity of fatty 

streaks in populations with a low incidence of clinical 

manifestations of atherosclerosis suggests that the le~ion 

progres~n does not develop beyond the fatty streak stage (26). 

In contrast, the primary iesion of chronic arterial 

occlusive,disease is the fibrous plaque, which has a different 

distribution pattern as compared to the fatty streak (27). The 

fibrous plague first appears in the abdominal aorta after the age 

of 20 and increases progressively with age (21). This lesion 

protrudes Into the lUmen of the artery and shows a central lipid 

pool of atheromat~us grue1 and cholesterol crystals surrounded by 

foam ce1ls. Sorne of these foam ce1ls may be monocytes 

(macrophages) and others are smooth muscl e cell s (28). The 

interstitium between the cells is expand~d by the accumulation of 

-elastic flbresf collagen, proteoglycans and 1ipid dr09lets (27, 

2 9) • The~.q i b r 0 u spI a que s are m 0 s t f r e que n tan d se ver e i n the 

art~ries df the heart, brain and legs, where the y rnay increase in~ 

, . 
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size, enough to obstruct the f10w of blood. 1 t i s we l 1 

established that progressive and degenerative chan9ps in th~ 

fibrous plaque from adulthood t'o midd1e age may predispose c, 
L 

Individuals to cardiovascular disease later in life (30). 

The final step that leads to clinica11y significant 

reductlon in the flow of blood usually is thrombosis over fi 

fibrous plaque. This lesion, which is referred to as a 

complicated lesion, is believed to be a fibrous plaque that has 

been modified by hemorrhage, calcification, cell necrosis and 

mural thrombosis. 

In an attempt to explain the cause and pathogene~is of 

atherosclerosis, several hypotheses have been suggested. These 

hypotheses must take aIl the above lesions into account as well 

as explain the effects of)the associated risk ~actors on the 

incidence j ,nd clinical events of atherosclerosis. Presen t 

hypotheses i nc l ude the li pid hypothes i s, the response-to- i n j ur y 

hypothes i s, the monoc 1 ona 1 hypothes i s and the clona l-senescence 

hypothesis of athero~enesis (21, 31 - 36). 

r .... 
II. The Risk Factors' of Atherosclerosis: 

Risk factors have been dèfined as habits and abnormalities 

which lea~ to an increased susceptibility to atherosclerosis 

(37). --A risk factor may be a causative agent, a secondary 

manifestation of an underlying metabolic abnormality or an ear]y 
, 

sytnptom of atherosclerosis (26). Such factors are based on 

associations uncovered in epidemiological studies of both humans 
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and experimental animals~ For instance, it has been observed 

that people moving from a geographic area of lQW inc1dence to an 

area of high incidence gradually tend to show the higher rates of 

atherosclerosis observeâ in such areas. Such studies demonstrate 
/ 

the importance of environmental factors in atherosclerosis. 
i}. 

\ 

The major establ ished risk factors are age, hypertension, 
~ 

cigarette smoking, diabetes mellitus, and hypercholesterolemia. 

It should be mentioned that whe~e first four of these factors 

are not accompanied 

may not lead to 

by elevated p~ma cholesterol, these factors 

premature atherosclerosis. This has been 

demonstrated by epidemiolo~icâl studies in Japan (26). 

-a) Ag e: 

It is weIl establ ished that age has the strongest and most 

consistent correlation with atherosclerosis. Atherosclerotic 

plaques appear in the aorta in the first decaêle of life, in the 

-coronar~ arteries in the second, and in the cerebral and 

peripheral arteries in the third (38). Several studies 

involving the use of multiple regression models in the analysis 

of clinical and a.,.utopsy data have d'emonstrated significant 

positive correlation between age and athero'sclerosis (39, 40). 

b) Hypertension: 

Epidemiological studies of both humans and experimental 

animaIs have indicated that an e~evated blqod pressure 
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accelérates atherogenesis and increases the incidence of 

cardiovascular disease (26, 37, 41 - 43). Hypertension is ~ 

strong risk factor for st~oke and to a lesser extent for 

peripheral vascular disease. Studies by Robertson and Stronq 

have- demonstrated that hypertensive patients are stronqly 

associated with an. increased degree of atherosclerosis than non-

hypertensive patients(44). This difference has been shown to be 
. 
significant at aIl ages, in both sexes and for both the aorta nnd 

f 
coronary arteries (44) • These qndings have been substantiated 

by more recent investigations invol v ing the use of mu 1 ti var iate 

linear regression analysis (40, 45). 

c) Cigarette Smoking: 

Cigarette consumption remains an important risk indicator 

for cardiovascular disease, particularly in elderly individuals 

(46 - 48). Susceptibility to ischemic heart disease and 

peripheral vascular disease and their complications Ïs enhanced 

by cigarette smoking. The associated risks tend to increase in 

. ~ 1 proportion to the number of cIgarettes smoked (49). Severa 

Sfudies have demonstrated a strong positive correlation between 

cigarette consumption and the extent' and character of 

,cardiovascula~disease (47,49). However, the exact mechanism 

involved is by no means "clear. Various investigators have 

postulated that nicotine, toxic agents, carbon monoxic1e, 

Increased concentration of carboxyhemoglobin and/or decreasinq 

oxygen suppl.~L~may cause an increased risk of 'atherosclerosis in .. 
the smoker, although none of these factors have been definitely 

proven as being the culprit~. For instance, the 
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admlnlstratlon of hlgh doses of nIcotIne to experimental anImal 

produces calCIfIcatIon and necrOSlS of the arterlal medIa, a 

condItIon that IS Slml1ar to Monckeberg's arteriosclerosis (50). 

However, such studles have stIll not concluslvely proven that 

nIcotIne leads to atherosclerosls. 

d) ~Iabetes Mellltus: 

Dlabetes mellltus Increases the Incidence al'cl severIty of 

perIpheral vascular dlsease. This associatIon has bee~ 

-
clemonstrated ln a large var't-~ty of studles. Varlous groups have 

shown that perlpheral atherosclerosls lS up to Il tlmes more 

f reg u e nt ln cf 1 a b,e tIC san d th a toc C lus Ive art e rIa l dIS e as e 

ùevelops about 10 years earller, as compared to control qroups 

(2(" 44). Loss of 11mb occurs 5 tlmes rrore freguently ln the 

dlabetlc wlth symptomatlc OCclusIve dlsease than in slmllarly 

affectéd, non-dlabetlc peers (26). Also, oangrene of the 

extremltles due to atherosclerosls ]S about 40 times more 

Frequent ln a dlabetlc over the age of 50 than?,n a non-àJabetic 

" ( 2 6) • Flnally, dlabetlc groups have more flbrous plaque and 

calcIfIcatIon ln the coronary arterles, as weIl as more stenoslS, 

than non-dlabetic groups (44). 

Desplte extensIve research ln the arp~ of dlabetes mellitus 

and ItS assocIation with atherosclerosls, the e<act mechanisms by 

WhlCh thlS dlsease enhance§ the development and severlty of 

atheroscleroSls r em a 1 n un k n ow n. Sorne experlmental studies have 

d e.11 0 n s t rat e d that hyperglycemla assoclated with Insul in 

deflclency as ln diabetes produced by alloxan or partial 
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pancreate,ctomy lS not, per se, atherogenic (51, 52). Rabbits and 

rats rendered 1nsulln-deflclent wIth alloxan, develored Ipss 

atheroscleroSls than expected when fed a high cholesterol diet. 

However, thlS atherosclerosls prevention effect has been revprsE>rl 

by glvlng such experimental anImaIs insulin (53). Furthermore, 

Insulln has been shown to affect the metabollsm of ~he nrterii'll 

wa l 1. Studles by Mahler have demonstrated that when insu l in l S 

'"'-glven to alloxanlzed rats, thera 15 a decrease ln' the proéluctjon 

of endbthellal 11pa~e (54). In a similar study, Stout 

demonstrated that an Intravenous InJectIon of lnc;ulln Inra 

alloxanlzed rats led to a much greater incorporntlon of carbon-

l4-labelled glucose or acetate lnto the aortlc IH)1c1 'l'han when 

no Insulln was glven (5S, 56). Insulln does not nPflPar ta 

accelerate the upta~e of cholesterol by the élort lC wi'll ( c; 7) • 

1 t h a s b e e n f àù n d t 0 1 n h 1 b 1 t t h ~ r e Cl r e s S Ion a f 
(') 

l' h p However, 

leSlons ln the aorta that occurs when cholestprol-fed ChlCkc; Fl r e 

transferred to a normal d1et (58). 

e) Hypercholesterolem1a: 

Hypercholestero1emla has been associated wlth an lncreasp 

ln atherosc1erosls, a conclUSIon establ ished in severa} 

e p 1 d e m 1 0 log 1 cal s tu dIe s ( 59 - 6 1). l t ha s be.e n (l e mon s t rat pd t h a t .,. 
an Indlvldual's r1sk of developing atherosclerosls increases 

exponentlally at h1gh 1evèls of serum cholesterol (f,n). <:;turj'jes 

1nv01vlng prolonged dlet-induced hypercholesterolemia in sever~l 

spec1es Includ1ng non-human 

""" 
an1mal~ have a greater rlsk of 

ma J 0 r C om p 1 1 ca t r 0 n s ( 6 2 - 6 4 ) • 

c 

p r-.i mat es, 

~ 
developlng 

I)ave shown that\ c;uch 

atherosclerosis and its 

" 
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Finally, a report from the Framingham study indicates that 

the Im~O\tant components of total serum cholesterol ln relation 
J> 

t 0 a the r 0 sc 1er 0 SIS are l ow den si t Y l i pop rot e i n s (L'D L) and hi 9 h 

denslty lipoprotelns (HDL) (61). Accord lng to thlS report, high 

lfvels of LOL and/or low levels of HDL, are associated with 

atherosclerosls. 

l Ir. Hemod ynam i c Fact or s ~ A ther og enes i s: 

Atherosclerosis has been shown to occur at certaIn fùvouren 

sItes, an observation that has led to the suggestion that local 

hemodynamlc factors, such as shear stress, may be associated with 

atherogenesls. The favoured sItes ln questlon are branch 

vessels arlslng from the aorta, bIfurcations, arterial bends, 

superflclal femoral artery InJthe Hunter's canal and the common 

f em 0 ra l art e r y und e r the in gui na l l i 9 am e n t. Severa l hypotheses 

have been proposed ta explaln the effects of hemodynamlc forces 

e x e rte d u p 0 n the art e rIa l wa l l,' The sei n c l u d eth V p r e s sur e -

related hypothesis, the wall-shear hypothesis, the turbulence-

related hypothesis and the flow separation hypothesis (65 - 72). 

The pressure-related hypothesis, proposed by Texon suggests 

low intra,luminal and high extravascular pressures during a 

portIon of the cardiac circle lead to a suction effect on the 

end9thelial surface (65,66). Over time, the endothelium is 

believed to become damaged, eventually leading to atherosclerotic 

les ion s. Ho we ver, sin c e ne 9 a t ive t r ans l u min a l pre s sur e i s 

unlikely durlng the cardiac cHcle, thlS hypothesis does not 

appear to be valid (73). 
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The wall-shear stress hypotheses have been put forward 

lndependently by Fry and Caro (67, fi9). Fry' I,as suggeste~ that 

acutely elevating the shear stress forces on the endothel ial .6' 

surface to approxlmately 380 dynes/cm 2 , could rE>sult in .inCrf>BSE>n 

permeability and alterations in the eqdothelial architecture.(/17, 

74,75). These changes in turn coulc'l lead to local inj·ury ano 

erosion ln the favoured sItes resulting in lipoprotein 

accumulatIon and eventually atherosclerotic Jeslons. Th us, 

elevated shear stress may lead t~ atherogenesis. In contrast, 

\ 
Car 0 and 0 the r s bel lev eth a t the r'e l san l n ver s e r f> 1 n t ion s h 1 P 

between shear stress and atP'1erogenesls (b9) • These inve'3tigators 
.., 

have suggested that low stress areas of the vascular tree favour 

a lessened egress of lipid components, particularly cholestero'l, 

from the vessel wa Il. Therefore, the developrrent of 

atherosclerotic lesions in such regions may be favouren. 

Conversely, hlgh stress reg Ions would have ] ess chance of 

developing atherosclerosis (69). 

Turbulence has also beencsuggested as a causative factor in 

atherogenesis (70, 71, 76 - 78). Tt is belleved that turbulence 

causes platelets and other blood components to stick together, 

e ven tua _l, 1 Y 1 e a d i n 9 t 0 the for mat ion 0 f t h rom b i 0 rel e vat e ct 

plaques ln the Intima. Furthermore, turbulence lS belleved to 

cause endothelia1 injfry, which alone can result.. in 

o atherasclerotlc leSIons. However, there lS no conclusive 

evidence ta support the suggestions that turbulence plays a role 

ln atherogenesls. 
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The flow separation hypothesis was proposed by Fox and ~U9h 
.. 

(72) • According to thls hypothesis, flow separation at arterial 

branches and a10ng curved segments results in areas of stasis. 

H e n ce, the rel sas t a 9 n a t ion 0 f b 1 0 0 d i n ,,-s u ch s i tes, 1 e a d i n 9 t 0 

the accumulation of platelets, 

eventua lly to atherosclerotlc 

fibrin and lipoprotein, 
--4 

lesions. Th i s phenomenon 

and 

i s 

belleved to be the major hemodynamlc force associated with 

a therogenesi s. 

Summa ry : 

In splte of the varIOUS hypotheses, we stl] l r,ave no 

conclusive proof as to the precise role that hemodynamic forces 

play ln atherogeneslS. ExtensIve addItIonal studies are required 

before definitIve conclusions can be made. 

C. THROMBOSIS AND PERIPHERAL VASCULAR DISEASE 

Thrombosis i5 the central event in the evolution of vascular 
J' 

dlsease and may lead to ischemic necrosis, a findlng more 

characteristic of arterial than venous lesions. Thrombosis 

contributes to plaque formation, progression of atherosclerosis 

and occasionally embolization to smaller, more distal arteries. 

The mechanisms involved in intravascular thrombosis consist of 

complex and intricate dynamic interactions between the vascular 

wa l l and the components of the fI ow i ng b l ood. These include 

InJury to normal or already damaged vessel walls, platelet 

adhesion and aggregatlon and activation of the clotting mechanism 

(79, 80). Briefly, plate1ets tend to deposit on exposed col1agen 

of damaged endothelial surfaces or ulcerated atherosclerotic 
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pl aques. This lS followed by the release of platelet 

intracytoplasmic calcium, which then causes the contraction of 

the platelet and the release of adenosine dipho~phate and 

th r om box a n e A 2 ( 8 l - 8 4 ) • These compounds in turn ~ause platelpt 
/ 

aggregation. During the complex processes of platelet adhesion 

and aggregatlon, the clottlng mechanism may be activateo, leadin~ ... 

to the format 1 on of thromb in and fi br in. The fibrin causes 

st ab l 1 l t yan d f i x a t ion 0 f the th rom bus ( 8 5, 8 6) • 

The symptoms and signs of arterial thrombus depend upon the 

Slze and locatIon of the artery occluded, and the speed of th(> 

development of the thrombosls. A partial thrombotic obstruction 

of the vascular lumen may not cause any immec'liate clinlcal 

symptoms. Such a thrombus usually occurs over an ulceratec'l 

atherosclerotlc plaque and may eventually accelerate 

atherosclerosis. In contrast, a complete suàden arterial 

thromboS1S may present as an emergency with an acutely !!'ichemic 

l imb. Under such conditions, the l imb wi Il be cold and pale. In 

add1tion, there may be pain, paresthesia, and motor paralysis, 

eventually leading to necrosis of limbe Fin aIl y, th r om bus ca n 

dIslodge and embolize into a dIstal artery, worsening symptoms nf 

claudicatIon and pain or causIng sudden acute occlusion. 
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( D. NEOVASCULARIZATION IN PERIPHERAL VASCULAR DISEASE 

Neovascularization ,is the sequence of events associated with 

capillary formation. This process is of paramount importance in 

a variety of biolÇ)Ç1ical processes including collateral 

cIrculation, wound healing, tumor growth and embryonic 

development ( 8 7) • The molecular events that c"ause 

neovascuiarizatlon remain unclear. However, several mechanisms 

have been proposed to explain this process, Tt . has been 

su 9 9 est e d th a t a mec han i cal 0 r b i 0 ch em i cal st i mu 1 u 5 ca n i n duc e 

new vessel growth. 

In terms of a mechanIcal stimulus, it 15 weIl establ i5hed 
\ 

that signl ficant hyperemia develops in response to an 

arter10venous f15tula (88, 89). This is believed to occur 

primarily as a result of an increased velocity of blood flow (90, 

91). It has been shown that an increase in the flow rate of 

blood causes shear stress of the vessel wall and this leads to 

passive dilatation and enlargement of existing collaterals by 

act ive growth (90, 91). 

With regard to a biochemical stimulus, a second event, 

entirely different from pre-existing vessel enlargement has been 

proposed as the mechanism for neovascularization (92). This 

second event may occur later or at least not as quickly as pre-

existing vessel enlargement (92). Capi llary neoformation, has 

c previously been ascribed to such substances as a transferable 

factor promoting vascular growth, tumor angiogenic factor, human 

follicular fluid, angiogenesis factor from human myocardial 
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infarct, lipid angiogenic factor and angiogenin (87, 92 - 96). 

In an IschemIc environment, these biochemical factors may be 

released thereby producing neovascularization (97). Accordinq to 

Folkman and associates, caplllary neoformation occurs in stages 

( 9 8) • Fi r 5 t, in the pre sen c e 0 f a b i 0 ch em i cal st i mu 1 us, 

endothellal cells àegrade the vascular basement membrane nn(1 

pr'trude through the wall of the vessel. This is followed by a 

d Ire ct Ion a l l 0 c om 0 t ion 0 f the end 0 the lia l cel l 5 f r om the par E' n t 

vessel to forrn a capillary sprout. Next, a lumen is formed in 

the sprout and endothellal prolIferation takes place within r the 

sprout whereas endothellal locomotIon occurs at the tip of the 

sprout. The tIp of one sprout JOIns with another to form é'l 

capillary loop through which blood begins to flow. Eventually, 

ne w s pro u t s d e veLo p f r om e a chI 00 P t 0 for man i n te n sec api lIa r y 

network. As a final step, a new basement membrane i5 formec1 

WhICh later incorporates microvascular pericytes into it (gR). 

AlI the above stages are believed to be caused either directly or 

Indirectly by angiogenic factors (98). 

t Neovascularization induced by angiogenic factors i5 an area 

of actIv'e research. It lS generally believed that learning more 

about the physiological mechanisms involved in neovascularization 

may lead to the developrnent of more effective therapieR for 

peripheral ischemic disease or myocardial infarction. 



c 

( 

32 

E. THE TREATMËNT OF PERIPHERAL VASCOLAR DISEASE 

1. Medical Therapy: 

In spite of the fact that medical treatment is' palliative, 

not curative, it still remains of vital importance, since the 

underlying cause of atherosclerosls perslsts even after surgery. 

a) Measures Designed to Influence perip~ral Vascular Disease: 

These are general measures that may help patients wIth 

peripheral vascular disease. Such measures include weight loss 

slnce excess body welght reduces the claudIcatIon dIstance o'f 

patIents. Patients should be advised to keep theIr feet'dry and 

clean and tha t trauma and extremes of temoerature are to be . ~ 

avolded. Furthermore, patients should be advised to use 

correctly fItting shoes, to do daily inspections of their feet 

for indications of infection, and never go barefoot. Al s 0, 

patients should be encouraged to have their nails and callouses 

attended to professionally. 

b) Drug Therapy: 

Drugs have generally been ineffective for the treatment of 
~ 

p e r i ph e raI vas cul a r dis e a se. Se ver a l vas od i 1 a t 0 r dru 9 s, suc h a s 
"\ 

nylidrin, Isosuprine and tolazoline, increase blood flow to 
, 

animal as weIl as normal human extremities (99 - 104). Clinical 

trials wIth the se agents have been unsuccessful. In spite of 



several claims, especially by pharmaceutical companies, there is 
fi' 

no eVldence that any vasodilator drug 15 effective in the 

treatment of peripheral vascular disease. 

In contrast, pentoxlfylline, a methylxanthine derivative, 

has been used by several Investigators for oral treatment of 

IntermIttent claudIcatIon. VarlOUS randomized, double-hl ion 

trIals have shawn that the pentoxIfylline-treated patients 

Increased thelr walking dIstance compared to patients treaterl 

with placebo (l05 - 110). Pentoxlfylline appears to improve 

caplllary blood flow by Increasing red blood cell flexibil Ity 

thereby enchancing the passage of these cell s through thE> 

vascular bed (111). ThIS effect on red blood cells is believed 

to be due to i ncreased cycl ic adenosine monophosphate (1).MP) and 

adenoslne trIphosphate (ATP) concentrations resulting from 
,-. 

phosphodiesterase inhibitLon (111). In addition, pentoxifylline 

lS belleved to decrease the concentration of fibrinoqen in hloon, 

preventing aggregation of erythrocytes and platelets, thereby 

reducing blood viscosity (112). 

/---
Fibr In,lytlc agents" on the other hand, are effectlve=> 

treatment for the acute manifestation of peripheral vascular 

dl sease. Streptokinase or urokinase accelerate the generation of 

>plasmin which lyses thrombl in veins, pulmonary and coronary 

aqteries as well as peripheral artenes (!13). It '11ay be used a!'> 

a prelude to. surgical intervention o~ as a treatment in patients 

who are uns u lt a b l e ca n d id a tes for sur 9 Ica l pro c ed ure s (11 ~, 1 l .1 ) • 

1 
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Ge n e r a 1 1 y, i t a pp e ars t h a t th r om bol Y tic the r a p y i s mu chI es s 

successful in patients with chronic occlusive disease cornpared to 

( more recent occlusions (115). 

II. Sur21cal Treatment: 

a) Direct Arterial~econstruction: 

A t pre sen t , the 0 n l y e f f e c t ive me ans 0 f rel lev l n 9 pa i n and 

Improving the nutrItion in the extremities of patients with 
'" 

perlpheral vascular disease i,. by direct arterial 

revascularizatlon • Surgery is effective palliation and may 

• 
a c c om pli 5 h l lm b sa l vag e , but un for t u n a tel y , i t ha s no lm p a c ton 

......-:, 
the underlying cause of the disease. It should also be mentioned 

that not every patIent wIth perIpheral vascular disease should 

have surgical interventIon, slnce the majority of patients may 

improve with appropriate medical management and an additional 

number may stabilize with tIme. Generally, the indioations for 

surgery are ischemic rest pain, numbness, ulceration, gangrene or 
. 

interference with the ability to earn a living • 
• 

There are several rC?vascularization techniques in the 

armamentarium of the vascular surgeon for the patient with' 

'" peripheral vascular disease who reguires surgery. These 

techn Igues i nc l ud e endar terec tomy, ang i, op la st Y , aor to-b ifemor al 

bypass, extra-anatomical axillo-femoral or femoral-femoral bypass 

grafting, and saphenous vein bypass. However, in spite of aIl 

these procedures, there are numerous on-going studies by severpl 

investigators for the development of effective and lasting 

arterial revascularization to extremities that would 

< otherwise be lost by amputation. 
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Aorto-iliac di~ease: 

The proceclure of choice for patients with an ischemic l imb 

due t~ diffuse aorto-iliac occlusive disease is an aorto-bi- ~ 

femoral bypass uSIng a synthetic graft. The operative mo~tal ity 

rate of this procedure is between 3% - 9% and the long term qraft 

.' patency rate is between 70% - 97% at 5 years (lUi - ] lQ). Som e 

studies have reported a graft patency rate of about 7S% at 10 

years (120). Such long term patency has been suggested to he due 

improved graft material, which may provide a more biocompat~bl) 

pseudointlma and secondly, to the present nractice of extenrlinrj 

the distal anastomosis down onto the profunda femoral artery, 
,'. 

thereby ensuring a good out-Flow tract (119 - 123). 

The major problems associated wiJ:h this ;'loperation are graft 

Infection, progression of atherosclerosls in the d1stal vessel s, 

which may result in poor run-off, pseudoaneurysms and aorto-

enteric flstula formation. In recent years, the incidencJ of 

graft infection has been reduced with peri-operative antibiotics 

and with the use of improved bioprosthetic grafts that allow 

early tissue incorporation (120, 124 - 127). The other two .. 
problems, pseudoaneurysm and aorto-enteric fistuLa formation, are 

1 

believed to be reduced by the use of an end-to-e~d proximal 

a na s t om 0 sis. This type of anastomosis has been suggested to 

imp~e hemodynamics and 
• 

to ensure good closure of ,the 

r e t r 0 pe rit 0 n e aIt i s sue 0 ver the pr 0 x i mal sut ure lin e (120, l 2 R , 
~ 

129) • 

\ 
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Another revascu1arization technique u sed , to bypass 

a 0 r toi 1 i a c dis e a sei s the use 0 f a 9 r:-a f t t h a t con n e.c t san 

axi11ary artery to both femoral arteries. This operation, which 

has an ~erative mortality of~2%, is qppropriate for 

patients and those with aortoiliac graft occlusion or 

(130, 131). The most frequent complication of an axillo-femor 

isk 

femoral graft is thro~osis, which may occur in up to 40% of 

these patients wlthin one year. The long term patency ràte of" 

the graft is about 76% at 5 years (130)~ 

-, 

Femoro-popllteal and Distal Oisease: 

1 n p ~ t i en t s w i th f em 0 r 0 - pop 1 it e a 1 dis e a se, the 0 p e rat ion 0 f 
.1 

choice is to bypass the obstruction, freguently with a reversed, 

autogenous, saphenous vein graft. The patency rate of this 

operation is between 58% to 72% at five years'and 15-40% at eig .. ht 

to ten years (117,132 - 135). The operative mortality is 2% -

7 % "a n d 5 ye a r m 0 r t aq i.t li i s ab 0 u t 4 8 % (h 29). Ho w e ver, the Ion 9 

~ 

term results of this operation have been inconsistent and 

variable. It has been suggested that the outcome depends on many 

v,ariables, including age: th~state of health of the patient, the 

length of the graft, the si~and quality of the vein graft, 

peripheral vessel run-off and the presence of diabetes mellitus 

(136). Hopever, there is no general consensus lmong surgeons as 

to wheth~r or not the graft patency rates of this operation 

correlate with the above mentioned variables (133). 
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Finally, many ischemic extremities have been sal'vaged by 

dIstal graftlng, to the lower calf vessels beyond the poplitea] 

trifurcation (121, 126 - 128, 137). In such operations, as 

abc v e, the rev er sÉ!~ saphenous ve i n i s common 1 y used. The patency 

rate of this graft is 73% initially, with a progressive decrease 

to about 25% at 8 - Il years. 
'", 

tJ 

b) In-Situ'Sapheno~s Vein Arterial Bypass: 

.. 

The first successful use of the in-situ saphenous vein 

bypass was reported by Hall in 1962 (138). However, poor results 

led to the abandonment of this technique. In lQ72, thE' techniqu~ 

was reintroduced with a great deal of success by Leather and 

associates (139). At present, many surgeons conSide:-:phiS the 

operation of choie€- for femoral-poPliteal, f'"emora/-ti ial or 

fémoral-peroneal bypass to revascularize ischemic limbs. 

~ 

vein 

Essentially, this technique- invol ves leaving tbe saphenous 

in its native bed, its /v~~es rendered incompete_nt with a 

'val ve cutter. The advantages of this operation are: ( 1 ) 

improved hemodynamics; since the large end of the vein i s 

anastomosed to the large femoral arterYj and the narrow end of the 

vein is used at the smaller distal anastomosis (140,141), (?) 

~, 

reducèd endo~helial damage since most of the' vein is not 

mobilized, leà-ving the vasa vasorum intact to supply ~ndothelial 

nutrition (142 - 147). These advantages seem to relate to 

superior results, with a ~tency rate fo1lowing distal bypass of 

71% at five years (148). In spite of these advant~ges, the in-

.... h'~ h . h '" b 1 h' h ~ i 1 s J.~t u tee n l que as s om e 1 n e r e n t pro e m s w 1 C con ven ton a 

. . 
• 

l 
" 
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reversed saphenous vein grafts do not. One of these lS the 

d ~ v e l 0 pm e n t 0 f corn mu n Ica t Ion b e t we e n the sap h e n 0 u s v e 1 n and the 

deep venous sys"tem (149). These arteriovenous flstulae may be 

pl\.esent at the tlme of surgery but may also develop post­

op~atlvelY If prevlously competent valves breaK down and allow 

iHterlal flow to enter the low reslstance deep venous system. 

These flstula~ can steal enough flow so that dIstal arterlal flow 

15 sev"!rely compromlsed. In the patIent Wlth poor distal run-off 

dIstal graft thrombosls may occur (150, 151). 

c) Sympa t hect orny: 

The rel s a 9 r 0 WIn 9 con sen sus t h a t 1 u m bar s y m pat h e c l om y m a y 

.be a sUltable procedure for sorne properly selected patients. 

Gcnera11y, Interrupt1.on of the sympathetlc chaIn, elther by 

surglcal sectIon or by InJection of phenol, produces 

v,asodl1atlon, which 1eads to Increased 11mb flow (152, 1~3). 

flowever, the proportIon of thls il!1crease that goes to the sKln is 

far greater than gOlng to the underlYlng muscle. sympathectomy 

may 1ncrease sKln blood flow, thereby relievlng ischemic rest 

paIn and enhanclng the hea11ng of small ulcers or small areas of 

gangrene (154). However, thls operatIon does not have any 

beneflc1al effect ln the treatment of IntermIttent claudIcatIon. 

Nevertheless, lumbar sympathectomy still remains a 

controverslal operatIon sInce ItS IntroductIon ?l Adson and Brown 

. 
Hl 1924 (155, 156). There are confllcting results in the 

llterature about ItS role ln the treatment of perlpheral vascular 

dlsease. For Instance, three different groups, 

• 

headed by 

C 



Halmovlcl, SZllagyl and KIm, have reported the efficacy of lumbar 

sympathectomy ln the treatment of patients wlth seVE're ischpmic 

Ilmbs not amenable to dIrect revascularization (157 - 159). In 

another study, Lee demonstrated t ha t a ma]Orlty of patIents 

wlth dIgItal gangrene who were poor candIdates for direct 

art e rIa 1 r e vas cul a rIZ a t Ion, s ym pat he ct am y wa s e f f E' ct Ive 1 n th f' 

salvage of Ilmbs and toes (160). Berardl anrl Siroospour 

demonstrated that the beneflclal effects of ?ympathectomy were 

decreased by factors such as rest pain, ulceratIon and qan<lrene 

( 161) • 

On the other hand, Fulton and Blakely have been unsuccpssflll 

ln uSlng sympathectomy to relleve rest paIn, salvaqe qangrenous 

Ilmbs or even de1ay afTIputatlon ln some patIents (162). Rerqan 

and TrIppel reported that ln their experience, Ischemic 1 imbs 

actua 11y IIJorsened, Juèged anglographica11y, folloWln'l 
... 

sympathectomy (163). Such conflicting results may be due to the 

fact that an heterogenous populatIon of patIents were Involved ln 

all the varlOUS studles mentioned above. 

d) AmputatIon: 

AmputatIon of the lower limb stIll remains part of the 

armamentarlum of the vascular surgeon despIte advances in thf' 

treatment of perIpheral vascular dlsease. Genera Il y, amputat ions 

become necessary when a l imb 15 not amenable to di rect 

revascu1arlzatlon due to dIffuse distal blood vessel rlIsease, the 

presence of Intractab1e rest paIn, Ischemie necrOSIS of tissue or 

ulceratIon and gangrene that do not respond ta treatmE'nt. 
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The maIn obJectives of lower extremlty amputation are to 

achleve primary heallng of the amputation sIte, relIef of paIn, 

restoration of ambulatory ability and preservation of 11mb 

length. Hence, these factors must be taken into consideration 

when a surgeon is determining the level of amputation. In recent 

years, there has been a defln]te trend towaro below-knee 

amputatIon, ~ompared to the safer approach at the above-knee 

level. There ]S renewed lnterest ln Improvlng the patient's 

rehabllitation and guality of life by performing below-knee 

amputatIon, even though s~ch an operatIon has sorne associated 

rIS k s . Bel 0 w - k n e e am p u tA ion h a sIe d t 0 a n l n cre a sel n the 
/ 

1 

number of patIents who ambulate uSIng prosthetlc devIces (16 4 , 

165) . 

The morta1lty rate for amputation has ranged from 20% to 40% 

(166 - 169), but, more recent series report decreased morta1 ity 

rates, sorne as low as zero (17). Late morta1ity rates range from 

25% ta 50% at 2 years and 50% to 75% in 5 years (17). It shou1d 

be pointed out that most of these patIents tend to die from other 

cardiovascu1ar prob1ems, such as coronary artery or cerebral 

vascular dlsease. c' 
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A. HISTORICAL BACKGROOND OF ARTERIOVENOOS REVASCULARIZATION 

Advanced lschemia of an extremity due to diffuse distal 

arte~lal d1sease is frequently not amenable to standard, 

currently available revascularization techniques, including 

bypass graftlng, endarterectomy or sympathectomy. Consequently, 

some patIents wIth extensive disease require amputation of the 

11mb because of severe paIn and/or gangrene. 

The fact that the venous system 1S not affected by even the 

most severe atherosclerotlc process has led several Investiqators 

over the years to explore the possib1lity of revascularizing 
~" 

lschemla tissue by the creatIon of an arter1ovenous fuhula. For 

the most part these attempts have been unsuccessful due to venous 

congestion or inadequate tissue perfusion (170). 

Two forms of arteriovenous revascularization must be 

dlstinguished. Arteriovenous fistula consists of creating a 

communication between the arterial and venous system to allow 

flow of blood ln the normal direction from distal to proximal in 

the vei n. Arteriovenous reversaI implies an arteriovenous 

a n a 5 t om 0 sis w i th l i 9 a t ion 0 f the pro x i mal ven 0 U S 1 i m b suc h th a t 

flow is forced distally in a retrograde fashion through the 

ven 0 u 5 S y 5 t e m ( the art e ria l pre 5 5 ure c om b i ne d W i th 5 U r 9 i cal 

ablation causing incompetence of the venous valves). 

41 
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Arteriovenous reversaI, perhaps the most radical 

revascuiarizatlon concept, lS also the oldest, with the first 

experlmental attempt taking place in 18R1 and the first cIinical 

attempt by a Spanish surgeon, San l'o1artIn y Satrustequi in IQ02 

( 171) • 

Occaslonai cllnlcal success resulted ln several trIals rrior 

to 1920, but ultlmately the poor results reported from careful 

cllnlcal studles of the centrally located arteriovenous reversaI 

procedure, such as those of Szilagyi and associates in 19')1, lerl 

to the abandonment of thlS technIque (172). More recent 1 y, 
1 

experlmental studies by several groups have demon):;trated more 

favourable resu1ts in arterlovenous reversaI (173 - 179). 

Experimental studies by Root and Cruz demonstrated that 

lmmediate end-to-end arteriovenous reversaI led to massive tissue 

edema (173). They uti1 ized a canine mode1 in which aIl branches 

of the external iliac, ipsilateral internaI iliac anc'l distal 

arteries to one 1 imb were I igated. In addition, a side-to-side 

flstula was created Dt the popllteal artery level an~ the distal 

artery and prOXImal vein were immediately ligated. AlI the 

animaIs developed massive edema with loss of limb function 24 

hours post-operatively. Furthermore, 40% of these dogs had to be 

sacrlflced as a result of muscle necrosis and even though the 

survivors regained sorne use of their limbs, the fistulaf5 

o eventually thrombosed (173). In another study, Matolo anrl 

associates demonstrated revascular ization of turkey (obI igatory 
\ 
1 

\ 
) 
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bipeds) lower extremIties utilizing an immediate end-to-side 

arterlovenous reversaI (174). In their study as weIl, aIl the 

animaIs de'veloped maSSIve edema and 60% lost their limbs within 3 

--4onths from venous congestion and Ischemia. 

ThIS massive edema, usually associated with immediate 

arterlovenous r~versal, was reduced by staged retrograde 

perfusion by Hi,erton ln 1961 (175). In a clinical study, Hierton 

lnitlated staged retrograde venous perfusion for dIscrepancy in 

le n 9 th 0 f l 0 we r ex t r em i t i es. Formation of an arteriovenous 

flstula, later followed by ligation of the femoral veln proximal 

to the flstula, crea"ted a true arterlovenous reversaI and <;!voided 

excessive edema (175). 

A simllar approach was taken by Bernstein's group who 

created an experimental animal model of severe limb ischemia and 

were able to demonstrate limb salvage without excessive edema 

formation (176 - 179). In one of these studies, an ischemic 

canIne hind limb preparation was created by the ligation of the 

femoral artery and its branches in one leg. In addition, the 

terminal aorta and its pelvic branches as weIl as the ipsilateral 

6th lumbar artery and the ipsilateral deep circumflex iliac 

artery were aIl ligated and divided. In the control group, there 

was uniform ~rreversible ischemia which eventually caused 
, 
\ 

gangrene (179)'-: In a second group, an immediate arteriovenous 

reversaI anastomosis was created at the popl iteal level in 

addlt,lon to the ligation of several pelvic vessels, as previously 

described in the control group. This preparation caused massive 
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edema and po or wound healing. Only one-third of these animaIs 

survived with a patent arteriovenous anastomosis; none of these 

survivors had normal limb function (179). F'inally, in a third 

group of anImaIs, a staged arteriovenous reversaI anastomosis was 

performed. An end-to-side arteriovenous fistula was initially 

created at the popllteal level. Agaln, there was comr]pte 

Ipsilateral devascularlzation as performed ln the flrst two 

groups. Llgatlon of the proxImal popliteal veln was carried out 

days later. ThIS staged arteriovenous reversaI led to IO() per 

cent 11mb survlval and the animaIs developed only mild edema. 

Furthermore, doppler ultrasonography and anglogri'lphy providec'l 

obJectIve eVldence of excellent tissue perfuslon in these limbR 

( 179) • 

We felt th~~hlS concept of staged arteriovenous reversaI 

was Important to enable the limb to be functional as weIl as 

vIable. We used a canine ische'llic hind limb preparation to 

investigate the physiologic consequences of staged arteriovenous 

reversaI. In our laboratory, we developed an animal mode} in 

which severe irreversible ischemia was created in one limb which 

was then revascularlzed by a staged arteriovenous reversaI 

procedure at the popliteal level (Fig. 1). We were i ndeed 

successful ln salvaging nine out of ten limbs (180). More 

Important, studies using radioactive microspheres provided new 

Inslght Into the mechanism by WhlCh nutrient tissue, flo", evol ves 
, 

o as a result of arteriovenous revascularization. Microspheres of 

15um in diameter were used, allowing them to be trapped at th€> 

capillary level. The data suggested an initial decreased flow in 
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aIl muscle groups of the arterovenous reversaI leg to 

approximately 25 per cent of that in the control leg (p < 0.005). 

However, after 10 days, flow had lncreased in the arteriovenous 

reversaI leg to levels slgnlflcantly higher than on Day 1. In 

the lateral thigh, for example, the flow with the fistula open 

had increased from 26 ,to 55 per cent of that ln the control leg. 

Interestlngly, wlth the flstula closed, flow was not 

slgniflcantly dlfferent from that seen when the flstula was oren 

(55 vs 49%). ThIS would signify a high degree of flow via 

collateral vessels formed ln response to the arteriovenous 

flstula. Similarly, lhere was a significant increase in blooc1 

flo~J ta the dIstal leg (gastrocnemius and foot) in the 

arteriovenous reversaI leg compared to the baseline flow when the 

flstula was open (e.g. foot 88 vs 25%). However, occlusion of 

the fistula resulted in a significant drop 'in flow (e.g. foot 88 

t 0 4 5 % ) - 1 n d i c a t i ~ t h a t the m a j 0 r sou r c e 0 f n u t r li e n t f l 0 w t 0 

these areas was via the reversed venous route (180). ç,Clearly, 
,,) 

reversaI of venous flow does occur and can result in perfusion of 

t i s sue i n the 1 i mb dis ta 1 t 0 the fis t u 1 a. 0 f gr e a ter i m p 0 r tan ce, 

however, is the formation of an intense network of new vessels in 

the region of the fistula which then appears to extend distally 

"-1 

Wlth time, as demonstrated by the post-operative angiogram in 

Figure 2. We were able to demonstrate this second mechanlsm 

arteriographlcally and quantitate its contribution to nutrient 

flow using radioactive microspheres. 

) \ 
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At the same time this experimental study,was completed, a 
t 

patIent presented to our Vascular Service who had severE' 

unremItting fest pain without tissue necros'is and numerous 
l> 

attempts of conventlona~ revascularization had been unsuccpssful 

because of inadequate run-off. This patient adamantly refusen 
• 

amputatlon and consented to undergo the experjmental procedure as 

It was outllned to hlm. 
" 

He was carefully informed that the 

operatlon was lndeed experlmental, and that If unsuccessful, 

amputatIon would ultimately be necessary. The operative 

procedure ltself was uncompllcatec'l and there WélS no oroblem with 
"-

exceSSIve 11mb edema or cardlac failure secondary to the 

arterlovenous flstula. The proxImal venous 11mb was left open ln 

order to maximize flow through the anastomosis.- A prosthetic 

graft extendlng from the femoral artery to the_peroneal vein W8S 

implanted and blunt instrumentation used to attempt breakdown of 

ven 0 u s val v e s dis t a 1 t 0 the a n a s t om 0 sis (F i g. 3). 'l' he i sc hem i e 
JI 

symptoms in th~ foot rema~ed unehanged for approximately 10 days 

and then gradually ameliorated such that by the end of about six 

weeks the patient no longer complained'of sionifieant rest pain. 

ArterIographie evaluations earrled out at 4 months, at seven 

months and again at 12 m;nths demonstrated extensIve p~rfusion of 

the ~istal 11mb (Fig. 4). Doppler studies showed normal 

perfusion at rest and no signifieant drop in ankle pressure with 

exer~lse (181). 

As a result of thlS preliminary we felt ]ustified 

in se t..t in g u p a e 1 in 1 cal pro toc 01 in 0 r der t 0 fur the r e val ua te 

~his procedure and determine its role in the manage~ent of spvere 
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l imb ischemia. In thi~ protocol, patients presenting to our 

vascular surgical serVIce with severe rest pain with or without 

early dry gangrene, in whom complete evaluation, including 

arteriography with the use of distal delayed filming and 

hyperemia, falls to demonstrate ad~quate outflow for conventional 

/ revascularlzat,lon procedures (as dete~ined by two vascular 

surgeons) were offered arteriovenous revascularizatlon. In fact, 

the maJorlty of these patIents have already underqone previous 

dIstal bypass which has failed as a result of inadequate outflow. 

Once the procedure and the investigations we wish to carry out to 

monitor its progress are explained to the patient and the 

approprIate consent form slgned, the patient undergoes a femoral 

artery to tibial vein bypass.with a distal anastomosis located in 
1 

the mid-calf reglon. PTFE grafts have been routinely utilized 
, 

as the saphenous vein is ge~rally not available. Prior to the 

creation of the distal anastomosls, distal valves in the vein are 

rendered incompetent using instruments suitable for in-situ 

saphenous vein grafting. These patients are subsequently 

followed at regular intervals using doppler studies, 

arteriography and clinical evaluation. 

To date, 12 patients with intractable (narcotic dependent) 

rest paIn have been enter~~ into the protocol. Among these 12 

~patients there was one operative death (8.3%) resulting from a 

massive myocardlal infarctlon on the 12th post-opE'rative day. In 

four patients, there was early graft occlusions (two due to 

inadequate Inflow, two due to inadequate tibial vein). Two 

patients with patent grafts required amputation at two weeks and 
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neerosis of the forefoot while 

Symes amputation that healed. 

1n aIl, four limbs were salvaged (37.7%) during ~n average 
\ 

follow-up of 44 months. 

Anglograms performed at four months or ] ater demonstrate 
t ~ 

extenSIve v~scularl~ation of the limbs with reversed venOU9 Flow 

to the an k 1 e region. The mean values fqr the fl ve l i mb 5 with 

pa ten t grafts are as fo Il ows: 
,.. 

Pre-Op. 1 week 4 12 mos 4 36. mos mos 2 4 ~1'!10s 

Ank l el 0.25 0.29 0.53 0.62 o .65 O.q? 
brachIal 
index 

Ankle 2.6 19 39 45 50 4? 
Waveform 
(mm) 

Our l nit i ale 1 l n i cal exp e rie h c e de mon s t ~a tes th a t l i m b s ca n 

be revaseularized by the arteriovenous ~Jte. There is no 

question of dramatie Improvement, documented objectively, ln thE> 

patients in whom the proceduFe has sueceeded. However, mflny 

l m p 0 r tan t que s t ion s P"e mal n u n ans w e r e d • fF 0 r e x a m pIe, 0 n e 9 r e fl t 

limitation in the elinical setting is the t ime required for 
-

Improvement which varied from two to eight weeks when thE> 

procedure succeeded. Clearly, if the procedure i9 to have wider 

appl icabi l ity, we must find a means to aeeel erate the 

revascularization process. 

1 
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B • PURP~Sr OF TH~ PRESEN~ STUDY .' 

As discussed earli~nventional revascularization tech­

niques for advanced IJ:er limb ischemia may fail in the presence 

o f d i f fus e dis t a 1 \r tir i' a 1 d i.s e a se. We have shown both 

experimentally and clinically that severely ischemic limbs,may be 

. . ""... , 
salvaged by lnfrapopllteal reversaI of vendus flow (180,181). 

In the experimental study, Graham and colleagues demonstrated 

J 
both angiographically and with microsphere injections that the 

"-arteriovenous fistula 'was associated with a marked increase in 
. 

collateralization and neovascularization (180). CIinically, 

S~ymes and colleagues have demonstrated the efficacy of 

femorotibial arteriovenous revascularization for the salvage of 

an otherwise irreversibly ischemic limb (lAI). In the patients' 

who underwent this procedure, extensive vascularization was also 

seen to evol ve over time in the region of the fistula. These new 

vessels seem to be respons~ble for eventuaIIy increasing the 

clrculation to the limbe 

This study was undertaken to further our understanding of , 
the neovascularization process which ensue~ when an arteri0ven~us 

reversaI procedure is utilized to revascularize a severely 

ischemic' limbe We hope that ,;.learning more about the 

physiological factors involved in this procedu~e may lead to the 

development of a mor,e effective therapy for the salvage of many, 

p.reviously irreversibly ischemic limbs. 

J 
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AlI chemlca 1 s used were reagent grade and were purchased 

from commercIal suppllers. Trltiated-thymidine (6.7 Cl/mole) 

WéJS obtalned from New England Nuclear and was measured ln a 

n p c k man L l gUI d Sc 1 n t l lIa t Ion S y stem s, L S l R 0 n • 

A. THE DEVELOPMENT OF ISCHEMIC CANINE HIND LI~B MaDEL 

As Ind1cated ln the prevl'ous sectIon on arteriovenous 

r( vilscularlzatlon, we fe l t that the concept of staged 

,Jrterlovenous reversaI was Important to enable the 11mb to be 

fun c t Ion a las weI las \' I a b le. In order to Investlgate tl-Je 

phySlologlcal consequences of staged arterlovenous reversaI, 

Craham and colleagues develored a SPVl?;:"P lschemIc hInd 11mb model 

ln our laborat.ory (180). 

It lS weIl establlshed that dogs have extensive collaterals. 

for example, 11gat10n of the superficial artery alone does not 

cause Ischemla. Conseguently, the most d1fficult part ln the ..... ' 
development of thls model was to ensure a severlEly ischemic hind 

11mb preparatIon. ,In the InItIal studles, three groups of 

mon 9 rel d 0 9 s w i th d 1 f fer en t lev e Iso fun 1 lat e raI i sc h em i chi n d 

11mbs were created, by trial and error. These groups were 

achIev~ by the 11gatlOn of d1fferent collateral vessels of the 

pelvIs and h1nd 11mb. 

c 
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In group l, aIl the branches of the fernoral artery as weIl 

a s the d e e p f e rn 0 raI art e r y 0 f the l eJ t h l n d l 1mb \.J pre l i qat e <1 • 

Then, an arterlovenous anastomoSIS (AVA) was performed at 

popllteal level ln an end-to-side fashlon. The dIstal end of the 

dlVlded popllteal artery was Ilgated. A silk suture was then 

placed loosely around the pooliteal VCln rrOXlflli11 to the Tl.VA .lnd 

ItS ends were left ln the subeutaneous tIS.6UP. To determlne thp 

baseline flow (l.e. severlty of lschemla) ln dlfferpnt muscle 

groups, radIoactIve mlcrospheres (nlobium-9<ï) of dlameter l'1um 

were InJected with the AVA temporarlly OCCIUrle~ 'ln roc;t-

operative Day S, the anImaIs were reanaec;thptIzpd anrl the loosely 

placed sllk suture was tled, produelng arterlovenour:; reverséll 

(AVR) • The follàw-up studles were carried out on poc;t-oreri'ltlvP 

Day 10. Once agaln, the dogs were reanesthetlzed and two furthpr 

microsphere flow StUdl~S were performed uSlng cerium-141 and 

ch r om l u m - 5 l . Mlcrospheres were InJected wlth the AVR o[wn élnd 

repeated wlth the AVR occluded. The dogs were sacr 1 fleed and the 

flow to palred muscle groups ln the left and rlght Ilmhs was 

calculated by the reference sample technique (182). Niobium-9S 

refleeted basellne IschemIe flow, while the cerlum-141 ana 

chromlum-51 determlned the total Çllmb flow wlth the AVR open and 

the collateral flow when the AVR was occluded • In arJdition to 

., 
the microsphere flow studles, ischemia was also i'lssessed by 

mlcroscoplC examination. The data from these asseSS'Tlents 

lndlcated that the above surglcal technique dld not cauc:;e 

lschemla • 

/ 
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Conseguently, a second group of anImaIs with m'ore 

cCJllaterals Ilgated was lnvestlgated. In group (II), Ischemia 

was prepared as descrIbed for group l, but ln addition, the 

termInal aorta, the bIlateral InternaI illac arterles and the 

sacral artery were aIl llgated. Once again, an AVA was performed 

rlS descrIbed for group l and the baseline 'Ischemic flow was 

d S se.J se d ,b Y n lob l u m - 95. On post-operatlve Day 5, the AVA was 

con ver t e d t 0 A V R and 0 n D a y l 0 , the fol l 0 w .,... u pst u die s \oJ e r e 

performed as prevlously described. As ln group l, the surqical 

technIque used ln group II also falled to produce severe 

Ischemla. 

Thus, a thIrd group of dogs wlth addItlonal collaterals 

llgated was lnvestlgated. In group III, the dogs were prepared 

ln a manner slmllar to group II. In additIon, the ipsi lateral 

deep circumflex artery as weIl as the umbilical arterles were aIl 

YJgated. An AVA was created ln the usual fashlon, which was 

later converted to AVR. Ischemia was assessed as described for 

groups l and II, on Day l and Day 10. In group III, the surgical 

technique caused _jevere ischemia as judged by mIcrospheres and 

mlcroscoplC studles. If the AVA was ligated on Day l, the limbs 

became totally necrotlC over a period of 24-48 hours with the 

average time beIng 36 hours. Pathologic examInation revealed 

gr oss &nd m icr oscopi c changes of acu te i scheml c necros i s. This 

fInding ~ 
suggested that ln group III, the operated limbs were 

inltially perfused only by the AVA and later (on post-operative 

Day 5) by the AVR. This thlrd group became our severely ischemic 

hind 1 imb model, which is~iscussed in more deta i lprth 

/ 
Illustrations) below. 



B. ANIMAL MODEL 

Mongrel dogs wel~hIng from 20-25 kgs were anaesthetlzed with 

sodIum pentobarbltal (25 mg/kg) and received pre-operativf' 

antlbIotlCS. Through a longItudInal InCIsion in the left groin 

reglon aIl branches of the femoral artery were ligated (Fiq. Sb). 

A second InCISIon ln the left pelvic reqIon was then UC;f'rl to 

ligate the dtstal aorta and aIl peivic branches which potentlally 

supply collaterals to the left 11mb. These Inclurle the terrT'inal 

aorta, both InternaI lilac arterles, the sacral artery, the left 

t 

deep clrcumflex artery, the i)th and 7th lumbar arterlPS and the 

left deep femoral artery (FIg Sa). After heDarlnizlnq th(> 

a an end-to-slde anastomoSls was carrled out betwPf'n thp 

xlmal end of the dIvlded popllteal artery and the ror1itefll 

n (FIg Sc). A silk suture was placed Ioosely around c1 

ximai venous 11mb for subsequent 1 igatlon 5 days later 

(Flg.1). The InCISIons were then closed and the anImaIs returnprl 

to thelr cages. 

C. ANGIOGRAPHY 

SerIaI conventionai angiograms were performed by standard 

technIques on aIl anImaIs on Day 10, Day 22 or Day 2R to 

demonstrate the extent of vascularizatlon of the 1 imb. The left 

common carotld artery was exposed through a ventral incision in 

the neck and the distal end of the artery was llgated. flsing the 

Seldlnger technIque a 7 French multlhole catheter was introduced 

o Into the exposed artery and advanced to a pOSItion about '. cm 

proxImal to the aortic bifurcation. A test injection of contrast 

age n t (5 - l 0 m lof MD - 7 6, dia trI Z 0 a te me glu min e a n Cl s od 1 u m) wa s 
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obser'Jed fluoroscopically prior ta fIlming. A total of 30 ml of 

MD-76 "'Jas InJected at the rate of 10 ml per second wlth seriaI 

fllmlng ove!'" 10 seconds on a puck changer. This was followed by 

seml- se] ecti ve ang Iography in WhlCh the catheter was advanced to 

the external lliac artery of the operated hind limb. Flfteen 

mIl l 1 lIt ers .0 f con t ras t age n t a t a rat e 0 f 5. 0 m l pe r sec 0 n d wa s 

used at thlS sIte. 

D. ASSESSMENT OF TISSUE PERFUSION TRANSCUTANEOUS OXIHETRY 

Transcutaneous oXlmetry lS a non-InvaSIve and continuous 

method for monItorIng oxygen tension, shown to he useful for the 

detect10n and assessment of per1pheral vascular dlsease (l83 -

l 8 6 ) • Several 1nvestlgators have demonstrated that 

transcutaneous p02 lS a good lndlcator of tissue perfusIon and 

correlates well wlth different grades of isahemia (184 - 188). 

We felt that transcutaneous oximetry would be useful ln the 

assessment of tIssue perfusIon of the hInd 11mb ln our 

exper Imental animal s. 

In these experiments, two gro~ of animaIs (12 ln each 

group) were usedi final follow-up stud ies were done on post-

ope rat Ive d a y 1 0 0 r 2 2 • Transcutaneous oximetry (Cutaneous p02' 

MonItor 820, Kontron Medical) was used to assess tissue perfusion 

~ of the Ilmbs on day l, 10 and 22. Each animal's right leg 

served as its own control. The machine was calibrated according 

to the specifications of the manufacturer and the heating 

temperature of the electrode was set at 44°C. The site to be 

investigat~d r shaved 4hd cleaned with alcohol swabs, after 



WhlCh the electrode was applied USlng contact qel, and secured in 

place by adheslve tape. The electrodp was allowed to equII ihrntp 

before transcutaneous p02 was recorded. --..----............, 

\ 
"----

E. ISCHEMIA AS A DETERMINANT OF NEOVASCULARIZATION FOLLOWINr. 
If 

ARTERIOVENOUS REVERSAL: AN ANGIOGRAPHIe STUDY 

ThIS study was undertaken to evaluate the role of lschemiR 

as a stImulus to neovascularlzatlon. This IS an Inltlnl ster ln 

deflnlng the exact mechanlsms by WhlCh arterlovpnous rpvers~l 

Increases 11mb nutrlent flow. Our hYf'othesls was that SPV0rr 

tIssue lschemla lS necessary ln arder to provlde the spttlnn for 

neovascularlzatlon ln response to the. presence of an AVR. 

Four groups of anImaIs, each conslstlnq of three monqrel 

dogs (20 - 25 kg), were used for these experlments. The noCjs 

we r e fa ste d 0 ver n l 9 h tan dan a est he t l Z ed w 1 t h l n t r a ven 0 u s GO ri 1 II m 

pentobarbital (Somnotol), 25 mg/kg body weiqht. Vpntllation 

through an endotracheal tube was pro v Ided by a nI rd rv'ark R 

resplrator. AlI dogs recelved pre-operatlve antlbiotlcs and were 

maIntalned on thlS medlcatlon for four days. 

1. Group .!....:. Non-Ischemic: 

A longItudInal InCISIon was made ln the mpdial th1'lh of thp 

left leg. -Following the administratIon of 2000 unIts of heparIn, 

a slde-to-slde arterlovenous anastorroSlS was then nerformen at 

the popllteal level wIthout lIgation of the dIstal as 

shown dlagramatlcally ln (Flgure 6). The InCISIon was en and 

• 

\ 
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the a n l mal s r e t u r n ed t 0 the ire age 5 • After four weeks, the dogs 

( were reanaesthetlzed and anglograms were obtalned. ThIS qroup 

served as the control since the arterial Inflow was not 

Interrupted. 

TT. Group ~ DIstal IschemIa: 

An anastomosls was carrled out as before except that the 

• 
dIstal artery was llgated. Thus, a functlonal end-to-side 

arterlovenous anastomoSIS (AVA) was createc'l, (Flaure 7). The 

pel VIC vessels, deep femoral and aIl branches of the superficI~1 

[emoral were left Intact 50 as to determlne the1r contrlbutlon to 

11mb vascularlty. A s11k suture was placed loosely around the 

popllteal ve1n proxlm-al to the AVA and Its en~s were left ln the 

subcutaneous tIssues as the incisIon was closed. 

~ 
The dogs were returned to their &'ages and on post-op day 5, 

the loosely placed silk suture was tied, producing arteriovenous 

reversaI (AVR), (FIgure 7). Follow-up angiograms were performed 

after fO\..lr weeks. 

III. Group ~ Partial Ischemla: 

Pre-operatlvely, the dogs were treated as described for the 

preVlous two groups. A n art e rio ven 0 usa na s t om 0 sis wa 5 car rie à 

out as descrlbed for Group II (Figure 7). In addition, aIl 
, J 

branches of the superficial femoral artery were ligated, leaving 

only the deep femoral artery intact. Furth.ermore, a 

( 
retr0'ii'rltoneal approach was used to expose the terminal aorta 

) 



and Its branches. The ter min a-1 a 0 r ta, bot h i nt e r na l i lia c 

arterIes, the sacral artery, left deep circumflex artery, ancî the 

left 6th and 7th lumbar arteries were aIl ligated (Figure A). 

The InCISIons were then closed and the anImaIs returned to thelr 

cages. On post-op Day 5, the AVA was converted ta AVR. A ft e r 

four weeks, follow-up anqlograms \vpre obtalnE'(1. 

IV. Group IV: Severe IschemIa: 

An arterlovenous anastomosls was performed as rrpv lousl y 

descr Ibed for Groups II and III. In addItIon, aIl possihle 

sources of collateral fJow to the Jeft 11mb 1nc1un1nCl thp dppf' 

femoral artery were ligated (FIgure 9). Thus, the left l imh of 

~~ese anImaIs was InItlally perfusecl only by the AVA anrl léltpr 

(~n pCJst-op Day 5) ~ the AVR. Agaln, anglograms were obtained 

after four vJeeks. 

F. QUANTIFJ':ATIONOF NEOVASCULARITY SY CAPILLARY DF.NSITY 

DETERMI NATION 

The presence of aikailne phosphntase actIvlty ln the ~'i'lll fi 

of blood vessels was jl<:;('overed Independently by r;omori and by 

Takamatsu (189 - l~: 1. hese Investlgators rleveloped the fast 

hlstochemlcal technl~ue for the demonstration of aikaline 

phosphatase ln the endot.'el Ium of capIllaries and of smaJ J blood 

vessels. 

o "'lore recently, these technIques have been uc;PrJ t0 deterrrlnE' 

caplilary density (cap/mm 2 ) in experimental anImaIs which have 
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been subJected to VarlOUS stimul i, such as nerve stimulation and 

exerclse (192 - 195). These studles have demonstrated capi llary 

growth and an absolute increase in capillary number in both 

skeletal and cardlac muscles. Furthermore, lt has been shown 

that this increase can be distinguished from the dilatation of 

pre-exIstlng caplllarles. 

The experlments under thlS sectIon were performed to 
\. 

Investlgate the feasibll(ty of using capillary density 

measurements to precIsely quantIfy the neovascularlzatlon process 

ln the hlnd Ilmbs of our experimental anImaIs. Two groups of 

anImaIs, each conslstlng of 6 mongrel dogs, were used for this 

set of experIments. The groups differed in terms of the post-

operatlve day (10 or 22) on WhlCh the fInal follow-up studles 

were undertaken. A modified method of Romanul was utilized in 

thlS study (196). Br 1 e f 1 y, ca n nul a s we r e pla c e d i n the a bCl om i na l 

aorta and inferior vena cava of the dogs on post-operative days 
1 

10 or 22. The anImal was- sacriflced and the hInd 11mbs perft;Sed 

wlth 3L of warm (37°C) 0.2% sodium nitrite in normal saline 

followed by 2L of normal saline and 2L of flltered a'Zo dye / 

alkallne phosphatase incubating medium (20 mg sodium - naphthyl~ 
J 

phosphate and 20 mg O-dlanisldine, in O.lM stock "Tris" buffer 

(pHlO); final pH of mixture, 9.5). After 1 hour, the vascular 

tree was rlnsed with 2L of normal salIne and tIssue samples were 

removed from every muscle in the hind limbs. These samples were 

then frozen ln lsopentane (pre-cooled by dry ice) and sectioned 

at a thickness of 10 mIcrons using a crYostat. The section e were 
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cou n ter - s t a l ne d i n M a ye r ' s Ha em a 1 u man d mou n t (? d i n 9 l Y c e r i ne 

]elly as descrlbed by the hlstochemical technIque of Pearsp 

(197) • Flnally, caplllary density (cap/mm 2 ) was determined 

microscoplcally. 

G. DETERMINATION OF NEW VESSEL FORMATION USING TRITIATED-THYMIOINE 
UPTAKE AND AUTORADIOGRAPHY 

Trltlated-Thymldlne uptake 15 an estab11shed and r(~11é1blf> 

method for measurlng cell proliferation (198). Several studies 

have demonstrated that neovascularIzation 1S associated with 

prolIferatIon of vascular endothellal cells and that there is a 

pOSItIve correlatIon between prolIferatIon and the uptakp of 

trI t i a t ed - thym id l ne (199, 200). In som e 0 f the ses t u die s, th p 

presence of tritlated-thymldlne labe:>lled endothel ial nuclei was 

confirmed by autoradiography (201). 

Our previous studlE'S hëlve demonstra(~d anqIo<Jraphlcally that 

the arteriovenous fistula was associated with an intense network 

of vessels ln the region of and dIstal to the fistula. We 

hypothetized that lt was possible to use tritiated-thymidine 

uptake to determlne if angiographlcally vlsuallzp(l vessels .=;trp 

slmply previously dormant channels which are opened up or newly 

prollferatlng vessels. Once agaln two groups of animal s (fi in 

each group) were used in these experiments. The animaIs werp 

sacrlflced on post-operatlve day 10 or 22 for the follow-ur 

studies. Tritiated-thymldine (3 H- TdR) was administered 

lntravenou~ly as a SIngle pulsE' (0.5 UC1/q of body weight) on tl,e 

\ ---------------------- -~-- -
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t~A~or on the twenty-second post-operative day. The 3H- TdR was 

allowed to clrculate for 3 hOU1S and then cannulas were placed ln 

the abdominal aorta and inferior ~ena cava (3 cm proximal to the 

" bIfurcatIon). The a n I mal wa s :, a crI fIC e dan d the h i n d l i m b s 

rerfused wIth 1.5L of heparinized saline to remove as much free 

radIoactlvlty as possIble. 

1 • TIssue Radioactivity 
~ 

Three samples from 

DetermirlatÎ""on: \ 

every muscle in~hlnd , Ilmbs were 

taken. AlI quo t s 0 f mus c l e (w et t i s sue wei 9n t , a pp r 0 x i mat e 1 y 5 0 0 

mg) were transferred to glass countlng vials. Two millilitres of 

0.5 M protosol (tissue solubilizer) were added to each samp~e 

v i aL The vIals were then placed in a 55 0 C water bath until 

tissue dissolution occurred. The digests were decolorized by the 

addItIon of 20% benzoyl peroxlde in toluene followeè by an 

addltlonal 30 minutes of incubation. 

After coollng to room temperature, Cl.S' ml a llquOts of the 
l' 

digests were transferred to counting vials and 10 mIs of 

SCIntIllation solution (econofluor) were added. 

Radioactivity was measured using a li~uid scintillation 

counter (SeCkman/Beta Spect'rometer Systems, LS 1800), 
'~ 

were expressed as microcuries per gram of w7t tissue. 

and results 
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. Ir. Autoradiography: 

RepresentatIve tissue samples were flxed in 10% bufferen 

formalin, embedded in paraffin and cut 
( 

a t a thickrless of 4 .. ~~ 
mlcron4 The sectIons were then c'leparafflni zed fi n d 

au t or ad l ogr aphs pr epa red by s ta nda rd techn i ques (t20~. Briefly, 

the slldes were exposed for 14 days at 4 0 C J develorec'l and then 
, 

fixed wlth hematoxylin. The presence and location, in relation.----! 

to blood vessels, of trltiated-thymldlne labelled endothf'lléll 

nuclei was confirmed microscopically. 

\ 
H. STIMULATION OF NEOVASCULARIZATION 

In order to determine whether or not certain interventions 

mlght stlmulate the neovascularizatlon process both to progress 
r 

further distaIIy and to occur more rapidIy, three groups of 

anImaIs were randomlzed as dlscussed below. 

Group ~ Control: 

The arteriovenous revascularizatlon procedure was carrierl 

~out as above, without attempt being made to enhance the process 

~ neovascularizatlon. TIssue perfusion was deter~ined by 

transcutaneous p02 and neovascularization was assessed by 

caplliary density determlnatlon (as described ln Materials and 
, 

Methods, Sec;tions D and F", respectiveIy) on the tenth or twenty-
• 

second post-operative day. 
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1. Group II: Muscle stimulation: 

In this group'r.the anImaIs were trained to run on a moving 
.3 

belt exercis~achine (treadmill) (Fig 10 a,b,c). The slope of 

the t r e a d mIl l w a s 2 0 0 and the s PJ? e d w a s l 0 k m / h r • l' h e 

arteriovenous revascularization procedure was performed after the 

an lm aIs ha d bec am e weI lac cu s t om e d t 0 ru n n i n 9 ont h e t r e a dm i l l • 

IFrom the third post-operative day, the animaIs were subjected to 

3 dally periods (30 min. each) of control1ed exercise (running) 

on the treadmi Il. Final1y, neovascu1arization was assessed as 

descr ibed for Group l (c·ontr~JJ .. 

II. Group III: Lipid Angiogenic Factor: 

~ uri n 9 t ~> f I r s t d e c a d e 0 f t h i s c e n LY.r y , vêlrious 

Investigators demonstrated that the omentum can be effective in 

supp1ylng b100d to Ischemie areas (203 - 205). Subsequent 

studies /have shown that the pedic1ed omentum is capable of 

providlng collateral circulation to the ischemic heart (206, 

207) • 

v 
More recently, Goldsmith and co1leagues have showed lthat 

revascularization occurred at an omental-cerebral and omental-

spinal cord interface, resulting in an extensive new source of 

b 1 ood for the brain and spinal co~d, despite the absence of 
<Q 

ischemla in these organs (208 - 213). Subsequent work by 

Goldsmith's group led to the discovery of a potent angiogenic 

factor in the 

ex~r.ction in 

lipid fraction obtained 

a 

, 

ch l or ofÇ}~m':-methanol 
" 
J' 

from the omentum after 

solvent mixture (95). 



Fur the r m 0 r e , the y h a v e d em 0 n s t rat e d th a t ad min i s t rat ion 0 f th i s 

omental Ilpid fractIon can cause increased vascular perfusion, as 

assessed by in VIVO nuclear imaging techniques using tagged 

erythrocytes labelled with technetium - 99m (214). 

vi e i n V est l 9 a t e d the f e a s 1 b i lit Y 0 fus 1 n q t h 1 S l i p 1 0 

anglogenlC factor to accelerate the neovaS~i zat ion p.roo?,s 

resul ting f rom our surgical techt'lique. ch operated dog 

recelved a 5 ml dally inJectIon of li P id anglogenic factor, for a 

p e rIO d 0 f l 0 d a ys. Th e i n J e ct ion wa s 9 ive n i n t ra mus cul a r l y i tT-

alternatlng hlnd Ilmbs. TJuS, each'dog received a total of c;n ml 

over the ten day periode Finally, tissue perfusion f1nd 

neovasculari,~ was assessed as previously described. 

~----' 

• 

o 
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Cllnlcal assessment of the anImaIs' in the varIOUS qroups 

demonstrated the Ilmbs to be functIonal wIth mlld edema, which 

subSIded wIthIn an average of SIX days. Furthermore, no qross 

eVIdence of tIssue necrosls was seen. 

A. Anglogra9hy: 

RepresentatIve Anglograms from Studl'es under MElterlFIlc; élnrl 

Methods SectIons ~ ~ ~ and ~ 

The anglograms were satlsfactory and consIstent ln ctl the 

varlous groups of anImaIs. The anglograms performed on the tenth 

post-operatlve day revealed perfUSIon of the operatlve 11mbs hy 

the arterlovenous flstula and reversed flow in the maJor veins to 

the mId-calf. Contrast opaclfled an Intense vascular net.,rork ëlt 

the level of the flstula, wIth subsequent fi Il ing of deep vei ns 

and draInage from the pelvIs (FIg. 11). 

SlmIlarly, the angiograms performed on the 22nd post-

operatlve day demonstrated moré extenSIve perfUSIon of the 

operated limbs VIa the arterloven'o..us fistula. The anqioqrams 

revealed reversed venous flow dlstally to the foot, romparerl to 

Day 10. These angiograms showed more numerous and larger vessels 

spreadIng out from the region of the flstula, extending medJa11y 

and laterally Into the thigh as weIl as dlstally to the mid-calf. 

Flnally, the deep velns flll from thlS dense networ~ anri return 

blood to the pelvIs (FIg. 12). 

64 
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B. Assessment of Tissue Perfusion: 

Transcutaneous OXlmetry: 

The experlments ln this sectIon monltored tissue oxygen­

atIon following arteriovenous reWsal. In these animaIs no 

attempt was made to enhance neova~ularlzatlon. These experi-

ments were performed as descrlbed under Materlals and Methods 

(SectIon D). 

Th~ results represent an average of the 24 dogs studled. On 

Day l, the values for transcutaneous p02 at the thlgh (57 + 5 

mmHg) and calf (12 + 2 mmHg) were slgnlficantly lower (p < 0.01) 

ln the operated Ilmbs compared 'to control limbs (77 ~ 4 mmHg and 

80 + 5 mmHg, respectlvely). At Day 10, the transcutaneous p02 of 

the thigh (67 ~ 6 mmHg)'and calf (47 ~ l mmHg), still remained 

slgnlflcantly'lower. On Day 22, transcutaneous pÜ2 of both the 

thigh and calf had increased in the operated limb to leve1 equa1 '" 

to thelr control counterparts (79 + 2 mmHg vs 81 + 2 mmHg and 78 

+ 2 mmHg vs 76 ~ 2 mmHg, respectively) (Table l, Fig. 13). 
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C. The Role of Ischemla as a Stimulus in Neovascularization: 

SatIsfactory ang~rams were obtalned ln aIl twe1ve anlmals. 

ConsIstent angiographie findings were eVIdent in each qroup. 

Group ~ Non-Ischemla: 

ThIS group was deslgned to Investiqate the ro}p of the 

arteriovenous flstula itself in neovascularization. The 

an 9 lOg r am s s h 0 w e d the de v e l 0 pm e n t 0 far ter i a l and ven 0 u s 

collateral channels at the level of the fistula (Fig. 14). 

Furthermore, there was a hlgh densIty of contrast medIum ln the 

main arterles as weIl as collateralsj contrast passed rapid1y 

through the accompanylng velnS and venous collateral s. 

Î . 
Group II: Distal Ischemia: 

The angiograms of this group showed less di latativn and 

enlargement of collaterals at the level of the fistula (Fig. 15). 

However, there was good flow of contrast medium throuqh thp 

arteriovenous feversal and retrograd~ into the distal venous 

system. In addition, t~e angiograms indicated that there was 

dIlatation of the vein distal to the fistula. The deep femora l 

artery provided collaterals to the distal popliteal anc'l tibial 

vessels. 

Group ~ Partial Ischemia: 

À p ln Group II, the operated l imbs were per fused by the deep 

o femoral artery and the arteriovenous fistula. The angiograms 

indlcated dilatation and enlargement of the native vesBP!s as 
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weIl as distention of the vein distal to t~stula (Fig. 

There was rapid retrograde flow ln the veins to the level of the 

ankle and flow of contrast through some branches of the main 

veIn, dIstal to the fistula. 

Group IV: Severe Ischemia: 

In thlS group, the operated limbs were perfused by the 

arteriovenous fistula, and after day 5, by the arterovenous 

The most strlking anglographlc rlndlng was 

neovascularization. These anglograms showed intense ~ormatlon of 

reversaI on l y. 

"'-----. knobbly vessels WhlCh were not seen ln any of the previous three 

groups (Fig. 17a). Furthermore, with delayed exposures, contrast 

medium flowed from the main artery, through the arterlovenous 

reversaI to the main distal vein, then filled an intense vascular 
// 't 

network ~t(h sDread out from the anastomotic area, extending 

m e dia l!( and 1 a ter aIl yIn t 0 the th 1 9 han d dIS t aIl Y t 0 the m i d -

calf' )Ji9. 17 b, cl. Finally, the deep femoral veins drain from 

t h i sne t w 0 r k , r e t u r n in g b l ood t 0 the pel vis (F i 9 • 1 7 c) • 
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D. QuantIfIcatIon of Neovascularlt~ ~ Capi l~ Denslty 

DetermInatIon: 

These experIments were pe(f~Ormed to determine new caplllary 

formatIon. The experiments we~e carried out as described under 

Materlals and MethQds (sectIon F). 

Cross-sectIons of leg muscles stalneo for 

phosphatase actlvlty permItted a detalled study of capillaries. 
, 

The capIllarles ùppeared ln cross sectIon as dark spots when 

stalned for alkallne phosphatase WhlCh Indlcated endothel laI 

cells. It should be mentl0ned that the nuc1el of endothcll.ll 

cells were not stained. As shown in Fig. 18, the section of 

muscle from the operated hlnd 11mb Indlcated hlgher capl l lary 

denslty compared to the contralateral muscle from the unoperated 

control hlnd 11mb. In addItion, the dIstributIon of the 

caplllaries was homogenous, especially ln the operated hind limbe 

The caplllary denslty count was determined microscopically 

from cross sections of muscles stained for alkaline phosphatase 

actlvlty, as prevl0usly descrlbed. Examples of such sections are 

shown in FIg. 18. The results represent an average of 12 dogs 

(two experlmental groups, each consisting of six dogs). 'T'he 

muscles from the operated hind limbs showed a substantial 

1 n cre as e 1 n cap 1 lIa r y den s i t i' as c om par ed t 0 the con t ra lat e raI 

normal muscle (Fig. 18). In the medial thigh, after ten days, 

the capIllary denslty ln the operated hind 11mb was sl~nlflcantly 

gr e a ter th a n th a tin the con t r 0 1 ( 8 7 6 + 3 8 v s 5 9 8 + 4 2 ' cap / mm 2 , 

p = 0.002). Similar results were obtained in the muscles From 
1 
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the foot (823 + 52 vs 627 + 34 capjmm 2 , p = 0.0007) (Table 2 , - -

FIg. 19) . After 22 days, more caplllarles per square millimeter 

were f ound in the operated hlnd 11mb. Once again, in the medial 

thlgh, the values were 987 .: 56 vs 618,: 30 cap/mm 2 (p = 0.0007) 

for the operated and control hlnd Ilmbs, respectively. 

Slmllarly, ln the calf, the values were 1011 + 46 vs 613 + 24 

cap/mm 2 (p = 0.0004) (Table 3, Fig. 19). The differences between 

the two operated hlnd Ilmbs at day 10 and day 22 were not 

" 
statlst lcally slgni f:.r.cant. 

'i. 

E. DetermInatIon of New Vessel FormatIon: 

Trltlated-Thymidlne Uptake: 

The experlments were performed as descrlbeà ln Materials and 

Methods (Section G). Average results from 12 dogs are again 

presented (two experlmental groups, each consisting of six dogs). 

As shawn in Table 4 and Fig. 20, a progressive and significant 

lncrease in trltiated thymidIne uptake by endothellal cells in 

the thigh and calf regions was demonstrated by Day la in the 

operated hlnd l imbs as compared ta the control. The me an val ues 

ln the medial thigh were .30 ~ .01 vs .25 + .01 uCi/g of muscle 

wet welght (p < 0.005) and in the calf .31 + .01 vs .27 + .01 

UCI/g ( p < 0.05. A further increase, particularly in the calf, 

was seen at Day 22 (.36 + .01 vs .27 + .01 uCi/g (p < 0.005) 

(Table 4, FIg. 20). 

• 
Autoradiography revealecl extensive labelling of endothelia{ 

cell nuclei, in the operated hirld limb which was more than 95% 

. . 
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of the total labelled nuclel (Fig. 21). In contrast, less thfln 

5% of the total labelled nuclel ln the control hlnd l IfT1b wpre 

endothellal cell nuclei. 

\ 
} 

J 
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STIMULATION OF NEOVASCULARIZATION: 

ThIS serIes of experiments was carrled out to determine 

whether the rate of neovascularization in our ischemic limb 

preparatIon can be enhanced by either controlled exercise 

(runnIng on a treadmlll) or the use of lipld angiogenic factor. 

Once agaln, the experlments were performed as 

M Cl ter laI san d Met h od s ( Sec t Ion H). 

F. Effect of Muscle StImulatIon ~ ExercIse: 

a) Transcutaneous Oximetry: 

The results are an average of four ~ogs. 

descrlbed under 

1 

• After controlled 

exercIse, transcutaneous p02 measurements increased an averaoe of 

16% ln the operated Ilmbs compared to operated hind limbs without 

exercise (Table 5). In the controlled exercise animaIs, the 

thlgh of the operated hlnd limbs showed an lncrease of 6% whereas 

that of the calf was 26%. The average increase of the control or 

nonoperated hInd Ilmbs of the excised animaIs was only 10%. 

b) Caplllary Density: 

The results showed moderate Increase ln capil lary density as 

a result of controlled exercise. In the operated hind limbs, 

there was a 20% lncrease ln caplllary denslty in the animaIs that 

underwent cont~lled exerCIse, compared to the operated hind 

11mbs wlthout exerCIse (Table 6, FIg. 22). Similarly, there was 

• 
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24% lncrease ln the foot of the operated and exercise animaIs 

(Table 6, FIg. 22). The data also showed an average increase of 

12% ln the unoperated hind 11mbs of the exercised animaIs. 

G. Effect ~ Llpld Anglogenlc Factor: 

Note that both hlnd Ilmbs of the treated anImaIs recPlvP(l 

egual amounts of IlpId anglogenlc factor. 

"--~ 

Two doas recelved thlS 

treatment. 

a) Transcut~,neo\.}s OXImetry: 
~ 

The mean values of transcutaneous p02 showed an Incrense nf 

27% ln the operated hind 1mb of the treated animaIs compared to 

an untreated but operated hlnd Ilmbs, after ten rlays (Tabl e 7). 

In the thlgh, the lncrease was 15% and that ln the calf was 38%. 
\~ 

However, there was a sI ight increase of 6% in the unoperated hind 

11mb of the treated anImaIs when compared to its counterparts of • 
the untreated anImaIs. 

b) Caplilary Density: 

The data are shown ln Table 8 and Flq. 23. It can be seen 

that there was a tremendous Increase'ln capillary density as a 

result of the Ilpid anglogenic factor treatmf'nt. ThIS ~crease 

was apparent even after 10 days of treatment. In the medial 

thlgh, there was a 61% Increase ln caplilary denslty ln the~ 

operated hlnd Ilmbs of the treated animaIs, compared to the 

untreated operated hlnd Ilmbs. Slmllarly, there was ~~% lncrpasp 

( 
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ln the foot of the operated and treated anlma1s. The resu1ts 

also Indlcated that there was an average lncrease of 13% ln 

capi11ary density ln the unoperated hind 1imbs of the treated 

) 
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DISCUSSION 
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A. Angiography: 

'li 

\ We used angiography to demonstrate the extent of 

vascularization of the limb in our experimental anil\'als. The 

anglograms performed on the AVR dogs revealed an intense network 

of vessels in the reglon of the arteriovenous fistula. Th i s 

massIve. network of vessels increases over tl'11e and lS much 

greater at day 22 than day ten. This suggests that the formation 

of th 1 sne hlO r k do e s no t r e sul t f r om an 1 ne r e a sei n ven 0 us 

congestIon, since a more immediate effect would be expected. 

However, thlS network of vessels seen angiographlcally is merely 

an anatomic rather than a functional,assessment. In the presen t 

study, there IS no doubt that thé increase in the density of 

vessels leads to improved tissue perfusion of an ischemic hind 

- limb and that these 11mbs are viable clinically with Increased 

distal oxygenation (confirmed by transcutaneous p02). Th i s 

network of vessels may be similar to collateral vessels 

developlng around a chronic vascular occlusion in an ischemic 

11mb, allowlng patIents to malntain or actually improve the 

perfùsion of the limbe 

B. Transcutaneous Oximetry: 

As noted earlier, transçutaneous oximetry is a non-invasive, 

continuous, quantitative method for monitoring oxygen tension in 

the skln. A number of investigators have demonstrated the 

u~efulness of this technique in the assessrnent of peripheral 

c vascular dlsease (183 - 186). In addItion, transcutaneous p02 is 

a good indicator of tissue perfusion and correlates well with 

74 
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d i f fer en t 9 rad e s 0 f l sc hem l c (18 4 - l 8 8) • In one study, Ohqi ann 

assoclates used transcutaneous OXlmetry to evalunte th~ i~chemia 

ln patlents with peripheral vascular disease (184). These 

Investlgators demonstrated that the mean pretlbinl transcutan~ous 

oxygen tenslon values correlate weIl with the grade of Pontalne's 
1 

C\laSSlflcatlon of clInIcaÎ severlty of lschemlc leqs. :rherp \.JëlS 

no Insufflciency of the pretibial skln circulation, as measureo 

by transcutaneous oxygen tensIon values ln Grade 1. Howev er, J n 

Gr a des 2, 3 and 4, the r e we r e sig nif ,i ca n t de cre a ses 0 f pre t i b i a l 

skln transcutaneous oxygen tension (184"'). Hauser And ShoF'maker 

used a transcutaneous oxygen tension regional index to assess 
. J 1 

tIssue perfusio'"h in peripheral vascular disease (1'87). They 

defined this index as the ratio of extremity to chest 

transcutaneous oxyge~ tensIon. This index avoids the effects of 
. 

changes in systemic oxygen delivery upon 'local'transcutaneous 

oxygen tension values (187). T h i sin d e x wa s' u n cha n g e d b Y 

exercisê in normal subJects whereas patients with intermittent 

claudIcatIon showed a large decrease when exercised unti 1 

symptomatic. In addition, these investigators successfully used , 

this tran~utaneous regional perfusion index to quantify 1imb 

ischemia and evatuate clinical progression of peripheral vascular 

disease (187). 

,,,(~,. 

In our investigations, we felt that mi Id edema of the '\ 
operated limbs might ~imit the reliability of transcutaneous 

oXlmetry resulting in values that are artifically low. However,. 

this ~ a significant problem, since the edema usu~lly 



\ 

( 

76 

subs)ded Wlthln one week. In thlS study; transcuta!"t';tnlJS oXlmetry 

demcnstraceà a steady and slgnlflcant improvement ln the 

operated hInd 11mbs, over time. There was progressive increase 
~ 

ln transcttaneous oxygen te~~lcn values at the thlgh and'calf 

levels, between the tenth and twenty-second post-operative days. 

In fact by the twenty-second post-operatlve day, there was no 

dlfference between the values of the control and operated hind 

Ilmbs. The rlse ln transcutaneous oxygen tenSIon paralleled the 

progressive lncrease ln the vessels as revealed angiographically. 

OThe results obtalned ln our studles are unIque. l<le h a ve 

demonstrated extremely low tissue perfusion after our surgical 

procedure. By the twenty-second post-operative day, the opera~en 

hInd 11mb transcutaneous oxygen tenSIon values were as good as 

those of control. To our knowledge, no one oGtside our 

laboratory h~s previously demonstrated thlS find\rg~ • 
c. The Role of Ischemla as a Stimulus in Neovascularization: 

ThIS study examined the impact of an arteriovenous fistula 

on vasclliar formatIon as ]udged angiographlcally. Tl-)e Ol,) tc om e, 

/however, depends on the nutrltIve blood supply to the limbe In 

the absence of lschemia, new vessels become evident but these are 

centered about the fistula and almost certainly serve as 

secondary cond~lts to allow Increased venous return to the heart. 

Thelr formation lS vt dependent on ischemia and they are not 

llkely to be nutrle t vessoels. CreatIon of an arteriovenous .. 
reversaI (Groups 2-4) results in retrograde venous flow but in 

the absence of Isch~mla llttle or no neovascularization occurs.
é 
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Wlth severe lschemla (Group 4), however, a unique anqloqraphic 

plcture lS seen. In our previous study, using mlcrospheres, this 

neovascular network was shown to be involved in tissue nutrition 

(180) • Morphologlcally, these vessels are easily distinguished 

from the normalfarterial-to-arterial collaterals seen around 

chronlc arterlal occlusive IeSlons. Furthermore, ln the present 

study, lschemia was shown to be a major determinant of thi!'l 

neovascularlzation process fol1owing arteriovenous reversaI. 

Significant hyperemia deveLops in rèsponse to an 

arteriovenous fl-stula (88, 8 Q ). This is helleved to occur 

principally as a result of increased velocity of blood flow (90, 

91). An Increase in the rate of flow causes shear stress of the 

vessel wall and thlS leads to passive dilatation and enlargement 
1 

of eXlstlng/collaterals by active growth (90, 91). ln contrast, 

a maJor {ac t or to neovascularization may be an unidenti fied 

blochemical stImulus. Anglogenesls has previously been ascrihed 

to such things as a transferable factor promoting vascular 

growth, tumor angiogenic factor, angiogenesis factor frol)' human 

myocardiai Infarcts, lipid angiogenic factor, and angiogenin (CJ2--96). In an Ischemic environment, these blochemicai factors may 

be released and are somehow capable of producïng 

neovascuiarization (97). 

Our data from Group l animaIs supports the generally 

o establlshed fact than an arteriovenous fistula leads to the 

de v e 1 0 pm en t 0 f col lat e r a l s. l n c om par i son, the r e sul t 5 0 f r, r 0 u p s 

II and III show less collateral development. However, we eee 
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----------enlargement of alternate blood veSsels~h may be caused by the 

-----
d 1 f fer e n t lev e l s 0 fIS che m i a a 5 s 0 ~ i a t F't h the 5 e t w 0 9 r 0 u p s • 

Fin a l l Y , i n the se ver e l y i sc hem i c ~ i m b sin Gr 0 u plV, the r e sul t s 

demonstrated an intense neovascula~izatlon at the level of the 

art e rio ven 0 us fis tu l a as we l las ~e x te n di n 9 dis ta l l y. Th i s 

fin d i n 9 cor rel a tes w 1 th 0 the r pub li s h e d s t u die son the r' 0 1 e 0 f 

ischernia in neovascularization 0,97,215,216). Schaper, in 

1971, created myocardia1 ischemia by irnplanting ameroid 

constrictors around the circumflex branch of the 1eft coronary 

artery of mongre1 dogs. This procedure Initiated vascu1ar 

growth, demonstrated by the incorporation of tritiated thymidine 

by endothelial cel1s (91). Furthermore, ophtha1mologica1 

'studies have shown a direct association be een retina1 ischemia 

and neovascu1arization (97,215,216) 

D. Neovascularity ~ caPi11arr Density Determination: 

. L- f . ThIS study assessed <:::apl1lary ormatlon ln response to 

~ staged arteriovenous reversal. The major finding is a consistent 

and substantla~ increase in capillary density as a resu1t of our 

surgical procedure. 

As ear1ier noted in the Materials and Methods section, 

capillary density of the muscle of our experimental animals was 

determined by staining for a1kaline phosphatase activity, 

indicating endothel ial cells. Our primary concern was to 

quantify the total number of capil laries per cross-sectional area 
"'-

of muscle fibers. A major problem with this technique might have 

been muscle atrophy, which would increase capi l1ary densi ty due 
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to a decrease in th(~ss-sectional area of the fibers. 

Fortunately, thlS was not the case Slnce there was no ev loencp of 

mus cIe s h r i n k age 0 rat r 0 ph yIn a n y 0 f the 0"" e rat e d h i n d l i m b s • 

Con s e que n tl y , a n yIn cre as e ln cap l 1 l a r y den s i t Y l n the () pp r <1 te (1 

hlnd 11mb would imply capillary neoformation. 

In our investigations, cap111ary denslty was siqniflC'nntly 

Increased ln the operated hind 1imb muscles by day ten ëlno 

Increased further by 22 days, compared wlth the control values. 

This suggests progressive increases ln the total number of 

cap i lIa rIe sas are sul t 0 f the 9 r 0 W t h 0 f n e \il cap i lIa r les. This 

observation agrees with previous investigators who demO'nstrated 

caplllary growth as weIl as an absolute Increase ln capilJary 

number ln both skeletal and cardlac muscle, as a response to 

various stImuli (for examp1e, nerve stlmul ation and E'xercise) 

(192 - 195,217). Myrhage and Hudlicka demonstrated capillary 

growth in chronlcally stlmulated skeletal muscle by intravital 

microscopy and histochemical techniques (193). 1 n the i r st ud i es, 

animal tenuissimus and extensor hallucis proprius muscles were 

stimulated electrically at 10 Hertz, eight hours a day for one to 

two weeks. These, stimulations caused increased capillary density 

<' 
in the stimulated muscles but not in control or sham operated 

muscles. In addition, they actually observed capillary 

neoformation, as sprouts budding from the wall of existinq 

capillaries by an intravital microscope connected to a closed-

circuit TV system (193). 
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The molecula~ events that cause capillary neoformatlon are 

< unclear. It has been sugge~te? that hemodynamlc (mechanical) 

and/or angiogenic factors may be Involved ln caplllary 

.. ~neoformation. Based upon available eVIdence, thlS process 

procedes in the fOl+WIn g manner. First, there is an immediate 

response, whereln pre-existIng capillarles enlarge by 

vasodilatation and cell divisIon in the presence of the , 
approprlate stimuli

u
(92). Capillary growth and sprouting follows 

. later. ThIS second event represents capillary neoformation • 

In our experimental set-up, it seems that the Increase in 

capillary density was due to capillary neoformation, since there 

was an absolute Increase in the total number of capillaries per 

square millimeter. 

E. Tritiated-Thyrnidine and Autoradiography: 

This study examined the effects of reversed blood flow on 

vascular proliferation in isçhemic canine hind limbs. f)ur 

investigations indicate increasing uptake of tritiated thymidine 

by the vascular endothelial cells, confirmed by autoradiography. 

Thus, there is evidence of vascular proliferation as a result of 

our surgical procedure. 

\ 
Normal adult vascular endothelium has an extremely slow 

tu r nover ra t'e , ra rel y div id i n g, som i t 0 ses are in f r e que n t l Y 

encountered. Tritiated thymidine is taken up by replicating DNA 

( 
;4,'" 
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ln endothelial cells. 
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Neovascularization is associated with 

prollferatlon of vascu1ar endothellal cells; there is R positive 

correlation between proliferation and the uptake of tritiated 

thym Id in e (l 99 - 20 l ) • Fol km a n and as soc lat es h a v e pre v i ou s l y 

demonstrated wlth autoradlography that tritlated thymidine was 

lncorporated lnto regenerating endothel ial cell s (2()1). In thei r 

study, tumor cells or tumor angiogenic factor was inlected into 

• 
the subcutaneous tissue of rats. This was followeo by the 

1 n J e c t ion 0 f tri t i a t e d thym i d i n e a s 5 i n 9 lep u l se, a t d i f fer e n t 

intervals and tissues were examined by autoradioqrarhy c1nn 

electron microscopy. This revealed tritiated thymidine labell inq 

in the endothe1ial cells as early as six hours ln the rats that 

received tumor cells; there was more synthesis of DNA as weIl as 

evidence of capillary neoformation within 48 hours. Slmllar l y, 

there was evidence of capillary neoformation and endothelial cell 

DNA synthesis after 48 hours in the rats that were lnjected with 

tumor angiogenic factor (201). 

, 
A major limitation of tritiated thymidIne uptake lS its 1 

inability to differentiate between new endothelial and expansion 

of existing endothelial cell~~ The proliferation of endot~elium 

resu1ts in the widening of pre-existing 'capillaries and/or 

capi llary neoformation (92). A number of studies have 

demonstrated a close relationship between cellular proliferation 

and capillary neoformation (218 - 220). Mandache and associates 

have dernonstrated proliferation of heart tissues~n various forms 

of experimental cardiac hypertrophy (218). These workers, 

produced cardiae hypertrophy in rats by swimming exercise or by 

the creat i on of aor t ie stenos i s. Th en, a t d if fer en tin ter val s, 

l 
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tri t i a te d thym i d i ne wa 5 a dm i n i ste r e d i n t r a p e rit 0 n e a l l yan d the 
\ 

hearts were removed and examined by electron microscope 

autoradiography. This revealed labelled endothelial cells in the 

caplllaries of the hearts from exerciseo rats. In contrast, 

there was no evidence of labelled cells in the hearts of rats 

with aortic stenosis and only two labelled endothelial cells were 

found in the heart of normal rat (218). 

In our studles we believe that trltiated thymidine uptake 

was due to capi llary neoformation since the tritiated thymidine 

was given as a single pulse on the tenth or twenty-second post-

operative day. Any opening of pre-existing capillaries should 

have taken place at the time of tritlated thymIdine -. 
administration. 

F. StImulation of Neovascularization: 

Controlled Exercise (Treadmill): 

We examined the effect of controlled exercise (running on a 

t r e a d mil 1) a sas t i m u lus ton e 0 vas cul a r. i z a t ion i n 0 u r 

exper imenta l an ima l s. The resul ts demonstrate that controlled 

exercise can rffoderately enhance tissue perfusion and cause 

neovascularization to occur more rapidly and rrore distally. 

« 
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By the tenth post-operate day, the transcutaneous oxygen 

tenSIon level of the operated hind 11mb of the exercised animaIs 

wa sin cre a se d b yan a v è r age 0 f l 6 % wh e n -c'~ m par e d t 0 0 p e rat e d h i n d 

limbs of unexercIsed anImaIs. Simi larIy, the capi I1ary densi ty 
? ' 

was increased (18%) in the ope'rated hind 1imb of exercis€'d ..... 
anImaIs. However, there was also a moderate increase in 

capillary density (12%) in the unoperated hind limbs of the 

exercised anImaIs. These observations are in agreement with 

" previous findings that neovascularization is stimulated by 

exercise .(217,221,222). In one study, Anverse and nssociates 

u5ed morphometric techniques to study the effect of exercise on 

the caplilary va5culature of the rat heart (217). Th€'se 

i A 5 t l~ 9 a t 0 r 5 d e mon 5 t rat e d t h atm 0 der a t e t r e a d mil 1 r u n n i n 9 b Y 

r~t5lFroduced an increa5e ln the numerlcal density, luminal 

surface and total length of cap~llaries in the myocardium (217). 

"\ 
'L It i5 believed that both hemodynamic and angiogenic factors 

may be responsible for neovascularization in exercised mus,cIe 

(195) • The hemodynamic stimulus is be1ieveâ to be the increased 

capillary blood flow which occurs during exercise. The 

angiogenic stimulus may be the various metabolites such as 

adenosine diphosphate and lactic acid, which are released from 

muscles during exercise; the5e have been shown to cause 

neovascularization (223, 224) 

j 
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G. StimulatIon of Neovascularlzatlon: 

Llpld Angiogenlc Factor: 

In thlS prellmlnary study, we Investlgated the role of l iDid 

anglogenlc factor as a stimulant to neovascularization. Our data 

suggests that llpid ang logen ic factor can enhance tissue 

perfUSIon and neovascularization in our ischemic hind limb 

preparatIon after arteriovenous reversaI. Goldsmith and hlS 

group have studied the effect of omental lipld fraction injected 

into the corneas of rabbits resulting ln rapId anglogenesis, 

de t e rm i n ed mi c r 0 sc 0 pic a 11 y. Subsequently, they showed that 

omental lipid fraction causes increased vascular perfuslon to the 

area of a standardi zed wound in the 1 imb of cats (214). Th i s 

standard wound was, created by removing a segment of the femoral 

artery and ligating its divided ends. This was then followed by 

the i nt ra mus cul a r in J e ct ion 0 f the om e nt aIl i pi d f ra ct ion in t 0 

the wound or at a distant site (214). This administration of the 

omental lipid fraction caused increased vascular perfusion as 

assessed by in vivo nuclear imaging techniques using tagged 

erythrocytes labelled with technetium-99 m (214). The angiogenic 

f a c t 0 r (s ) pre sen tin the om en t a l 1 i p i d f r a c t ion i sye t t 0 b e 

identified ani purified to chemical homogeneity. It is generally 

bel ieved tha't these angiogenic molecu1es may be prostaglandins 

(El and E2 series); a number of studies have shown that such 

prostaglandins are angiogenic (225 - 227). Beriezra studied the 

ability of prostaglandins (El' E2' 02' Al and Fal)' fibroblast or 

epidural growth factors and synthetic chemoattractants ta induce 



the proliferation of new blood vessels in the rabbit cornea 

1225). Prostagland1n LI was shown to have the strongest ocular 

neovascularization effect, whereas prostaglandin E2 had a weaker 

effect. In contrast, prostaglandins 02' Al' Fa} as weIl as 

.~ growth factors and synthetic chemoattractants had no effect 

( , ." '. (225). 

Our results indicate the operated hind l imbs showed a rapid 

increase ln nutritive tissue perfusion when measured by 

transcutaneous oxygen tens ion. ThlS 1ncreased tissue perfusion 

lS probably the result of an increased and rapid development of 

new cap111ar1es. These findlngs'are very encouraginq, since they 

ind1cate the potential of using ~ ~i~~ administration of an 

ang10gen1c factor to enhance neovascularization in ischemic 

limbs. To our knowledge, there is no published report that has 

demonstrated augmentation of tissue perfusion as weIl as 

capillary neoformation, quantitativeIy, in the presence of limb 

1schenna, by 11pid angiogenic factor. Although these preliminary 

results are very suggestive, further study is planned to confirm 

these findings. 

o 
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19 the present study, we have investigated the physiological 

mechanisms by which new vessels develop following arteriovenous 

reversaI. The major fIndings from these investigations <'ire as 

foll ows: 

1. Nutrient flow is provided to the ischemic hind 11mb by 

arteriovenous reversaI as indicated by increasing values of 

transcutaneous oxygene 

2. Severe ischemia acts as a stImulant to neovascularization in 

the canine hind limb, following arteriovenous reversal, as 

determined angiographically. 

3. There is Increased capi llary growth in the presence of 

severe ischemia and arteriovenous reversaIs as shown by 

capillé\ry densIty values. This capillary neoformation'may 

be enhanced to progress further distally and more rapidly by 

either intramuscular administration of lipid angiogenic 

factor or controlled exercise (treadmi Il). The enhancemen t 

caused by llpid angiogenic factor appears to be greater than 

that of controlled exercise (57 vs 18%). 

4. As a result of our surgical procedure, there is a new 

endothelial cell formation as indicated by increasing 

tritlated thymidine uptake. 

86 
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The sI ow but progressive increase in the cutaneous oxygen 

1 e v e 1 5 par a lIe 1 5 the l ne r e a 5 e i n trI t i a te d thym i d in e u p t a k e a n à 

l n cap i 1 l a r y den s i t y. Ad dit ion aIl Y , the d e v e l 0 pm e n t 0 f a 

neovascular network around and distal to the arteriovenous-

~reversal seen angiogtaphically also paralells these studies. 

Clearly, It is this capillary network which ultimately perfuses 

the 1 imb rather than simply reversed venous flow which for the 

most part IS ultlmately shunted back to the venous system. This 

data distinguishes the success of our experience from the 

fallures of others. Flnally, we hope that the knowledge from our 

studies on new blood vessel formatIon can be used to develop more 

effectIve therapies for the salvage of ischemic 1 imbs, esoecially 

when conventional revascularization techniques are not feasible. 
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, 1. ,. 
l'n'add'ltion t'b all,.~e l?oin"~ ... s raised in the summary, t~e 

t , 
author lays claim to the following ~servations: In the presence , 

of severe ischemia, arteriovenous reversaI provides nutritive - '"- J 

tissue perfusion which results from the deve10pment of an intense 
, 

networl< of new vessels in response to the procerlure. Thf> 

development of these new ves..se1s caon be enhanced by in viv-o 

• 
adminIstration of Ilpld angiogenic factor or controlled exercisf>. 

These observations are "iewed by the allthor as being original 
, 

con trI but ion 5 t 0 sc i e n tif l c l< n 0 w 1 ed g e • 

Portions of these st.udies described herein nave appeared in the 

following orIginal articles: 

1. Graham AM, Baffour R, Rurdon T, Snlderman A, Symes JF': 

DemonstratIon of neqvascularization in response to 

arteriovenous reversaI in ischernic canIne 11mb. Sllrq F'orum 

XXXVI: 458, 1986. 

2. Baffour R, Danylewick R, Burdon T, Sniderman A, ('ommon A, 

Gra ham AM, Symes JF: A.n '~ngiographic study of ischemia as a 

determinant of neovascu1arization in i'lrteriovenous reversaI. 

Surgery, Gynecology and Obstetrics 166:28-32, 1<}88. 
i 
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Figure 1 
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Figure 2 

Representative angiogram of ischemic limb , 
demonstrating intense new vessel formation 
around and distal to anastomosis (arrow). 
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Figure 3 

Intraoperative arteriogram demonstrates patent 
polytetrafluoroethylene (PTFE) graft to peroneal vein 
anastomosis and reversed flow in vein distally. 
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Figure 4 

Arteriogram 4 months postoperativel'Y: 

(a) 2.5 seconds, showing patent PTFE graft and rapid 
filling of, popliteal vein, ~ 

(b) 5 seconds, 
Cc) 6 seconds, showing extensive neovascularization 

extending to foot, 
Cd) 7 seconds, showing venous return from foot. 
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Figure 5a 
\ 

lIIustra~~on of pelvis vessels Ilgated. 

Figldre 5b 

Illustration of branches of the femoral artery IIgated. 

Figure Sc 

Arteriovenous anastomosis and a silk suture placed 
loosely around the proximal veine 
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Figure 6 
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Figure 7 

\ 

. Artery . Vein" A~ery, 

-
\ 

AVA 'AV.R 
. ,'" 

Diagramatic illustration of the popliteal 
anastomosis in ,Groups ,2-4 .. -., . 
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Figure 8 
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Diagramatic illustration of vessels 
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Figure 9 
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ligated in Group 4. 
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Figure 10a 
, ) 

The treadmill: ' 

constructed in our laboratory . 

• 

Figure 10b 

Oog running on the treadmill. 

If 

Figure 10c 

~ 

Same dog running on the treadmill. 

4 ' 

) 



" 

) 

r---

c-
.~ 



99 

Figure 11 

AVR: DAY 10 STUDY 
Representative angiogram from stu~ie~ under 
materials and,methods sections O,F,G and H. 
Angiogram shows early formation of new vessels 
around the arteriovenous anastomosis (heavy 
arrow) and reversai of the flow in the venous 
system (light arr~w). 
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Figure 12 

\ 
AVR: DAY 22 STUDY 

o 

Representative angiogram from studies undef 
materials and methods sections O,F,G and HO. 
Angiogram demonstrates intense new vessel 
formation aroùnd an,d distal to anastomosis 
(arrow). ~ 
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Figure 13 
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Figure 14 

Representative angiogram from a Group 1 animal. 
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Figure 15 

Representative angiogra"1 trom a Group 2 animal. 
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Figure 16 • 

Representative angiogram frol11 a Group 3 animal . 
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Figure 17a 

r 

Representative angiogram from a Group 4 animal 
demonstrating sequential filling of the intense vascular 
network and reversed venous flow to the foot . 
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Figure 17b 

1 

Representative angiogram from a Group 4 animal 
demonstrating sequential lilling of the intense vascular 
network, reversed venous flow to the foot and 
subsequent venous emptying of the Iimb. 
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Figure 17c 

Representative angiogram from a Group 4 animal 
demonstrating the intense vascular network and 
venous emptying of the liqlb . 
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Figure 18 

Leg muscle sections ~!:ochemically stained for 
alkallne phosphatase a~vity. 
Dark spots represent capillaries .. 

A = Nonoperated control hind limb (contralateral muscle) 
(x 250) 

B = Operated hind limb (muscle) 
(x 250) 
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Figure 19 

CAPILLARY DENSITY IN MUSCLES OF CANINE HIND LIMB 
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Figure 20 
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Figure 21 

r 

.J 

Endothelial cells of small blood vessels indicating DNA 
synthesls. Two endothelial cell nuclei (arrows) are 
heavlly labelled. A single pulse of tritiated thymidin~ 
was glven intravenously three hours before t-he animal 
was sacriflced. 
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Figure 22 
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~igure 23 
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Table 1 

c, 

TRANSCUTANEOUS p02 (rlÎmHg) 0 

DAY 1 l '. DAY 10 , DAY 22 
R l R L ·R L 

HIGH 77 + 4 57 + 5 * -74 + 5 67 + 6 ~ * * 81 + 2 79 + 2 - - - - - -
ALF 80 + 5 12 + 2** 72 + 5 47 + 1*** 76 + 2 78 + 2 - ~ - - - -

(pai red-t-test) 

MEAN ± SEM (N=24) 
R = RIGHT LEG (control) L = LEFT LEG (operated on) 

.. p < .01 

.... P < .005 

* * * P < .05 /,,\' 
\ 

..... ..... 

.po 
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Table 2 

ARTERIOVENOUS REVERSAL : DAY 10 STUDY 

CAPILLARY DENSITY IN MUSCLES OF CANINE HIND LIMB 

t,; 0 

RIGHT LEG (control) LEFT LEG (operated on) 
(capillaries/mm2) (capillaries/mm2) 

MEDIAL THIGH 1 598 + 42 876 + 38* 

LATERAL THIGH 1 588 + 41 905 + 48** 

CALF 596 + 38 910 + 52t 

FOOT 627 + 34 823 + 52* 

Values are means + SEM (N=6) Student's (paired t-test) 

• p = 0.002 
* * P = 0.0002 

t P = 0.0004 * p = 0.0007 
--

'", .... 
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Table 3 

'c 

ARTERIOVENOUS REVERSAL : DAY 22 STUDY 

CAPILLARY DENSITY IN MUSCLES OF CANINE Hit,lD LIMB 

RIGHT LEG (control) LEFT LEG (operated on) 

(capHlaries/mm2) (capillaries/mm2) 

MEDIAL THIGH 1 618 + 30 ~, - ~, 
987 ± 56* 

LATERAL THIGH 1 612 ± 21 936 + 61** 

CALF 613 ± 24 1011 ± 46t .. 
FOOT 626 + 34 893 ± 44* 

'" 

Values are means + SEM (N=6) Student's (paired t-test) 
li- p = 0.0007 

Î' 

* * p = 0.0014 
t p = 0.0004 * P = 0.0002 
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Table 4 

THYMIDINE INCORPORATION 
:.... , 

" 

Tritiated-Thymidine incorporation (I1Ci/g wet wt) 

CONTROL DAY 10 DAY 22 

MEDIAL THIGH 1 .25 + .01 .30 + .01 * * 1 .35 + .01 * 
LATERAL THIGH 1 .23 + .01 .29 + .01 * 1 .33 ± .01 t 

CALF 1 .27 + .01 .31 + .01 * .36 + .01 * . 
FOOT 1 .31 + .01 .31 + .01 (NS) 1 .35 ± .OO(NS) 

~,j~ 

Values expressed as mean + SEM (N=12) Student's t-test 

• p < 0.05 
* * 1) < 0.005, vs control 

t p < 0.05 * P < 0.005, vs day 10 values 

NS = not significant 
'-

'-l 

\-
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Table 5 AVR : DAY 10 STUDY / 
... 

EFFECT OF CONTROLLED EXERCISE (treadmill) 

TRANSCUTANEOUS p02 (mmHg) 

DO~ WITHOUT EXERCISE 1 DOGS WITI1 EXERCISE 
(N=12) (N=4)--

RIGHT LEG:~·l· LEFT LEG 1 RIGHT LEG 1 LEFT LEG 
(operated on) (operated on) 

THIGH 74 67 81 71 

CALF 72 47 80 59 

AVERAGE INCREASE (100/0) . (16%) 
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AVR : DAY 10 STUDY Table 6 J ;J 
Jo 

~ 
EFFECT OF CONTROLLED EXERCISE (treadmill) 

CAPILLARY DENSITY (Cap/mm2) 

- DOGS WITHOUT EXERCISE DOGS WIl'"H EXERCISE . 
(N=6) (N=2) 

RIGHT LEG LEFT LEG RIGHT LEG LEFT LEG . 
(operated on) (operated on) 

-

MEDIAL THIGH 598 876 699 1090 

LATERAL THIGH 588 905 679 1008 
, 

CALF 596 910 658 1113 
-

FOOT 627 823 660 1083 
1'--

.' 

AVERAGE INCREASE (12% ) (18%) 
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Table 7 
AVR: -DAY 10 STUDY 

EFFECT OF LIPIO ANGIOGENIC FACTOR TREATMENT 

TRANSCUTANEOUS p02 (mmHg) 

UNTREATED ~ DOGS TREATED WITH 
- CONTROL DOGS ANGIOGENIC FACTOR 

(N=12) (N=2) 

RIGHT LEG t.EFT LEG RIGHT LEG LEFT LEG 

~ (operated on) , (operated on) 

THIGH 74 67 77 77 . 

CALF 72 47 78 65 . 

AVERAGE INCREASE (6%) (270/0) 
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Table 8 
AVR : DAY 10 STUDY 

EFFECT OF LIPID ANGIOGENIC FACTOR TREATMENT 

CAPILLARY DENSITY (CaD/rnrn2 ) 

~TREATED DOGS TREATED WITH LIPID 
CON L DOGS (N=6) ANGIOGENIC FACTOR (N=2) 

RIGHT LEG LEFT LEG RIGHT LEG LEFT LEG 
(operated on) (operated on) 

MEDIAL THIGH 598 876 679 1409 

LATERAL THIGH 588 905 668 1334 

CALF 596 ,910 673 1402 

FOOT 627 823 681 1369 

AVERAGE INCREASE (13%) (57%) 
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