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ABSTRACT
At present, the only effective treatment for atherosclerotic
arterial obstruction is surgical revascularization: Unfortén—
ately, 1n some patients, this is unsuccessful due to the extent,

s

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

limb because of severe pain or gangréne.
-

By expanding on the experimental work of others, we were
able to successfully save the 1limbs &f expe;imental ahimals
(canine) with obstructed arteries by restoring circulation via
the use of the venous system Ywhich is not affected by
atherosclerosis). Subsequently, we 'have also been able to save
the limbs of a smal® group of patients using a similar prdéedurg.
Angiograms in the clinical and experlimental setting reveal ed
reversed flow 1n the venous bed with new vessel formation around
and distal to the arteriovenous reversal. In the present study,
we 1nvestigated whether or not the reversed venous flow provided
nutrient perfusion to the hind limb, the role of severe ischemia
1n the developméent of the network of vessels appearing around and
distal to the arteriovenous reversal and whether these vessel are
newly formed. In addition, we alsé examingd the role’of lipid
angiogenic factor and controlled exercise, as stimulants in jthe

development of this network of vessels.
1] -
3
We have demonstrated that the reversed venous flow provides
nutritive perfusion to the limb as measured by transcutaneous

oxygen. In addition, we have shown that severe ischemia plays a

N .
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major role in neovascularization of the canine hind limb in the

reversal, as determined angiographic- .

We have\alsb‘demovstrated that there:is increased

presence of arterioveno
ally.
capillary growth in the preseg?e of severe ischemia followina
arteriovenous reversal and that this cagillary neoformation can
be enhanced by 1n vivo administration of lipid angiggenic factor
or controlled exercise. Finally, we have demonstrated increased
tritiated thymidine uptake by endothelial cell nuclei 1n hind
411Mbs with arteriovenous reversal, suggesting that there is new

endothelial formation.

r
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\\\> RESUME | )

A 1'heure actuelle, le seul traitement efficace de
l'obstructionoartérlelle due 3 l'athérésclerose‘est la
revéscularisatlon chirurgicale. Malheu?éusement, Chii
certains dont la maladie est trop étend:e, cette techni-
que est- vouée a 1'échec; la plupart de ces malades
devront donc subir l'amputation d'un membre pour
remédier & leur douleur 1ntense ou & la gangréne.

» [N

En  s'inspirant des travaux expérimentaux d'autrgs
chercheurs,' nous avons é&té en mesure ded sauver les
membres ‘d'animaux (chiens) don{ les arteres étalent
obstruées en rétablissant la circulation par le biais
du systéme velneux (qui n'est pas atteint par l'athéro-
sclérose). Par la suite,~non avons été en mesure de
sauver les membres d'un petit groupe de malades en nous

L}

servant d'une “technique .similaire. Les angliogrammes
effectués tant dans le milieu clinique que dans fe
milieu expérimental ont révélé une 1nversion de la
circulation dans le 1lit v;ineux avec formation de
nouveaux valsseaux autour du lieu ou 1'inve551on availt
6t6 réalisée et dans la partie distale par rapport a
I'inversion. Dans 1'étude dont il est fait état, Fous
avons tenté ae préciser si la circulglion, velneuse
inversée permettait la perfusion de nutriments aux
membres postérieurs, nous avons également tenté de

déterminer le role de 1'ischémie grave dans le développ-

ement du réseau de vaisseaux qul apparaissent autour du

b

—_ - o : .
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du lieu d'inversiom artérioveineux et daps 1la région

de format-

b

qui lui est distale et si ces vaisseaux sont

ion récente. En’outre, nous avons étudié le rolé du

facteur angiogéniqué lipoidiqhe dans la stimulation du

. développement de ce réseau de vaisseaux.

¢ +

0

Nous avons démontfré que l'inversion de .la circulation

veineuse permet la perfusion nutritive du membre, tel
qu'on a pu le mesurer par le taux d'oxgygéne transcutané.
De plus, nous avons démontré qu'une ischémie grave

joue un role prépondérant dans la néovascularisation du
v ”

membre postérieur 'du chien en présence d'une inversion

artérioveineuse, démontrée a 1l'angiographie. Nous
|

avoris également fait la preuve qu'il T existe une

croissance capillaire accrue en présence d'une ischémie
p L)

grave qui fait suite a wune 1nversion artérioveineuse et

-

que cette nhouvelle fgrmation de capillaires peut etre
favorisée par l'administration 1n vivo du facteur
angiogénique lipoidique ou  par un exercicg suivi.
Enfin, nous avons démontré‘ qu'il existe une captation
accrue de thxmidine~tritiée par les noyaux des cellules

endothéliales des membr¥s pdstérieurs sur lesquels on &

pratiqué une inversilon artérioveineuse;QQ cette observ-

ation donne & penser qu'il a formation d'un nouvel
y g

o

endothélium. k
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CHAPTER I

INTRODUCTION




A. PERIPHERAL VASCULAR® DISEASE

I. General Introduction:

The primary role of the circulatory system is the transport
of oxygen, nutrients, by-products ofﬂmetabolism,'heat and other
constituents of blood to and from all tissues of the body. The
energy for this important function is gemnerated by the heart.
which pumps blood through a series of distributing vessels. \\

¢ )

In accordance with Jean Poiseuille's law (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, ®
the resistance of a vessel is inversely proportional to the
fourth power of its radius. Thus, the radius of a vessel is of
paramount importance in the circulatory system. 1In the presence
of arterial lumenal narrowing, which is usually due to
atherosclerosis, the efficient transport of blood to the
peripheral capillary bed 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,

4

II. Intermittent Claudication:

The term claudication, which is derived from Latin, means
"limping". Intermittent claudication is a well characterized
/

symptom of peripheral vascular disease and is almost always

16
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atherosclerot;c in origin, However, there are other rare causes,
such as cystic adventitial disease of the povliteal artery and
popliteal entrapment syndrome (5, 6).

The g%neral complaints of these patients are muscle pain,
cramp, fatigue and/or severe weakness with exercise, which are
relieved by rest. The arterial blood flow may be adequate to
maintain resting tissue requirement but, with exercise, the flow
may not be increased enough to deliver the necessary oxygen to
maintain muscle function, fhe location of intermittent
claudication is determined by the level of atherosclerotic
stenosis. Generally, symptoms felt in the lower back, buttocks
or thigh are associated with distal aortic and common iliac
disease. In contrast, calf and foot symptoms are caused by
pcclusion of the superficial femoral artery, while popliteal
artery disease may lead to foot pain or numbness on walking. The
etiodogy of the pain is unclear, although it is belseved to he
caused by muscular hypoxia and accumulation of metabolites.
Metabolites such as lactic acid, phosphorps compounds, ammonia,
phosphoric acid and potassium have all been suggested as the
cause of the pain (7 - 9).

%

Intermittent claudication is relatively benign (10, 11).
Forty per cent of patients improve, 40% remain unchanged and only
20% need surgical treatment (12). Furthermore, it has bheen
reported that only 5.8% of intermittent claudication patients

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

(13).
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11I. Ischemic Rest Pain:

With further progression of vascular disease, more arterial
and collateral vessels may become occlluded. Consequently,
a;terial 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

suggested that these changes may be the immediate cause of

necrosis (15).

Pain at rest means the arterial flow to the extremity is so
limited that even the small nutrient requirements of the skin is
compromised and this’'signifies the start of severe peripheral,
vascular disease (16, 17). 1Ischemic rest pain is unrefenting and
severe. It is usually worse at night when the patient is in bed,
since in the horizontai position, the beneficial effects of.
gravity in carrying blood distally are lost (14). Thus the
patient has to hang the foot over the side of the bed or spend
the night in a ch;ir in order to relieve the pain. However, this
posture may lead to edema which in turn leads to further

reduction of flow because of increased extracellular pressure.

At this stage, another type of pain due to ischemic neuropathy
\

may occur (14).

IV. Ulceration and Gangrene:

Ulceration and gangrene are the end stage of peripheral
/

vascular digease of the extremities., It is well established that
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the stereotype of chronic leg ischemia is gradual development of
claudication which becomes worse with shortening of walking
distance. This is followed by continuous pain at rest and
eventually, deterioration in skin nutrition with ulceration and
frank gangrene (15, 16, 18). Usually, ulcers occur on the toes
or heel but may occur anywhere on the foot or lower leq.
Slm{larly, gangrenous changes occur in the toes, heels and
lateral aspects of the foot or proximal parts of the leg as a
result of trauma (such as incisions, burns or heat) or by drug-

induced vasoconstriction (19, 20).

B. THE ETIOLOGY AND PATHOGENESIS OF ATHEROSCLEROSIS

T

I. ThesTL.esions of Atherosclerosis:
+

espite recent advances in atherosclerotic research, the
caus and pathogenesis of “atherosclerosis remain unsolved.
However, there 1s a general agreement that there are three
different types of atherosclerotic lesions: fatty streak,

£

fibrous plaque and complicated lesion.

Atherosclerosis is a disease process that starts early in
life. The fatty streak begins in the intima and may cover about
10% to 30% of the intimal 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, loq?lized primarily at proximal and lateral branch

orifices and the shoulders of bifurcations. Eventually, the

lesion spreads to smaller arteries. Histologically, the lesion

\
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shows an intima thickened by the collection of 1ipid-1ade6 foam
cells, which may be either smooth muscle‘éells or macrophage type
foam cells. Usually, this lesion causes little or no obstruc%ion
and no clinical symptoms. The fact that fatty streaks are
present in the aorta Jf virtually every child by the age of 10
years has led to the suggestion that juvenile fatty streaks are

the precursors of the Harge fibrous plaques of developed

r
!

atherosclerosis (22%. However, this suggestion has been
challenged by several studies using topography, geographic
pathology and chemistry,.and also by preliminary studies using
cellular markers (23 -,25). For instance, the ubiquity of fatty
streaks 1in populations with a low incidence of'clinicél
manifestations of atherosclerosis suggests that the legion

progressfen does not develop beyond the fatty streak stage (26).

A}
-~

In contrast, the primary lesion ofachronic arterial
occlusive disease is the fibrous plague, which has a different
distribution pattern as compared to the fatty streak (27). The
fibrous plaque first appéars in the abdominal aorta after the age
of 20 and increases progressively with age (21). This lesion
protrudes 1nto the lumen of the artery and shows a central lipid
pool of atheromatous gruei and cholesterol crystals surrounded by
foam cells. Some of these foam cells may be }onocytes
(macrophages) and others are smooth muscle cells (28). The
interstitium between the cells is expanded by the accumulation of
-elastic fibres, collagen, proteoglycans and lipid droolets (27,

29). The-=fibrous plaques are most freguent and severe in the

arteries of the heart, brain and legs, where they may increase in.

5
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size, enough to obstruct the flow of blood. It is well
established that progressive and degenerative changes in the
fibrous plagque from adulthood to migdle age may predispose
individuals to cardiovascular disease fater in life (30).

7
The £inal step that leads to clinically significant
reduction in the flow of blood usually is thrombosis over a
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. $

e
d

In an attempt to explain the cause and pathogenesis of
atherosclerosis, several hypotheses have been suggested. These
Qypotheses must take all the above lesions into account as well
as explain the effects of the associated risk factors on the
incidence‘?nd clinical events of atherosclerosis. Present
hypotheses include the lipid hypothesis, the response-to-injury
hypothesis, the monoclonal‘hypothesis and the clonal-senescence

hypothesis of atherogenesis (21, 31 - 36).

-
-

II. The Risk Factors 9£ Atherosclerosis:

Risk factors have been defined as habits and abnormalities
which leag to an increa;ed susceptibility to atherosclerosis
(37). ™A risk factor may be a causative agent, a secondary
manifestation of an underlying metabolic abnormality or an early

symptom of_atherosclerosis (26). Such factors are based on

associations uncovered in epidemiological studies of bhoth humans

/
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and experimental animals? For instance, it has been observed
that people moving from a geographic area of low incidence to an
area of high incidence gradually tend to show the higher rates of
atherosclerosis observed in such areas. Such studies demonstrate

/

the importance of environmental factors in atherosclerosis.
[

.

’
\
The majqf established risk factors are age, hypertension,
cigarette smoking, diabetes mellitus, and hypercholesterolemia.

It should be mentioned that when e first four of these factors

are not accompanied by elevated g}zéma cholesterol, these factors
may not lead to premature atherosclerosis. This has been

¢

demonstrated by epidemiological studies in Japan (26).

a)

g

It is well established that age has the strongest and most
consistent correlation with atherosclerosis. Atherosclerotic
plagues appear in the aorta in the first decal8e of life,'in the
coronary agzeries in the second, and in the cerebral and
peripheral arteries in the third (38). Several studies
involving the use‘of multiple reg;ession models in the anaiysis
of clinical and autopsy data have demonstrated significant
positive correlation between age and atherosclerosis (39, 40).

5

b) rHypertension:

Epidemiological studies of both humans and experimental

r

animals have indicated that an elevated blqod pressure
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accelerates atherogenesis and increases the incidence of
cardiovascular disease (26, 37, 41 - 43), Hypertension is a
strong risk factor for stroke and to;a lesser extent for
peripheral vascular disease. Studies by Robertson and Strong
have- demonstrated that hypertensive patients are strongly
associated with an. increased degree of atherosclerosis than non-
hypertensive patients(44). Tﬁis difference has been shown to be
éignificant at all ages, in both sexes and for both the aortg and
coronary arteries (44). These findings have been substanf&ated
by more recent investigations involving the use of multivariate
linear regression analysis (40, 45).

N

c) Cigarette Smoking:

Cigarette consumption remains an important risk indicator
for cardio;ascular disease, particularly in elderly individuals
(46 - 48). Susceptibility to ischemic heart disease and
peripheral vascular disease and their complications 'is enhanced
by cigarette smoking. The associated risks tend to increase in
proportion to the number of cigarettes ggoked (49). Several
gtudies have demonstrated a strong positive correlation between
cigarette consumption and the extent™ and character of

~cardiovascular\disease (47, 49). However, the e;ac;: mechanism
involved 1is by no means ®clear. Various investigators have
postuiateé that hicotine, toxic agents, carbon monoxide,
increased concentration of carboxyhemoglobin and/or decreasing
oxygen supplgﬂ@ay cause an increased risk of atherosclerosis in

the smoker, although none of these factors have been definitely

proven as being the culprit™ (56 For instance, the

-
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administration of high doses of nicotine to experimental animal
produces talcification and necrosis of the arteri1al medi1a, a
condition that 1s similar to Monckeberg's arteriosclerosis (50).
However, such studies have sti1l] not conclusively proven that

nicotine leads to atherosclerosis.

d) Diabetes Mellitus:

Diabetes mellitus 1ncreases the 1ncidence ard severity of
peripheral vascular disease. This association has been
demonstrated 1n a large Qafréty of studies. Various groups have
shown that peripheral atherosclerosis 1s up to 11 times more
fgequent n d}ahet1cs and that occlusive arterial disease
develops ébout 10 years earlier, as compared to control qgroups
(26, 44). Loss of l1mb occurs 5 times rore frequently 1n the
diabetic with symptomatic occlusive disease than in similarly
affected, non-diabetic peers (26). Also, aangrene of the
extremitlies due to atherosclerosis 1s about 40 times more
frequent 1n a diabetic over the age of 50 than in a non-diabetic

™~
(26). Finally, diabetic groups have more fibrous plaque and

calcification 1n the coronary arteries, as well as more stenosis,

than non-diabetic groups (44).

Despite extensive research 1n the af@a of diabetes mellitus
and 1ts association with atherosclerosis, the e<act.mechanisms by
which this disease enhances the development and severity of
atherosclerosis remain unknown. Some experimental studies have
demonstrated tha£ hyperglycemia associlated with 1nsulin

deficiency as 1n diabetes produced by alloxan or partial

P2
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pancreatectomy 1s not, per se, atherogenic (51, 52). Rabbits and
rats rendered 1nsulin-deficient with alloxan, developed less
atherosclerosis than expected when fed a high cholesterol diet.
However, this atherosclerosis prevention effect has been reversed
by giving such experimental animals insulin (53), Furthermore,
insulin has been shown to affect the metabolism of *the arterial
wall. Studies by Mahler have demonstrated that when insulin 1s

L.

given to alloxanized rats, there 1s a decrease 1i1n the production
Y

of endbthelial lipase (54). In a similar study, Stou{
demonstrated that an i1ntravenous 1njection of 1nsulin 1nto
alloxanized rats led to a much greater incorporation of carbon-
l4-1labelled glucose or acetate 1nto the aortic lipid “than when
né insulin was given (55, 56). Insulin does not appear to
accelerate the upta%e of cholesterol by the aortic wall (57).
However, 1t has been found to 1nhibit tb reqression of the
lesions 1n the aorta that occurs when cholesternol-fed chicks are
transferred to a normal diet (58).

e) Hypercholesterolemia:

Hypercholesterolemia has been associated with an 1ncrease

1n atherosclerosis, a conclusion establ ished in several
epidemiological studies (59 - 61l). It has %een demonstrated that
”
an i1ndividual's risk of developing atherosclerosis increases
4

exponentially at high levels of serum cholesterol (f0), Studies
A}

involving prolonged diet-induced hypercholesterolemia in several

species 1ncluding non-human primates, have shown that, such
#

' ‘ .
animals® have a greater risk of developing atherosclerosis and its

major complicatrons (62 - 64).

[4
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Finally, a report from the Framingham study indicates that
the 1mboxtant components of total serum cholestePol 1n relation
to atherosclerosis are low density lipoproteins (UDi) and high
densi1ty lipoproteins (HDL) (61). According to this report, high

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

atherosclerosis.

ITI. Hemodynamic Factors 1n Atherogenesis:

Atherosclerosis has been shown to occur at certain favoured
sites, an observation that has led to the suggestion that local
hemod ynamic factors, such as shear stress, may be associated with
ather ogenesi1s. The favoured si1tes 1n question are branch

vessels ari1sing from the aorta, bifurcations, arterial bends,

[N

super ficial femoral artery 1n “the Hunter's canal and the common
femoral artery under the inguinal 1igament. Several hypotheses
have been proposed to explain the effects of hemodynamic forces
exerted upon the arterial wal%. These include thg/%ressure-
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 intraluminal and high extravascular pressures during a
portion of the cardiac circle lead to a suction effect on the
endothelial surface (65,66). Over time, the endothelium is
believed to become damaged, eventually leading to atherosclerotic
lesions. However, since negative transluminal pressure is
unlikely during the cardiac circle, this hypothesis does not

appear to be valid (73).
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The wall-shear stress hypotheses have been put forward
independently by Fry and Caro (67, 69). Fry has suggested that
acutely elevating the shear stress forces on the endothelial
surface to approximately 380 dynes/cmz, could result in .increased
permeability and alterations in the efdothelial architecture.(f7,
74, 75). These changes in turn could lead to local injury and
erosion 1n the favoured s:ites resulting in lipoprotein
accumulation and eventually atherosclerotic lesions. Thus,
elevated shear stress may lead t@ atherogenesis. In contrast,
Caro and others believe that the}e 1s an 1nverse relationship
between shear stress and atherogenesis (69). These investigators
have suggested that low sgless areas of the vascular tree favour
a lessened egress of lipid components, particularly cholesterol,
from the vessel wall. Therefore, the development of
atherosclerotic lesions in such regions may be favoured,

Conversely, high stress regions would have less chance of

developing atherosclerosis (69).

Turbulence has also beenesuggested as a causative factor in
atherogenesis (70, 71, 76 - 78). It is believed that turbulence
causes platelets and other blood components to stick together,
eventually leading to the formation of thrombi or elevated
plaques 1n the 1ntima. Furthermore, turbulence 1s beli1eved to
cause endothelial injpry, which alone can result 1in
atherosclerotic lesions. However, there 1s no conclusive
evidence to support the suggestions that turbulence plays a role

1n atherogenes1s.

1
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‘: The flow separation hypothesis was proposed by Fox andkﬁugh
(72). According to this hypothesis, flow separation at arter}al

branches and along curved segments results in areas of stasis.
Hence, there 1s a stagnation of blood in*such sites, leading to

_~ the accumulation of platelets, fibrin andilipoprotein, and

3~

eventually to atherosclerotic lesions. This phenomenon 1is

believed to be the major hemodynamic force associated with

atherogenesis.

Summary:

In spite of the various hypotheses, we sti1ll have no
conclusive proof as to the precise role that hemodynamic forces
play 1n atherogenesis. Extensive additional studies are required

before definitive conclusions can be made.

C. THROMBOSIS AND PERIPHERAL VASCULAR DISEASE

Thrombosis is the central event in the evolution of vascular
disease and ;ay lead to ischemic necrosis, a finding wore
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 imteractions between the vascular
‘wall and the components of the flowing blood. These include
1njury to normal or already damaged vessel walls, platelet
adhesion and aggregation and activation of the clotting mechanism

(79, 80). Briefly, platelets tend to deposit on exposed collagen

of damaged endothelial surfaces or ulcerated atherosclerotic

F ad ~
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plagues. This 1s followed by the release of platelet
intracytoplasmic éalcium, which then causes the contraction of
the platelet and the release of adenosine diphosphate and
thromboxane A2 (81 - 84). These compounds in turn cause platelet
aggregation. During the co;plex processes of platelet adhesion
and aggregation, the clotting mechanism may be agtivated, leadinqg
to the formation of thrombin and fibrin, The fibrin causes
stability and fixation of the thrombus (85, 86).

The symptoms and signs of arterial thrombus depend upon the
¢

si1ze and location of the artery occluded, and the speed of the
development of the thrombosis. A partial thrombotic obstruction
of the vascular lumen may not cause any immediate clinical
symptoms. Such a thrombus usually occurs over an ulcerated
atherosclerotic plague and may eventually accelerate
atherosclerosis. In contrast, a complete sudden arterial
thrombosis may present as an emergency with an acutely ischemic
limb. Under such conditions, the limbwill be cold and pale. In
addition, there may‘be pain, paresthesia, and motor paralysis,
eventually 1leading to necrosis of limb. Finally, thrombus can

dislodge and embolize into a distal artery, worsening symptoms of

claudication and pain or causing sudden acute occlusion.

o




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 biological processes including collateral
circulation, wound healing, tumor growth and embryonic
development (87). The molecular events that dause
neovascularization remain unclear. However, several mechanisms
have been proposed to explain this process. It . has been
suggested that a mechanical or biochemical stimulus can induce

new vessel growth.

In terms of a mechanical stimulus, it 1s well establ ished
\

that significant hyperemia develops in response to an
arteriovenous fistula (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
active growth (90, 91).

With regard to a biochemical stimulus, a ;econd 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). Capillary neoformation, has
previously been ascribed to such substances as a transferable
factor promoting wascular 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 1schemic environment, these biochemical factors may be
released thereby producing neovascularization (97). Accordina to
Folkman and associates, capillary neoformation occurs in stages
(98). First, in the presence of a biochemical stimulus,
endotheli1al cells degrade the vascular basement membrane and
prjtrude through the wall of the vessel., This is followed by a
directional locomotion of the endothelial cells from the parent
vessel to form a capillary sprout, Next, a lumen is formed in
the sprout and endothelial prolaiferation takes place within the
sprout whereas endotheli1al locomotion occurs at the tip of the
\sprout. The tip of one sprout joins with another to form a
capillary loop through which blood begins to flow. Eventually,
new sprouts develop from each loop to form an intense capillary
network. As a final step, a new basement membrane is formed
which later incorporates microvascular pericytes into it (9R}),
All the above stages are believed to be caused either directly or

indirectly by angiogenic factors (98).

Neovascularization induced by angiogenic factors is an area

of active research. It 1s generally believed that learning more
* 3

about the physiological mechanisms involved in neovascularization

may lead to the development of more effective therapies for

peripheral ischemic disease or myocardial infarction.
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E. THE TREAT#%NT OF PERIPHERAL VASCULAR DISEASE

I. Medical Therapy:

In spite of the fhct that medical treatment is palliative,
not curative, it still remains of vital importance, since the

underlying cause of atherosclerosis persists even after surgery.

~

a) Measures Designed to Influence Periph@ral Vascular Disease:

These are general measures that may help patients with
peripheral vascular disease. Such measures include weight loss
since excess body weight reduces the claudication distance o%
patients. Patients should be advised to keep their feet:'dry and
clean and that trauma and extremes of temperature are to ge
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. Also,
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
1
peripheral vascular disease. Several vasodilator drugs, such as
A
nylidrin, 1sosuprine and tolazoline, increase blood flow to

animal as well as normal human extremities (§9 - 104), Clinical

trials with these agents have been unsuccessful. In spite of
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several claims, especially by pharmaceutical companies, there is

@
no evidence that any vasodilator drug is effective in the

3

treatment of peripheral vascular disease.
)

In contrast, pentoxifylline, a methylxanthine derivative,
has been used by several 1nvestigators for oral treatment of
intermittent claudication. Various randomized, double-blind
trials have shown that the pentoxifylline-treated patients
increased thei1r walking distance compared to patients treated
wlith placebo (105 - 110). Pentoxifylline appears to improve
capillary blood flow by 1ncreasing red blood cell flexibility
thereby enchancing the passage of these cells through the
vascular bed (11ll). This effect on red blood cells is believed
to be due to increased cyclic adenosine monophosphate (AMP) and
adenosine 5r1phosphate (ATP) concentrations resulting from
phosphodiesterase inhibition (111). 1In addition, pentoxifylline
1s believed to decrease the concentration of fibrinogen in hlood,
preventing aggregation of erythrocytes and platelets, thereby
reducing blood viscosity (112).

)

Flbrlnalytlc agents, 'on the other hand, are effective
treatment for the acute manifestation of peripheral vascular
disease. Streptokinase or urokinase accelerate the generation of

' splasmin which lyses thrombi in veiné, pulmonary and coronary
ayteries as well as peripheral arteries (?13). It may be used as
55) a prelude to surgical intervention or as a treatment in patients

who are unsuitable candidates for surgical procedures (112, 114).
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Generally, it appears that thrombolytic therapy is much less

successful in patients with chronic occlusive disease compared to

more recent occlusions (115).

I1. Surgical Treatment:

a) Direct Arterial”ﬁeconstruction:

At present, the only effective means of relieving pain and
improving the nutrition in the extremities of patients with
peripheral vascular disease ig by direct arterial
revascularization. Surgery is effective palliation and may
ac:omplish limb salvage, but unfortunately, it has no i1mpact on
the underlying cause of the disease. It should alsd/%e mentioneq
that not every patient with peripheral vascular disease should
have surgical intervention, since the majority of patients may
improve with appropriate medical management and an additional
number may stabilize with time. Generally, the indications for
surgery are ischemic rest pain, numbness, ulceration, gangrene or

»

interference with the ability to earn a living.

There are several revascularization technigues in the
armamentarium of the vascular surgeon for the patient with’
peripheral J}scular disease who requires surgery. These
techniques include endarterectomy, angioplasty, aorto-bifemoral
bypass, extra-anatomical axillo-femoral or femoral-femoral bypass
grafting, and saphenous vein bypass. However, in spite of all
these procedures, there are numerous on-going studies by several
investigators for the development of effective and lasting
arterial revascularization to salvage extremities that would

otherwise be lost by amputation.

e
»

/-'
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Aorto-iliac di¥ease:

The procedure of choice for patients with an ischemic 1imb
due tb diffuse aorto-iliac occlusive disease is an aorto-bi-
femoral bypass using a synthetic graft. The operative mortality

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

_patency rate is between 70% - 97% at 5 years (116 - ]19).) Some

q

studies have reported a graft patency rate of about 75% at 10
years (120). Such long term patency has been suggested to be due
improved graft material, which may provide a more biocompat?b{s
pseudointima and secondly, to the present nractice of extending
the distal anastomosis down onto the profunda femoral‘artery,

-

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

"

The major problems associated with thisqoperation are graft
infection, progression of atherosclerosis in the distal vessels,
which may result in poor run-off, pseudoaneurysms and aorto-
enteric fistula formation., In recent years, the incidencd 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 fqr;;tion, are
believed to be reduced by the use of an end-to—e%d proximal
anastomosis. This type of anastomosis has been suggested to

[
imé:gVe hemodynamics and to ensure good closure of .the

retroperitoneal tissue over the proximal suture line (120, 128,

&

129).
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Another revascularization technigue used to bypass
aortoiliac disease is the use of a graft that connects an
axillary artery to both femoral arteries. This operation, which

has an @ferative mortality of"2%, is appropriate for ht isk

patients and those with aortoiliac graft occlusion or infecti
(130, 131). The most freqpent complication of an axillo-femor
femoral graft is thrombposis, which may occur in up to 40% of
these patients within one year. The long term patency rate of’
the graft is about 76% at 5 years (130),

A

Femoro-popliteal and Distal Disease:

"

In patients with femoro-poplitgal disease, the operation of

choice is to bypass the obstruction, frequently 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% .and 5 year mortq&iﬁx is about 48% (h29). However, the long
term result; of this operation have been inconsistent and
variable, It has been suggested that the outcome depends on many
variables, including age, thd state of health of thé patient, the
fen@th of the graft, the sizé and quality of the vein graft,
peripheral vessel run-off and the presence of diabetes mellitus
(136). Hoiever, there is no general consensus'ﬁmong surgeons as

to whether or not the graft patency rates of this operation

[

correlate with the above mentioned variables (133).'
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i} Finally, many ischemic extremities have been éafvaged by
distal grafting, to the lower calf vessels beyond the popliteal
trifurcation (121, 126 - 128, 137). In such operations, as.

above, the reverséd® saphenous vein is commonly used. The pétency

; B rate of this graft is 73% initialiy, with a progressive éecrease

to about 25% at 8 - 11 years.
.

&
b) In-Situ Saphenous 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 1072,'the techniguew

was reintroduced with a great deal of success by Leather and

associates (139). At present, many surgeons conside _this the

operation of choice for femoral—popliﬁeal, fbmora;tti ial or

femoral-peroneal bypass to revascularize ischemic 1imbs.

¢

]

Essentially, this technique, involves leaving the saphenous

- _

vein in its native bed, its valwes rendered incompetent with a

valve cutter. The advantages of this operation are: (1)

<

improved hemodynamics; since the large end of the vein is
anastomosed to the large femoral artery,and the narrow end of the
vein is used at the smaller distal anastomosis (140, 141}, (2?)
reduced endo&helial damage ;ince most of the vein is not
mobii%zed, leaving the vasa vasorum intact to supply endothelial
nutrition (142 - 147). These advantages seem to relate to
superior results, with a h@tency rate following distal bypass of
71% at five years (148). In spite of these advantages, the in-

o

.\’3 g R v
sRtu technique has some inherent problems which conventional
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reversed saphenous vein grafts do not. One of these 1s the
devefopment of communication between the saphenous vein and the
deep venous system (149). These arteriovenous fistulae may be
pxesent at the time of surgery but may also develop post-
ongatlvely 1f previously competent valves break down and allow
arteri1al flow to enter the low resistance deep venous system.
These fistulae can steal enough flow so that distal arterial flow
1s severely compromised. In the patient with poor distal run-off

distal graft thrombosis may occur (150, 151).

¢) Sympathectomy:

There 1s a growing consensus that lumbar sympathectomy may

.be a suitable procedure for some properly selected patients.

Generally, 1nterruption of the sympathetic chain, either by
surglical section or by 1njection of phenol, produces
vasodilation, which leads to 1ncreased limb flow (152, 153).
However, the proportion of this imcrease that goes to the skin is
far greater than going to the underlying muscle. Sympathecfomy
may 1ncrease skin blood flow, thereby relieving ischemic rest
pain and enhancing the healing of small ulcers or small areas of
gangrene (154). However, this operation does not have any

beneficiral effect 1n the treatment of i1ntermittent claudication.

Nevertheless, lumbar sympathectomy still remains a
controversial operation since 1ts i1ntroduction ?y Adson and Brown
1n 1924 (155, 156). There are conflicting results in the
literature about 1ts role 1n the treatment of peripheral vascular

disease. For 1nstance, three different groups, headed by
C

13
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Haimovici, Szilagyi and Kim, have reported the efficacy of lumbar
sympathectomy 1n the treatment of patients with severe ischemic
limbs not amenable to direct revascularization (157 - 159). In
another study, Lee demonstrated that a majority of patients
with digi1tal gangrene who were poor candidates for direct
arterial revascularization, sympathectomy was effective 1n }hp,
salvage of l1mbs and toes (l160). Berard: and Siroospour
demonstrated that the beneficial effects of sympathectomy were

decreased by factors such as rest pain, ulceration and ganqgrene

(161).

On the other hand, Fulton and Blakely have been unsuccessful
1n using sympathectomy to relieve rest pain, salvage gangrenous
l1mbs or even delay amputation 1n somé patients (162). Rergan
and Trippel reported that 1n their experience, 1schemic limbs
actually worsened, 3judged angiographically, following
sympathectomy (163). Such conflicting results $ay be due to the
fact that an heterogenous population of patients were i1nvolved 1In

all the various studies mentioned above.

d) Amputation:

Amputation of the lower limb sti1ll remains part of the
armamentarium of the vascular surgeon despite advances in the
treatment of peripheral vascular disease, Generally, amputations
become necessary when a limb 1s not amenable to direct
revascularization due to diffuse distal blood vessel di1sease, the
presence of 1ntractable rest pain, 1schemic necrosis of tissue or

ulceration and gangrene that do not respond to treatment,
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The main objectives of lower extremléy amputation are to
achleve primary healing of the amputation site, relief of pain,
restoration of ambulatory ability and preservation of 11imb
length. Hence, these factors must be taken into consideration
when a surgeon is determining the level of amputation. 1In recent
years, there has been a definite trend toward below-knee
amputation, qompared to the safer approach at the above-knee
level. There 1s renewed interest 1n 1improving the patient's
rehabilitation and gquality of life by performing below-knee
amputation, even though such an operation has some associated
risks. Below-knee amput tion has led to an 1ncrease 1n the

/
number of patients who ambulate using prosthetic devices (164,

165}.

The mortality rate for amputation has ranged from 20% to 40%
(166 - 169), but, more recent series report decreased mortality
rates, some as low as zero (l17). Late mortality rates range from
25% to 50% at 2 years and 50% to 75% in 5§ years (17). It should
be pointed out that most of these patients tend to die from other
cardiovascular problems, such as coronary artery or cerebral

o

vascular disease.
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A. HISTORICAL BACKGROUND OF ARTERIOVENOUS REVASCULARIZATION
Advanced 1schemia of an extremity due to diffuse distal
artedlal disease ié freguently not amenable to standard,
currently available revascularization techniques, including
bypass grafting, endarterectomy or sympathectomy. Conseqguently,
some patients with extensive disease require amputation of the

limb because of severe pain and/or gangrene.

The fact that the venous system 1s not affected by even the
most severe atherosclerotic process has led several i1nvestigators
over the years to explore the possibility of revascularizing

=
1schemia tissue by the creation of an arteriovenous fidtula. 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
distinguished. Arteriovenous fistula consists of creating a
communication between the arterial and venous system to allow
flow of blood 1n the normal direction from distal to proximal in
the vein. Arteriovenous reversal implies an arteriovenous
anastomosis with ligation of the proximal venous limb such that
flow is forced distally in a retrograde fashion through the
venous system (the arterial pressure combined with surgical

~

ablation causing incompetence of the venous valves).
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Arteriovenous reversal, perhaps the most radical
revascularization concept, 1s also the oldest, with the first
experimental attempt taking place in 1881 and the first clinical
attempt by a Spanish surgeon, San Martin y Satrustequi in 1902

(171).

Occasional clinical success resulted 1n several trials prior
to 1920, but ultimately the poor results reported from careful
clinical studies of the centrally located arteriovenous reversal
procedure, such as those of Szilagyi and associates in 1951, led
to the abandonment of this technique (172). More recently,

'

experimental studies by several groups have demonktrated more

favourable results in arteriovenous reversal (173 - 179).

Experimental studies by Root and Cruz demonstrated that
1immediate end-to-end arteriovenous reversal led to massive tissue
edema (173). They utilized a canine model in which all branches
of the external iliac, ipsilateral internal iliac and distal
arteries to one limb were ligated. In addition, a side-to-side
fistula was created at the popliteal artery level and the distal
artery and proximal vein were immediately ligated. All the
animals developed massive edema with loss of limb function 24
hours post-operatively. Furthermore, 40% of these dogs had to be
sacrificed as a result of muscle necrosis and even though the
survivors regained some use of their 1limbs, the fistulas
eventually thrombosed (173). In another study, Matolo and

associates demonstrated revascularization of turkey (obligatory

\

|

\

|
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bipeds) lower extremities utilizing an immediate end-to-side
arteriovenous reversal (174). In their study as well, all the
animals developed massive edema and 60% lost their limbs within 3

‘QaTonths from venous congestion and 1schemia.

This massive edema, usually associated with immediate
arteriovenous rgversal, was reduced by staged retrograde
perfusion by Higrton in 1961 (175). In a clinical study, Hierton
init1ated staged retrograde venous perfusion for discrepancy in
length of lower extremities. Formation of an arteriovenous
fistula, later followed by ligation of the femoral vein proximal
to the fistula, created a true arteriovenous reversal and avoided

excessive edema (175).

»

A

A similar 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. 1In addition, the
terminal aorta and its pelvic branches as well as the ipsilateral
6th lumbar artery and the ipsilateral deep circumflex iliac
artery were all ligated and divided. In the control group, there
was uniform ﬁrreversible ischemia which eventually caused
gangrene (179}? In a second group, an immediate arteriovenous
reversal anastomosis was created at the popliteal level in
additaon to the ligation of several pelvic vessels, as previously

described in the control group. This preparation caused massive
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edema and poor wound healing. Only one-third of these animals
survived with a patent arteriovenous anastomosis; none of these
survivors had normal limb function (179). Finally, in a third
group of animals, a staged arteriovenous reversal anastomosis was
performed. An end-to-side arteriovenous fistula was initially
created at the popliteal level. Again, there was complete
ipsilateral devascularization as performed 1n the first two
groups. Ligation of the proximal popliteal vein was carried out
days later. This staged arteriovenous reversal led to 100 per
cent limb survival and the animals developed only mild edema.
Furthermore, doppler ultrasonography and angiography provided
objective evidence of excellent tissue perfusion in these 1imbs

(179).

We felt tha(?}hls concept of staged arteriovenous reversal
was 1mportant to enable the limb to be functional as well as
viable. We used a canine ischemic hind limb preparation to
investigate the physiologic consequences of staged arteriovenous
reversal. 1In our laboratory, we developed an animal model in
which severe irreversible ischemia was created in one limb which
was then revascularized by a staged arteriovenous reversal
procedure at the popliteal level (Fig. 1). We were indeed
successful 1n salvaging nine out of ten 1imbs1(180). More
important, studies using radiocactive microspheres provided new
1insight 1nto the mechanism by which nutrient tissue, flow evolves
as a result of arteriovenous revascularizat&on. Microspheres of
15um in diameter were used, allowing them to be trapped at the

capillary level. The data suggested an initial decreased flow in
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all muscle groups of the arterovenous reversal leg tg
approximately 25 per cent of that in the control leg (p < 0.005).
However, after 10 days, flow had increased in the arteriovenous
reversal leg to levels significantly higher than on Day 1. 1In
the lateral thigh, for example, the flow with the fistula open
had increased from 26 to 55 per cent of that 1n the control legq.
Interestingly, with the fistula closed, flow was not
significantly different from that seen when the fistula was open
(55 vs 49%). This would signify a high degree of flow via
collateral vessels formed 1n response to the arteriovenous
fistula. Similarly, there was a significant increase in hlood
flow to the distal leg (gastrocnemius and foot) 1in the
arteriovenous reversal leg compared to the baseline flow when the
fistula was open (e.g. foot 88 vs 25%). However, occlusion of
the fistula resulted in a significant dropx{n flow (e.g. foot 88
to 45%)'1ndicatin% that the major source of nutrjient flow to
these areas was via the reversed venous route (180). L?Iearly,
reversal of venous flow does occur and can result in pei%usion of
tissue in the limb distal to the fistula., Of greater importance,
however, 1is the formation of an intense network of new vessels in
the region of the fistula which then appears to extend distally
with time, as demonstrated by the post-operative angiogré% in

Figure 2. We were able to demonstrate this second mechanism

arteriographically and quantitate its contribution to nutrient

A

flow using radioactive microspheres.
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At the same time this experimental study,was completed, a
patient presented to our Vascular‘Service who ;ad severe
unremitting Fest pain without tissue necrosis and numerous
®
attempts of conventional| revascularization had been unsuccessful
because of inadequate run-off. This patient adamantly r?fused
amputation and consented to undergo the experimental procedure as
1t was outlined to haim. He was carefully informed that the
operation was 1ndeed experimental, and that 1f unsuccessful,
amputation would ultimately be necessary. The operative
procedure 1tself was uncomplicated and there was no nroblem with
~
excesslve limb edema or cardiac failure secondary to the
arteriovenous fistula. The proximal venous limb was left open 1n
order to maximize flow through the anastomosis.,” A prosthetic
graft extending from the femoral artery to the_ peroneal veiﬁ was
implanted and blunt instrumentation used to attempt breakdown of
venous valves distal to the anastomosis (Fig. 2). The ischemic
sym;toms in the foot remained ungiipged for approximately 10 days
and then gradually ameliorated such that by the end of about six
weeks the patient no longer complained-of sianificant rest pain.
Arteriographic evaluations carri1ed out at 4 months, at seven
months and again at 12 months demonstrated extensjve pérfusion of
the distal limb (Fig. 4). Doppler studies showed normal
perfusion at rest and no significant drop in ankle pressure with
exercilse (181).
As a result of this preliminary sgééess, we felt justified

in setting up a clinical protocol in order to further evaluate

this procedure and determine its role in the management of severe

/
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limb ischemia. In this 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, fails to demonstrate adequate outflow for conventional
revascularization pfocedures (as deterwined by two vascular
surgeons) were offered arteriovenous revascularization. In fact,
the majority of these patients have already undergone previous
distal bypass which has failed as a result of inadequate outflow.
Once the procedure ;nd the investigations we wish to carry out to
monitor 1its progress are explained to the patient and the
appropriate consent form signed, the patient undergoes a femoral
artery to tibial vein bypass.with a distal anastomosis located in
the mid-calf region. PTFE grafts have been routinely utilized
as the saphenous vein is gemMerally not available. Prior to the
creation of the distal anastomosis, distal valves in the vein are
rendered incompetent using instruments sQitable for in-situ

saphenous vein grafting. These patients are subsequently

followed at regular intervals using doppler studies,

s/

To date, 12 patients with intractable (narcotic dependent)

arteriography and clinical evaluation,

rest pain have been entersd into the protocol. Among these 12
patients there was one operative death (8.3%) resulting from a
massivé myocardial infarction on the 12th post-operative day. 1In
four patients, there was early graft occlusions (two due to

inadequate 1nflow, two due to inadequate tibial vein). Two

patients with patent grafts required amputation at two weeks and
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four months because of progressive necrosis of the forefoot while
a third with a patent graft had a Symes amputation that healed.

In all, four limbs were salvaged (37.7%) during an average
A3

follow-up of 44 months.

Angiograms performed at four months or later demonstrate
o

extensive vascularization of the 1imbs with reversed venous flow
to the ankle region. The mean values fqr the five limbs with

patent grafts are as follows:

»

/

Pre-Op. 1 week 4 mos 12 mos 524Jmos 36 mos
Ankle/ 0.25 0.29 0.53 0.62 0.65 N."2
brachial
index
Ankle 2.6 19 39 45 50 42
Waveform
(mm)

¥

Our 1nitial clinical experiehce demonst&étes that limbs can
be revascularized by the arteriovenous gthe. There is no

guestion of dramatic i1mprovement, documented objectively, 1n the

patients in whom the procedure has succeeded. However, many

important guestions remain unanswered. fFor example, one great

limitation in the clinical setting is the time required for

improvement which varied from two to eight weeks when the
procedure succeeded. Cléarly, if the procedure is to have wider
applicability, we must find a means to accelerate the

revascularization process.
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B. PURPOSF OF THE PRESENT STUDY

d

As discussed earli nventional revascularization tech-

niques for advanced ldwer limb ischemia may fa11 in the presence
of diffuse distal Eft!rlal disease. We have shown both
experimentally and clinically that severely ischemic 1limbs may be
salvaged by infrapopliteal reversal of venéus flow (180, 181).
In the experimental study, Graham and colleagues demonstrated
both angiographically and with microsphere injections that the
arteriovenous fistula was as;Bciated with a marked increasé in
collateralization and neovascularization (180). Clinicaliy,
Symes and colleagues have demonstrated the efficacy of
femorotibial arteriovenous revascularization for the salvage of
an otherwise irreversibly ischemic limb (181). In the patients'

who underwent this procedure, extensive vascularization was also

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

+

L)
vessels seem to be responsible for eventually increasing the

circulation to the limb.

This study was undertaken to further our understanding of
th; neovascularization process which ensues when an arterioevensus
reversal procedure is utilized to revascularize a severely
ischemict 1imb, We hope that ¢learning more about the
physiological factors involved in this procedure may lead to the

development of a more effective therapy for the salvage of many.

previously irreversibly ischemic limbs.
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' MATERIALS AND METHODS




All chemicals used were reagent grade and were purchased
from commercial suppliers. Tritiated-thymidine (6.7 Ci/mole)
wias obtained from New England Nuclear and was measured 1n a

Beckman Liquid Scintillation Systems, LS 1800.

A THE DEVELOPMENT OF ISCHEMIC CANINE HIND LIMB MODEL

As 1ndicated 1n the previous sectlon on arteriovenous
revascularilzation, we felt that the concept of staged
arteri1ovenous reversal was 1mportant to enable the l1imb to be
functional as well as viable. In order to 1nvestigate the
physi1ological consequences of staged arterlovenous reversal,

Graham and colleagues developed a severes 1schemic hind 11imb model

1n our laboratory (180).

It 15 well ;stabllshed that dogs have extensive collaterals.
For example, ligation of the superficial artery alone does not
Ccause 1schemia. Consequently, the most dlff{gult part 1n the
development of this model was to ensure a severely ischemic hind
limb preparation. JIn the 1ni1ti1al studies, three groups of
mongrel dogs with different levels of unilateral ischemic hind
li1mbs were created, by trial and error. These groups were
achxevag\by the ligation of different collateral vessels of the

pelvis and hind limb.

&
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In group I, all the branches of the femoral artery as well

as the deeﬁlfemoral artery of the left hind 11mb were ligated.
Then, an arteriovenous anastomosis (AVA) was performed at
popliteal level 1n an end-to-side fashion., The distal end of the
divided popliteal artery was ligated. A silk suture was then
placed loosely around the pooliteal vein proximal to the AVA and
1ts ends were left 1n the subcutaneous tissue. To determine the
hbaseline flow (1.e. severity of 1schemia) 1n different muscle
groups, radicactive mlcrosp;eres (n1obium-95) of diameter 15um
were 1njected with the AVA temporarily occ]udegg/ Nn post -
operative Day 5, the animals were reanaesthetized and the loosely
placed s1lk suture was tied, producing arterilovenous reversal
(AVR). The follow-up studies were carried out on post-operative
Day 10. Once again, the dogs were reanesthetized and two further
microsphere flow studies were performed using cerium-141 and
chromium-51. Microspheres were 1njected with the AVR open and
repeated with the AVR occluded. The dogs were sacrificed and the
flow to paired muscle groups 1n the left and right limbhs was
calculated by the reference sample technique (182). Niobium-95
reflected baseline 1schemic flow, while the cerium-141 and

*1imb flow with the AVR open and

chromium-51 determined the total
the collateral flow when the AVR was occluded. 1n addition to
the microsphere flow stGdles, ischemia was also assessed by
milcroscoplc examination. The data from these assessments

indicated that the above surgical technique did not cause

1schemia.
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Consequently, a second group of animals with more

collaterals ligated was 1nvestigated. 1In group (II), 1schemia

was prepared as described for group I, but 1n addition, thé
terminal aorta, the bilateral i1nternal iliac arteries and the
sacral artery were all ligated. Once again, an AVA was performed
as described for group I and the baseline aschemic flow was
assessed by niobium-95. On post-operative Day 5, the AVA was
converted to A;R and on Day 10, the follow-up studies were
performed as previously described. As 1n group I, the surgical
technique used 1n group II also failed to produce severe

1schem1a,

Thus, a third group of dogs with additional col laterals

l1gated was 1nvestigated. In group III, the dogs were prepared

In a manner simllar to group II. 1In addition, the ipsilateral
deep circumflex artery as well as the umbilical arteries were all
%Agated. An AVA was created in the usual fashion, which was
later converted to AVR. Ischemia was assessed as described for
groups I and II, on Day 1 and Day 10. In group III, the surgical
technique caused §evere ischemia as judged by microspheres and
M1Croscopilc studlés. If the AVA was ligated on Day 1, the limbs
became totally necrotic over a period of 24-48 hours with the
average time being 36 hours. Pathologic examination revealed
gross and microscopic changes of acute ischemic necrosis. This
finding suggested that in group 1II, the operated 1limbs were
initially perfused only by the AVA and later (on post-operative
Day 5) by the AVR. This third group became our severely ischemic

hind limb model, which is_discussed in more detail (wfth

1llustrations) below.
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B. ANIMAL MODEL

Mongrel dogs weighing from 20-25 kgs were anaestheti1zed with
sodium pentobarbital (25 mg/kg) and received pre-operative
antibiotics. Through a longitudinal 1ncision in the left groin
region all branches of the femoral artery were ligated (Fiqg. Sb).
A second 1nci1sion 1n the left pelvic region was then used to
ligate the distal aorta and all pelvic branches which potentially
supply collaterals to the left 1limb. These 1nclude the terminal
aorta, both i1nternal 1l:ac arteries, the sacral artery, the left
deep circumflex artery, the 6th and 7th lumbar a;terlps and the
left deep femoral artery (Fi1g 5a). After hepmarinizing the
animal, an end-to-si1de anastomosi1s was carried out between the
praqximal end of the divided popliteal artery and thé popliteal
veln (Fig 5c). A si1lk suture was placed loosely around a
prpximal venous limb for subsequent ligation 5 days later
(Fi1g.1). ‘ The 1nci1sions were then closed and the animals returned

to their cages.

C. ANGIOGRAPHY -

Serial conventional angiograms were performed by standard
techniques on all animals on Day 10, Day 22 or Day 28 to
demonstrate the extent of vascularization of the limb, The left
common carotid artery was exposed through a ventral incision in
the neck and the distal end of the artery was ligated. Using the
Seldinger technigue a 7 French mult:ihole catheter was introduced
into tne exposed artery and advanced to a position about 3 cm
proximal to the aortic bifurcation. A test injection of contrast

agent (5-10 ml of MD-76, diatrizoate meglumine and sodium) was
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observed fluoroscopically prior to filming. A total of 30 ml of
MD-76 was 1njected at the rate of 10 ml per second with serial
filming over 10 seconds on a puck changer. This was followed by
semi-selective angilography in which the catheter was advanced to
the external 1liac artery of the operated hind limb. Fifteen
milliliters ©f contrast agent at a rate of 5.0 ml per second was

used at this site.

D. ASSESSMENT OF TISSUE PERFUSION TRANSCUTANEOUS OXIMETRY
Transcutaneous ox1imetry 1S a non-1nvasive and continuous
method for monitoring oxygen tension, shown to be useful for the
detection and assessment of peripheral vascular disease (183 -
186). Several 1nvestigators have demonstrated that
transcutaneous p0O, 1s a good 1ndicator of tissue perfusion and
correlates wéll with different grades of ischemia (184 - 188).
We felt that transcutaneous oximetry would be useful 1n the

assessment of tissue perfusion of the hind limb 1n our

experimental animals.

In these experiments, two groq&i of animals (12 1n each
group) were used; final follow-up studies were done on post-
operative day 10 or 22. Transcutaneous oximetry (Cutaneous P05y,
Monitor 820, Kontron Medical) was used to assess tissue perfusion
of the 1limbs on day 1, 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

investigatgﬁﬂfps shaved 4hd cleaned with alcohol swabs, after

~a
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which the electrode was applied using contact gel, and secured in
place by adhesive tape. The electrode was allowed to equilibrate
before transcutaneous p0,; was_recorded.
=
AN
S
E. ISCHEMIA AS A DETERMINANT OF NEOVASCULARIZATION FOLLOWING
¢

ARTERIOVENOUS REVERSAL: AN ANGIOGRAPHIC STUDY

This study was undertaken to evaluate the role of 1schemia
as a stimulus to neovascularization. This 1s an 1nitial step 1n
defining the exact mechanisms by which arteriovenous reversal
increases limb nutrient flow. Our hypothesis was that severe
tissue 1schemla 1s necessary in order to provide the settina for
neovascularization 1n response to the presence of an AVR.

Four groups of animals, each consisting of three mongrel
dogs (20 - 25 kg), were used for these experiments,. The doqgs
were fasted overnight and anaesthetized with 1ntravenous sodium
pentobarbital (Somnotol), 25 mg/kg body weight. Ventilation
through an endotracheal tube was provided by a Bird Mark 8
respirator. All dogs receilved pre-operative antibiotics and were

maintalned on this medication for four days.

I. Group I: Non-Ischemic:

A longi1tudinal 1ncision was made 15 the medial thiqgh of the
left leg., "Following the administration of 2000 units of heparin,
a side-to-si1de arteri1ovenous anastomrosis was then performed at
the popliteal level without ligation of the distal arhery, as

shown diagramatically 1i1n (Figure 6). The 1i1ncision was clogsed and
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the animals returned to their cages. After four weeks, the dogs
were reanaesthetized and angiograms were obtained. This group

served as the control since the arterial 1nflow was not

interrupted.

IT. Group II: Distal Ischemia:

An anastomosis was carried out as before except that the
distal artery was ligated. Thus, a functional end-to-side
arterlo;enOUS anastomosi1s (AVA) was created, (Fiaure 7). The
pelvic vessels, deep femoral and all branches of the superficial
femoral were left 1ntact so as to determine their contribution to
limb vascularity. A si1lk suture was placed loosely around the
popliteal veiln prox1ﬁél to the AVA and 1ts ends were left 1n the

subcutaneous tissues as the incision was closed.

e
The dogs were returned to their Fages and on post-op day 5,
the loosely placed silk suture was tied, producing arteriovenous

reversal (AVR), (Figure 7). Follow-up angiograms were performed

after four weeks. /f\\/[\\

ITI. Group IIl: Partial Ischemia:

Pre-operatively, the dogs were treated as described for the
previous two groups. An arteriovenous anastomosis was carried
out as described for Group II (Figure 7). In addition, all
branches of tﬁé superficial femoral artery were ligated, leaving

only the deep femoral artery intact. Furthermore, a’

retropegritoneal approach was used to expose the terminal aorta
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and 1ts branches. The termina4 aorta, both internal iliac
arteries, the sacral artery, left deep circumflex artery, and the
left 6th and 7th lumbar arteries were all ligated (Figure 8).
The 1ncisions were then closed and the animals returned to their
cages. On post-op Day 5, the AVA was converted to AVR, After

four weeks, follow-up angiograms were obtained.

IV. Group 1IV: Severe Ischemia:

An arteriovenous anastomos1s was performed as pPreviously
described for Groups II and ITI. In addition, all possible
sources of collateral flow to the left limb 1ncludina the deep
femoral artery were ligated (Figure 9). Thus, the left limh of
“hese animals was initially perfused only by the AVA and later
f~n pust-op Day waby the AVR. Again, anglograms were obtained

&

after four weeks.

F. QUANTIF}”ATIONOF NEOVASCULARITY BY CAPILLARY DENSITY
DETERMINATION
The presence of alkaline phosphatase activity 1in the valls
of blood vessels was d1scovered 1ndependently by Gomori and by
Takamatsu (189 - 1¢1). hese 1nvesglgators developed the first
histochemical techni~ue for the demonstration of alkaline
Phosphatase 1n the endot.elium of capillaries and of small blood

vessels.

More recently, these techniques have been used to determine

caprllary density (cap/mmz) in experimental animals which have
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been subjected to various stimuli, such as nerve stimulation and
exerclse (192 - 195). These studies have demonstrated capillary
growth and an absolute increase in capillary number in both
skeletal and cardiac muscles. Furthermore, 1t has been shown
that this increase can be distinguished from the dilatation of

pre-exi1sting caplllaries.

The experiments under this section were performed to
investlgate the feasibllf:y of psing capillary density
measurements to precisely quantify the neovascularization process
1n the hind limbs of our experimental animals. Two groups of
animals, each consisting of 6 mongrel dogs, were used for this
set of experiments. The groups differed in terms of the post-
operative day (10 or 22) on which the final follow-up studies
were undertaken, A modified method of Romanul was utilized in
this study (196). Briefly, cannulas were placed in the abdominal
aorta and inferior vena cava of the dogs on post-operative dazs
10 or 22. The animal was sacrificed and the hind limbs per fused
with 3L of warm (37°C) 0.2% sodium nitrite in normal saline
followed by 2L of normal saline and 2L of filtered azo dye
alkaline phosphatase incubating medium (20 mg sodium - naphthyl
phosphate and 20 mg 0~dianisidine, in 0.1M stock "Tris" buffer
(pH10); final pH of mixture, 9.5). After 1 hour, the vascular
tree was rinsed with 2L of normal saline and tissue samples were
removed from every muscle in the hind limbs. These samples were

then frozen 1n 1sopentane (pre-cooled by dry ice) and sectioned

at a thickness of 10 microns using a crfostat. The sectiones were
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counter-stained in Mayer's Haemalum and mounted in glycerine
jelly as described by the histochemical technique of Pearse

(197). Finally, capillary density (cap/mmz) was determined

microscopically.

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

Tritiated-Thymidine uptake 1s an established and reliable
method for measuring cell proliferation (198). Several studies
have demonstrated that neovascularization 1s associated with
proliferation of vascular endotheli1al cells and that there is a
posi1tive correlation between pro}lferatlon and the uptake of
tritiated-thymidine (199, 200). In some of these studies, the
presence of tritiated-thymidine labelled endothelial nuclei was

confirmed by autoradiography (201). ‘

Our previous studies have demonstrafed angiographically that
the arteriovenous fistula was associated with an intense network
of vessels 1n the region of and distal to the fistula. we
hypothetized that 1t was possible to use tritiated-thymidine
uptake to determine if angiographically visualized vessels are
simply previously dormant channels which are opened up or newly
proliferating vessels. Once again two groups of animals (6 in
each group) were used in these experiments. The apimals were
sacri1ficed on post-operative day 10 or 22 for the follow-up
studies. Tritiated-thymidine (3H-TdR) was administered

1ntravenog§1y as a sinale pulse (0.5 uCi/g of body weight) on the
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tégthﬂor on the twenty-second post-operative day. The 3H-TdR was

allowed to circulate for 3 hours and then cannulas were placed 1n

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

%
bifurcation). The animal was sacrificed and the hind limbs

perfused with 1.5L of heparinized saline to remove as much free

radloactivity as possible.

I. Tissue Radioactivity Determiratron:
P
Three samples from every muscle in oth—~-hind limbs were
{

taken. Aliquots of muscle (wet tissue weight, approximately 500

myg) were transferred to glass counting vials. Two millilitres of
0.5 M protosol (tissue solubilizer) were added to each sampke
vial. The vials were then placed in a 55°C water bath until
tissue dissolution occurred. The digests were decolorized by the
additi1on of 20% benzoyl peroxide in toluene followed by an

additional 30 minutes of incubation.

After cooling to room temperature, 0.5 ml aliquots of the
P

digests were transferred to counting vials and 10 mls of

scintillation solution (econofluor) were added.

Radioactivity was measured using a liguid scintillation
counter (Beckman Beta Spectiometer Systems, LS 1800), and results

were expressed as microcuries per gram of wet tissue.
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II. Autoradiography:

Representative tissue samples were fixed in 10% buffered
formal}n, embedded in paraffin and cut at a thickress of 4
micrormd The sections were then deparaffinized and
autoradiographs prepared by standard techniques (202}, Briefly,
the slides were exposed for 14 days at 4°C, developed and then
fixed with hematoxylin. The presence and location, in relation,_g/
to blood vessels, of tfltiated—thymldlne labelled endothelial
nuclei was confirmed microscopically.

N
H. STIMULATION OF NEOVASCULARIZATION

In order to determine whether or not certain interventions

might stimulate the neovascularization process both to progress

further distally and to occur more rapidly, Ehree groups of

animals were randomilzed as discussed below.

Group I: Control:
The arteriovenous revascularization procedure was carried
out as above, without attempt being made to enhance the process
f neovascularization. Tissue perfusion was determined by
transcutaneous p0, and neovascularization was assessed by
capillary density determination (as described 1n Materials and

Methgds, Sections D and Fi respectively) on the tenth or twenty-

second post-operative day.
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I. Group II: Muscle Stimulation:

In this group,_ the animals were trained to run on a moving
belt exerci;E\Tachine (treadmill) (Fig 10 a,b,c). The slope of
the treadmill was 20° and the speed was 10 km/hr. The
arteriovenous revascularization procedure was performed after the
ani{mals had become well accustomed to running on the treadmill.
,From the third post-operative day, the animals were subjected to
3 dai1ly periods (30 min. each) of controlled exercise (running)
on the treadmill. Finally, neovascularization was assessed as

described for Group I (control).

II. Group III: Lipid Angiogenic Factor:

qburing the. first decade of this centyury, various
investigators demonstrated that the omentum can be effective in
supplying blood to 1schemic areas (203 - 205). Subsequent
studies have shown that the pedicled omentum is capable of

providing collateral circulation to the ischemic heart (206,

207) .

More recently, Goldsmith and colleagues have showed vhat
revascularization occurred at an omental-cerebral and omental-
spinal cord interface, resulting in an extensive new source of
blood for the brain and spinal cord, despite the absenge of
ischemia in these organs (208 - 213). Subsequent work by
Goldsmith's group led to the discovery of a potent angiogenic
factor in the 1lipid fraction obtained from the omentum after

’

exitraction in a chlorof&;mfﬁethanol solvent mixture (95).
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Furthermore, they have demonstrated that administration of this
omental lipid fraction can cause increased vascular per fusion, as
assessed by in vi1vo nuclear imaging techniques using tagged

erythrocytes labelled with technetium - 99m (214).

We investigated the feasibility of using this lip:d
angilogenic factor to accelerate the neovascularfization process
resulting from our surgical techfhique. ch operated dog
received a 5 ml daily injection of lipid anglog.enic factor, for a
period of 10 days. The inhjection was given intramuscularly it
alternating hind 1imbs. Tk&us, each 'dog received a total of &0 m]
over the ten day period‘. Finally, tissue perfusion and

neovascularization was assessed as previously deSscribed.

s
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Clinical assessment of the animals in the various qroups
demonstrated the limbs to be functional with mi11ld edema, which
subsided within an average of si1x days. Furthermore, no aross

evidence of tissue necrosis was seen.

A. Anglography:

Representative Angiograms from Studi®s under Materials and

Methods Sections D, F, G and H:

The angiograms were satisfactory and consistent 1n all the
various groups of animals. The angiograms performed on the tenth
post-operative day revealed perfusion of the operative limbs by
the arteriovenous fistula and reversed flow in the major veins to
the mid-calf. Contrast opacified an 1ntense vascular network at
the level of the fistula, with subsequent filling of deep veins

and drainage from the pelvis {Fig. 11).

Similarly, the angiograms performed on the 22nd post-
operative day demonstrated morée extensive perfusion of the
operated limbs via the arterlovedqus fistula. The angiograms
revealed reversed venous flow dlstafly to the foot, compared to
Day 10. These angiograms showed more numerous and larger vessels
spreading out from the region of the fistula, extending medially
and laterally into the thigh as well as distally to the mid-calf.

Finally, the deep veins f1ll from this dense network and return

blood to the pelvis (Fig. 12).

64
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B. Assessment of Tissue Perfusion:

Transcutaneous Oximetry:

The experiments 1n this section monitored tissue oxygen-

ation following arteriovenous reii\sal. In these animals no

attempt was made to enhance neovasc¢ularization. These experi-

ments were performed as described under Materials and Methods

(Secti1on D).

The results represent an average of the 24 dogs studied. On
Day 1, the values for transcutaneous p0, at the thigh (57 + 5
mmHg) and calf (12 + 2 mmHg) were significantly lower (p < 0.01)
1n the operated limbs compared to control limbs (77 + 4 mmHg and
80 + 5 mmHg, respectively). At Day 10, the transcutaneous p0, of
the thigh (67 + 6 mmHg) and calf (47Oi 1 mmHg), still remained
significantly lower. On Day 22, transcutaneous p0, of both the
thigh and calf had increased in the operated limb to level equal
to their control counterparts (79 1 2 mmHg vs 81 + 2 mmHg and 78

+ 2 mmHg vs 76 + 2 mmHg, respectively) (Table 1, Fig. 13).
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C. The Role of Ischemila as a Stimulus in Neovascularization: |

Satisfactory ang(66rams were obtained in all twelve animals.

Consistent angiographic findings were evident in each group.

Group I: Non-Ischemia: o

This group was designed to 1nvestigate the role of the
arteriovenous fistula itself in neovascularization. The
angilograms showed the development of arterial and venous
collateral channels at the level of the fistula (Fig. 14).
Furthermore, there was a high denslt} of contrast medium 1n the
main arteries as well as collaterals; contrast passed rapidly
through the accompanying veins and venous col laterals.

s .
Group II: Distal Ischemia:

The angiograms of this group showed less dilatatioun and
enlargement of collaterals at the level of the fistula (Fig. 15).
However, there was good flow of contrast medium through the
arteriovenous feversal and retrograde into the distal venous
system. In addition, the angiograms indicated that there Qas
dilatation of the vein distal to the fistula. The deep femoral
artery provided collaterals to the distal popliteal and tibial

vessels.

Group III: Partial Ischemia:

As 1n Group II, the operated 1limbs were perfused by the deep
femoral artery and the arteriovenous fistula. The angiograms

indicated dilatation and enlargement of the native vessels as




67

well as distention of the vein distal to the—£fistula (Fig. kz.
There was rapid retrograde flow 1in the veins to the level of the
ankle and f1low of contrast through some branches of the main

vein, distal to the fistula,

Group IV: Severe Ischemia:

In this group, the operated limbs were perfused by the
arteriovenous fistula, and after day 5, by the arterovenous
reversal only. The most striking angiographic Flndlng was
neovascularization. These angiograms showed intense Kormation of
knobbly vessels which were not seen 1n any of the previous Three
groups (Fig. 17a). Furthermore, with delayed exposures, contrast
medium flowed from the main artery, through the arteriovenous

reversal to the main distal vein, then filled an intense vascular

-

e

'
network whréh spread out from the anastomotic area, extending
medial and laterally into the thigh and distally to the mid-
calf S ig. 17 b, ¢). Finally, the deep femoral veins drain from

this network, returning blood to the pelvis (Fig. 17c).
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D. Quantification of Neovascularity by Capillary Density

Determination:

These experiments were pe f?rmed to determine new capillary
formation. The experiments were carried out as described under
Materi1als and Methads (section F).

Cross-sections of leg muscles stained for alkaline?
phosphatase activity permitted a detailed study of capillaries.
The capillaries appeared 1n cross section as dark spots when
stained for alkaline phosphatase which 1ndicated endotheli1al
cells. It should be meatlpned that the nuclel of endothelial
cells were not stained. As shown in Fig. 18, the section of
muscle from the operated hind limb 1ndicated higher cap:illary
densi1ty compared to the contralateral muscle from the unoperated
control hind limb. In addition, the distribution of the

capillaries was homogenous, especially i1n the operated hind 1imb.

The capillary density count was determined microscopically
from cross sections of muscles stained for alkaline phosphatase
activity, as previously described., Examples of such sections are
shown in Fig. 18. The results represent an average of 12 dogs
(two experimental groups, each consisting of six dogs). The
muscles from the operated hind limbs showed a substantial
increase 1n capillary density as compared to the contralateral
normal muscle (Fig. 18). In the medial thigh, after ten days,
the capillary density 1n the operated hind limb was significantly
greater than that in the control (876 + 38 vs 598 + 42~cap/mm2,

p = 0.002). Similar results were obta%ned in the muscles from
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the foot (823 + 52 vs 627 + 34 cap/mm?, p = 0.0007) (Table 2,
Fig. 19). After 22 days, more caplllaries per sguare millimeter
were found in the operated hind limb. Once again, in the medial
thigh, the values were 987 + 56 vs 618 + 30 cap/mm2 (p = 0.0007)
for the operated and control hind 1limbs, respectively.
Similarly, 1n the calf, the values were 1011‘i 46 vs 613 + 24
cap/mm2 (p = 0.0004) (Table 3, Fig. 19). The differences between
the two fperated hind limbs at day 10 and day 22 were not
statistically signifxcant.

S ,
E. Determination gﬁ New Vessel Formation:

Tritiated-Thymidine Uptake:

The experiments were performed as described i1n Materials and
Methods (Section G). Average results from 12 dogs are again
presented (two experimental groups, each consisting of six dogs).
As shown in Table 4 and Fig. 20, a progressive and significant
increase in tritiated thymidine uptake by éndothellal cells in
the thigh and calf regions was demonstrated by Day 10 in the
operated hind limbs as compared to the control. The mean values
1n the medial thigh were .30 + .01 vs .25 + .01 uCi/g of muscle
wet weight (p < 0.005) and in the calf .31 + .01 vs .27 + .01
uCi1/g9 ( 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, Fi1g. 20).

Autoradiography revealed extensive labelling of endotheliaf

cell nuclei in the operated hi&h limb which was more than 95%
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of the total labelled nucle1 (Fig. 21). 1In contrast, less than
5% of the total labelled nucle1 1n the control hind 1i1mb were \
{

endothelial cell nuclei.
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STIMULATION OF NEOVASCULARIZATION:

This serles of experiments was carried out to determine
whether the rate of neovascularization in our ischemic limb
preparation can be enhanced by either controlled exercise
(running on a treadmill) or the use of lipid angiogenic factor.
Once agaln, the experiments were performed as described under

Materi1als and Methods (Section H). / N

F. Effect 92 Muscle Stimulation EX Exercise:

a) Transcutaneous Oximetry:

The results are an average of four dogs. After conggolled
exercise, transcutaneous p0,; measurements increased an averaoce of
16% 1n the operated limbs compared to operated hind limbs without
exercise (Table 5). In the controlled exercise animals, the
thigh of the operated hind limbs showed an i1ncrease of 6% whereas
that of the calf was 26%. The average increase of the control or
nonoperated hind limbs of the excised animals was only 10%.

—
b) Capillary Density: // \

The results showed moderate 1ncrease 1n capillary density as
a result of controlled exercise. In the operated hind 1limbs,
there was a 20% i1ncrease 1n caplllary density in the animals that

underwent contrplled exercise, compared to the operated hind
»

limbs without exercise (Table 6, Fig. 22). Similarly, there was
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24% 1ncrease 1n the foot of the operated and exercise animals
(Table 6, F1g. 22). The data also showed an average increase of

12% 1n the unoperated hind limbs of the exercised animals.

G. Effect of Lipid Angilogenic Factor:

Note that both hind limbs of the treated animals received
equal amounts of lipid angiogenic factor. Two dous recelved this

N
treatment.

a) Transcutineoys Oximetry:

The mean values of transcutaneous p0, showed an 1ncrease of

27% 1n the operated hind lmb of the treated animals compared to

an untreated but operated hind limbs, after ten days (Table 7).

In the thigh, the increase was 15% and that 1n the calf was 38%.
¥

However, there ;as aslight increase of 6% in the unoperated hind

limb fﬁ the treated animals when compared to its counterparts of

the untreated animals. ¢

b) Capillary Density:

The data are shown 1n Table 8 and Fiqg. 23. It can be seen
that there was a tremendous 1ncrease'in capillary density as a
result of the lipid angiogenic factor treatment. This Jpcrease
was apparent even after 10 days of treatment. In the medial
thigh, there was a 61% 1ncrease 1n capillary density 1in the-
operated hind limbs of the treated animals, compared to the

untreated operated hind limbs. Similarly, there was A6% 1ncrease
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1n the foot of the operated and treated animals. The results

also 1ndicated that there was an average 1ncrease of 13% 1n

capillary density 1n the unoperated hind limbs of the treated

animals,

O




CHAPTER V

DISCUSSION

P




)
A. Angiography: |

N

We wused angiography to demonstrate the extent of

vascularization of the limb in our experimental anigals. The

e
I

angilograms performed on the AVR dogs revealed an intense network
of vessels in the region of the arteriovenous fistula. This
massive. network of vessels increases over time and 1s much
greater at day 22 than day ten. This suggests that the formation
of this network does not result from an 1ncrease in venous
congesglon, since a more immediate effect would be expected.
However, this network of vessels seen angiographically is merely
an anatomic rather than a functional, assessment. 1In the present
study, there 1s no doubt, that thé increase in the density of
vessels leads to improved tissue perfusion of an ischemic hind
limb and that these limbs are viable clinically with increased
distal oxygenation (confirmed by transcutaneous p0,). This
network of vessels may be similar to collateral vessels
developing around a chromic vascular occlusion in an ischemic

limb, allowing patients to maintain or actually improve the

perfusion of the limb.

B. Transcutaneous Oximetry:

As noted earlier, transcutaneous oximetry is a non-invasive,
continuous, quantitative method for monitoring oxygen tension in
the skin. A number of investigators have demonstrated the
usefulness of this technique in the assessment of peripheral
vascular disease (183 - 186). In addition, transcutaneous po0, is

a good indicator of tissue perfusion and correlates well with

74
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difﬁerent grades of i1schemic (184 - 188). In one study, Ohgi and
associates used transcutaneous oximetry to evaluate the ischemia
1n patients with peripheral vascular diseasc (184). These
1investigators demonstrated that the mean pretibial transcutaneous
oxygen tension values correlate well with the grade of Féntaxne's

¢
classification of clinical severity of i1schemic legs. &fhere was
no 1nsufficiency of the pretibial skin circulation, as measured
by transcutaneous oxygen tension values 1n Grade 1. However, 1n
Grades 2, 3 and 4, there were significant decreases of pretibial
skin transcutaneous oxygen tension (184). Hauser and Shoemaker
used a transcutaneous oxygen tension regional index tg assessg
tissue berfusidﬁ in peripheral vascular disease (187). They
defined this index as the ratio of extremity to chest
transcutaneous oxygep tension. This index avoids the effects of
changes in systemic oxygen delivery upon‘local’trénscutaneous
oxygen tension values (187). This 1index was unchanged by
exercisé in normal subjects whereas patients with intermittent

a .
claudication showed a large decrease when exercised until
symptomatic. In addition, theﬁe investigators successfully used
this transcutaneous régional perfusion index to guantify limb

ischemia and evafuate clinical progression of peripheral vascular

disease (187).

v

W N
In our investigations, we felt that mild edema of the

operated limbs might 1imit the reliability of transcutaneous

oxi1metry resulting in values that are artifically low. However,,

this :;;\st a significant problem, since the edema usually

"R

F
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subsided within one week. In this study; transcutareous oxlmetry
demonstrated‘ a steady and significant 1mprovement 1n the
operated hind limbs, over time. There was progressive increase

*
In transcitaneous oxygen tens:icn values at the thigh and'calf
levels, between the tenth and twenty-second post-operative days.
In fact by the twenty-second post-operative day, there was no
difference between the values of the‘control and operated hind

1 1mbs. The ri1se 1n transcutaneous oxygden tension paralleled the

progressive i1ncrease 1n the vessels as revealed angiographically.

<

*The results obtained 1n our studies are unique. We have

demonstrated extremely low tissue perfusion after our surgical
procedure. By the twenty-second post-operative day, the operated
hind 11mb transcutaneous oxygen tension values were as good as
those of control. To our knowledge, no one outside our

laboratory hes previously demonstrated this find%pga [ ]

b )

C. The Role of Ischemia as a Stimulus ig Neovascularization:

This study examined the impact of an arteriovenous fistula
on vascular formation as judged angiographically. The ouytcome,
however, depends on the nutritive blood supply to the limb. In
the absence of i1schemia, new vessels become evident but these are
centered about the fistula and almost certainly serve as
seéondary conduits to allow increagsed venous return to the heart.
Their formation 1s phot dependent on ischemia and they are not
likely to be nutriept vf/essels. Creation of an arteriovenous

reversal (Groups 2-4) results in retrograde venous flow but in

the absence of 1schemia little or no neovascularization occurs.

“

'Y
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With severe 1schemia (Group 4), however, a unique angiographic
plcture 1s seen. In our previous study, using microspheres, this
neovascular network was shown to be involved in tissue nutrition
(180). Morphologically, these vessels are easily distinguished
from the normal[arterial—to—arterial collaterals seen around
chronic arterial occlusive lesions. Furthermore, 1n the present
study, 1schemia was shown to be a major determinant of this

neovascularization process following arteriovenous reversal,

Significant hyperemia develiops 1in reésponse to an
arteriovenous fistula (88, 89), This is believed to occur
principally as a result of increased velocity of blood flow (90,
91). An i1ncrease in the rate of flow causes shear stress of the
vessel wall and this leads to passive dilatation and enlargement
of ex1st1ng/collaterals by active growth (90, 91). In contrast,
a major {;ctor to neovascularization may be an unidentified
?1ochemical stimulus. Angiogenes1s has previously been ascrihed
to such things as a transferable factor promoting vascular
growth, tumor angiogenic factor, angiogenesis factor fropm human
mygfardlal infarcts, lipid angiogenic factor, and angiogenin (92-
96). In an 1schemic environment, these biochemical factors may
be released and are somehow capable of producing

neovascularization (97).

Our data from Group I animals supports the generally
established fact than an arteriovenous fistula leads to the
development of collaterals. In comparison, the results of Groups

II and 111 show less collateral development. However, we see
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enlargement of alternate blood vesselg/yhféﬁ may be caused by the
o

different levels of 1schemia assotiat with these two groups.
Finally, in the severely ischemic imbs in Group IV, the results
demonstrated an intense neovascularization at the level of the
arteriovenous fistula as well as l\extending distally. This

.

finding correlates with other publfished studies on the role of
ischemia in neovascularization#( 1, 97, 215, 216). Schaper, in
1971, created'myocardial ischemia by implanting ameroid
constrictors around the circumflex branch of the left coronary

artery of mongrel dogs. This procedure 11nitiated vascular

growth, demonstrated by the incorporation of jtritiated thymidine

by endothelial cells (91). Furthermore, variops ophthalmological

een retinal ischemia

¢

‘studies have shown a direct association be

216)

and neovascularization (97, 215,

D. Neovascularity by Capillary Density Determination:

This study assessed capillary formation 1n response to
staged arteriovenous reversal. The major finding is a consistent
and substantial increase in capillary density as a result of our

surgical procedure.

As earlier noted in the Materials and Methods section,
capillary density of the muscle of our experimental animals was
determined by staining for alkaline phosphatase activity,
indicating endothelial cells, Our primary concern was to
quantify QEe total number of capil laries per cross-sectional area
of muscle fibers. A major problem with this technigque might have

'been muscle atrophy, which would increase capillary density due

<4
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to a decrease 1in thf/cross-sectional area of the fibers,.

Fortunately, this was not the casesince there was no evidence of
-~

muscle shrinkage or atrophy 1n any of the oberated hind limbs.

Consequently, any 1ncrease 1n capillary density 1n the operated

hind limb would imply capillary neoformation.

In our investigations, capillary density was significantly
1increased 1n the operated hind limb muscles by day ten and
1ﬁcré;sed further by 22 days, compared with the control values.
This suggests progressive increases 1n the total number of
capillaries as a result of the growth of new capillaries. This
observation agrees with previous investigators who demOnstrated
capl1llary growth as well as an absolute i1ncrease 1n capillary
number 1n both skeletal and cardiac muscle, as a response to
various sélmuli (for example, nerve stimulation and exercise)
(192 - 195, 217). Myrhage and Hudlicka demonstrated capillary
growth in chronically stimulated skeletal muscle by intravital
microscopy and histochemical techniques (193). 1In their studies,
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 opeﬁgted
muscles. In addition, they actually observed capillary
neoformation, as sprouts budding from the wall of existing

capillaries by an intravital microscope connected to a closed-

circuit TV system (193).
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The moleculg, events that cause capillary neoformation are
unclear. It has been suggested that hemodynamic (mechanical)
and/or angiogenic factors may be 1nvolved 1n capillary
sneoformation, Based upon available evidence, this process
procedes in the folg%w1ng manner. First, there is an immediate
response, wherein pre-existing capillaries enlarge by
vasodilatation and cell division in the presence of the
appropriate stimulig(92). Capillary growth and sprouting follows
.later. This second event represents capillary neoformation.

A}

In our experimental set-up, it seems that the increase in
capillary density was due to capillary neoformation, since there
was an absolute 1ncrease in the total number of capillaries per

square millimeter,

E. Tritiated-Thymidine and Autoradiography:

This study examined the effects of reversed blood flow on
vascular proliferation‘in ischemic canine hind 1limbs. Our
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

\

Normal adult vascular endothelium has an extremely slow

our surgical procedure.

turnover rate, rarely dividing, so mitoses are infrequently

encountered. Tritiated thymidine is taken up by replicating DNA
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1n endothelial cells. Neovascularization is associated with

proliferation of vascular endothelial cells; there is a positive
correlation between proliferation and the uptake of tritiated

thymidine (199 - 201). Folkman'énd assoclates have previously

demonstrated with autoradiography that tritiated thymidine was

incorporated 1nto regenerating endothelial cells {(201). In their
study, tumor cells or tumor angiogenic factor was injected into
the subcutaneous tissu; of rats. This was followed by the
injection of tritiated thymidine as single pulse, at different
intervals and tissues were examined by autoradiography and
electron microscopy. This revealed tritiated thymidine labell ing
in the endothelial cells as early as six hours 1n the rats that
received tumor cells; there was more synthesis of DNA as well as
evidence of capillary neoformation within 48 hours. Similarly,
there was evidence of capillary neoformation and endothelial cell
DNA synthesis after 48 hours in the rats that were i1njected with
tumor angiogenic factor (201).
4

A major limitation of tritiated thymidine uptake 1s its
inability to differentiate between new endothelial and expansion
of existiAg endothelial cells., The proliferation of endothelium
results in the widening of pre-existing capillaries and/or
capillary neoformation (92). A number of studies have
demonstrated a close relationship between‘cellular proliferation
and capillary neoformation (218 - 220). Mandache and associates
have demonstrated proliferation of heart tissues{{; various forms
of experimental cardiac hypertrophy (218).‘ These workers,

produced cardiac hypertrophy in rats by swimming exercise or by

the creation of aortic stenosis. Then, at different intervals,

3

o alaea o, S
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tritiated thymidine was administered intraperitoneally and the
|

¥

hearts were removed and examined by electron micrqscope
autoradiography. This revealed labelled endothelial cells in the
capi1llaries of the hearts from exercised 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 studies we believe that tritiated thymidine uptake
was due to capillary 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 tritiated thym}ldine

administration.

F. Stimulation gi Neovascularization:

A=)

Controlled Exercise (Treadmill): "

We examined the effect of control}ed exercise (running on a
treadmill) as a stimulus to neovascularization in our
experimental animals. The results demonstrate that controlled
exercise can mModerately enhance tissue perfusion and cause
neovascularization to occur more rapidly and rore distally.

™~
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By the tenth post-opera@e day, the transcutaneous oxygen
tension level of the operated hind limb of the exercised animals
was increased by an average of 16% whencbmpared to operated hind
limbs of unexercised animals. Similarly, the capillary density
zfs increased (18%) in the ope&ated hind limb of exercised
animals. However, there was also a moderate increase in
capillary density (12%) in the unoperated hind limbs of the
exercised animals. These observations are in agreement with
previous findings that neovascularization is st;;ulated by
exercise (217, 221, 222). 1In one study, Anverse and associates
used morphometric techniques to study the effect of exercise on
the capillary vasculature of the rat heart (217). These
ifvastigators demonstrated that moderate treadmill running by

PA
rats roduced an increase 1n the numerical density, luminal

surface and total length of capillaries in the myocardium (217).

It is believed that both hemodynamic and angiogenic factors
may be responsible for neovascularization in exercised muscle
(195). The hemodynamic stimulus is believed to he 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; these have been shown to cause

neovascularization (223, 224). a
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G. Stimulation of Neovascularization:

Lipid Angiogenic Factor:

In this preliminary study, we 1nvestigated the role of lipid
angi1ogenic factor as a stimulant to neovascularization. Our data
suggests that li1pid angiogenic factor can enhance tissue
perfusion and neovascularization in our ischemic hind limb
preparation after arteriovenous reversal. Goldsmith and his
group have studied the effect of omental lipid fraction injected
into the corneas of rabbits resulting 1n rapid angiogenesis,
determined microscopically. Subsequently, they showed that
omental 1lipid fraction causes increased vascular perfusion to the
area of a stapdardized wound in the 1imb of cats (214). This
standard wound was, created by removing a segment of the femoral
artery and ligating its divided ends. This was then followed by
the intramugcular injection of the omental 1lipid fraction into
the wound or at a distant site (214). This administration of the
omental 1lipid fraction caused increased vascular perfusion as

erythrocytes labelled with technetium-99 m (214). The angiogenic

L

factor (s) prgsent in the omental lipid fraction is yet to be
identified aT¥ purified to chemical homogeneity. It is generally
believed that these angiogenic molecules may be prostaglandins
(El and Eo series); a number of studies have shown that such
prostaglandins are angiogenic (225 - 227). Benezra studied the

ability of prostaglandins (Ey, Ep, Dy, A and Faj), fibroblast or

epidural growth factors and synthetic chemoattractants to induce
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the proliferation of new blood vessels in the rabbit cornea
{225). Prostaglandin L1 was shown to have the strongest ocular
neovascularization effect, whereas prostaglandin E; had a weaker
effect. In contrast, prostaglandins Dy, Ay, Fay; as well as
growth factors and synthetic chemoattractants had no effect

(225).

Our results indicate the operated hind 1limbs showed a rapid
increase 1n nutritive tissue perfusion when measured by
transcutaneous oxygen tensign. This 1ncreased tissue perfusion
1s probably the result of an increased and rapid development of
new caplllaries. These findings'are very encouraging, since they
angi1ogenic factor to enhance neovascularization in ischemic
limbs. To our knowledge, there is no published report that has
demonstrated augmentation of tissue perfusion as well as
capillary neoformation, quantitatively, in the presence of limb
1schemia, by lipid angiogeniq factor. Although these preliminary

results are very suggestive, further study is planned to confirm
L

these findings.

)"




CHAPTER VI

SUMMARY
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Ij the present study, we have investigated the physiological

mechanisms by which new vessels develop following arteriovenous

reversal. The major findings from these investigations &dre as

follows:

Nutrient flow 1is provided to the ischemic hind limb by
arteriovenous reversal as indicated by increasing values of

transcutaneous oxygen,

Severe ischemia acts as a stimulant to neovascularization in
the canine hind limb, following arteriovenous reversal, as

determined angiographically.

There is 1ncreased capillary growth in the presence of
severe ischemia and arteriovenous reversals as shown by
capillary‘den51ty 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 (treadmill). The enhancement

caused by lipid angiogenic factor appears to be greater than

that of controlled exercise (57 vs 18%).

As a result of our surgical procedure, there is a new

endothelial cell formation as indicated by increasing

tritiated thymidine uptake.

86
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The slow but progressive increase in the cutaneous oxygen
levels parallels the 1increase in tritiated thymidine uptake and
1n capillary density. Additionally, the development of a
neovascular network around and distal to the arteriovenous

"reversal seen angiogtaphically also paralells these studies.
Clearly, 1t is this capillary network which ultimately perfuses
the limb rather than simply reversed venous flow which for the
most part 1s ultimately shunted back to the venous system. This
data distinguishes the success of our experience from the
failures of others. Finally, 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 limbs, especially

when conventional revascularization techniques are not feasible.
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CHAPTER VII

CLAIMS TO ORIGINALITY
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"In addition to all.the points ra

ised jn the summary, the
{ B

. )
author lays claim to the following abservations: In the presence

0of severe ischemia, arteriovenous reversal provides nutritive
. of
tissue perfusion which results from the development of an intense

network of new vessels 1in responée to the procedure. The
[3
development of these new vessels can be enhanced by in vivo

administration of lipi1d angiogenic factor or controlled exercise.
These observations are #iewed by the author as being original

-

. L4 .
contributions to scientific knowledge.

Portions of these studies described herein have appeared in the

!
following original articles:

1. Graham AM, Baffour R, Burdon T, Sniderman A, Symes JF:
Demonstration of neovascularization in - -response to
arteri1ovenous reversal 1in ischemic canine limb. Surq Forum
XXXVI: 458, 1986.

2. Baffour R, Danylewick ﬁ, Burdon T, Sniderman A, Common A,
Graham AM, Symes JF: An‘angiographic study of ischemia as a

A

determinant of neovascularization in arteriovenous reversal.

. Surgery, Gynecology and Obstetrics 166:28-32, 1988,
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Figure 2 * -7

Representative angiogram of ischemic limb .
demonstrating intense new vessel formatlon

around and distal to anastomosis (arrow).

s
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Figure 3

Intraoperative arteriogram demonstrates patent
polytetrafiuoroethylene (PTFE) graft to peroneal vein
anastomosis and reversed flow in vein distally.







Figure 4

o d Arteriogram 4 months postoperatively:

(a) 2.5 seconds, showing patent PTFE graft and rapid
filling of popliteal vein, =

(b) 5 seconds,

(c) 6 seconds, showing extensive neovascularization

extending to foot,
(d) 7 seconds, showing venous return from foot.



v




93 zv
-

Figure 5a \

lllustration of pelvis vessels ligated.

)

Figure 55

I

lllustration of branches of the femoral artery ligated.

~

Figure 5c

ES

Arteriovenous anastomosis and a silk suture placed
loosely around the proximal vein.
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Figure 6
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Figure 7
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LIGATION -

Diagramétic illustration of vegsels
ligated in Group 3.
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Figure 9
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Diagramatic illustration of vessels
ligated in Group 4. '




Figure 10a

The treadmill:

constructed in our laboratory.

Figure 10b

Dog running on the treadmill.

Figure 10c

[ ]

Same dog running on the treadmill.
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Figure 11

~

AVR: DAY 10 STUDY

Representative angiogram from studies under
materials and methods sections D,F,G and H.
Angiogram shows early formation of new vessels
around the arteriovenous anastomosis (heavy
arrow) and reversal of the flow in the venous
system (light arrow).






Figure 12

AVR: DAY 22 STUDY .

Represéntative angiogram from studies under
materials and methods sections D,F,G and H.

Angiogram demonstrates intense new vessel

formation around and distal to anastomosis
(arrow). ~ |
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Figure 14

Representative angiogré‘m from a Group 1 animal.
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Figure 15 ‘ ‘

Representative angiogram from a Group 2 animal.







Figure 16

%.

Representative angiogram from a Group 3 animal.
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Figure 17a

Representative angiogram from a Group 4 animal
demonstrating sequential filling of the intense vascular
network and reversed venous flow to the foot.

4






Figure 17b

. Representative angiogram from a Group 4 animal
demonstrating sequential filling of the intense vascular
network, reversed venous flow to the foot and ‘
subsequent venous emptying of the limb.

—
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Figure 17c

% Represeptative angiogram from a Group 4 animal
demonstrating the intense vascular network and
venous emptying of the limb.
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Figure 18

Leg muscle sections histochemically stained for
alkaline phosphatase activity.

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
' TRITIATED THYMIDINE INCORPORATION
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Figure 21

\ J
Endothelial cells of small blood vessels indicating DNA
synthesis. Two endothelial cell nuclei (arrows) are

heavily labelled. A single pulse of tritiated thymidin%
was given intravenously three hours before the animal

was sacrificed.
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Figure 23
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Table 1 | ;
~ TRANSCUTANEOUS p0, (fimHg).

DAY 1 " DAY 10 DAY 22
R L R L - R L

THIGH |77

I+

4157 + 5" |74 + 5 67 + 67" |81 + 2| 79 + 2

CALF |80

I+

S112 + 2** |72 £ 5 47 + 1*** |76 + 2| 78 + 2
]

(paired-t-test)
MEAN + SEM (N=24)
R = RIGHT LEG (control) L = LEFT LEG (operated on)
* p < .01
** p < .005

***p < .05 /\
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Table 2

(3

ARTERIOVENOUS REVERSAL : DAY 10 STUDY
CAPILLARY DENSITY IN MUSCLES OF CANINE HIND LIMB

MEDIAL THIGH
LATERAL THIGH
CALF

FOOT

RIGHT LEG (control)
(capillaries/mm?)

598 + 42

588 + 41

596 + 38

627 34

I+

LEFT LEG (operated on)
(capillaries/mm?)

876 + 38"
905 + 48*"
910 + 52¢%

823 + 52%

Values are means + SEM (N=6) Student’s (paired t-test)

« p = 0.002
+*p = 0.0002

tp=
tp=

0.0004
0.0007

Sii




Table 3

ARTERIOVENOUS REVERSAL :

DAY 22 STUDY

CAPILLARY DENSITY IN MUSCLES OF CANINE HIND LIMB

-

LEFT LEG (operated on)
(capillaries/mm?2)

987 + 56*
936 + 61**
1011 + 461

893 + 44%

RIGHT LEG (control)
(capillaries/mm?)
*
MEDIAL THIGH 618 + 30-.
\,
LATERAL THIGH 612 + 21
CALF 613 + 24
FOOT 626 + 34
Values are means + SEM (N=6)
+ p = 0.0007
“+xp = 0.0014
+ p = 0.0004

0.0002

Ip

Student’s (paired t-test)
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Table 4
THYMIDINE INCORPORATION

e

[ 3

Tritiated-Thymidine incorporation (»Ci/g wet w;)

' CONTROL DAY 10 DAY 22
S e T E S —————
MEDIAL THIGH | .25 + .01 .30 + .01** .35 + .01%
LATERAL THIGH | .23 + .01 .29 + .01* .33 + .01¢%
CALF 27 + .01 31 + .01° .36 + .01%
FOOT 31 + .01 31 + .01(NS) .35 + .Ob(NS)

Values expressed as mean + SEM (N=12) Student’s t-test
P < 0.05
=+ p < 0.005, vs control

tp < 0.05
I p < 0.005, vs day 10 values

NS = not significant




Table 5

THIGH

CALF

AVR : DAY 10 STUDY -~

'EFFECT OF CONTROLLED EXERCISE (treadmill)
TRANSCUTANEOUS p0, (mmHg)

DOGS WITHOUT EXERCISE
(N=12)

RIGHT LEG-|

74

72

LEFT LEG
(operated on)

67

47

DOGS WITH EXERCISE

(N=4)

RIGHT LEG

81

80

——

LEFT LEG
(operated on)

71

59

AVERAGE INCREASE (10%)

(16%)

8TT



Y.

7 AVR : DAY 10 STUDY

EFFECT OF CONTROLLED EXERCISE (treadmill)
CAPILLARY DENSITY (Cap/mm?)

DOGS WITHOUT EXERCISE| DOGS WITH EXERCISE
(N=6) (N=2)
RIGHT LEG | LEFT LEG | RIGHT LEG | LEFT LEG

w

MEDIAL THIGH 598 876 699 1090
LATERAL THIGH 588 905 679 1008
CALF 596 910 658 1113
FOOT | 627 823 ‘,660 1083

- —

AVERAGE INCREASE (12%) (18%)

611




Table 7

AVR: DAY 10 STUDY
EFFECT OF LIPID ANGIOGENIC FACTOR TREATMENT

TRANSCUTANEOUS p0, (mmHg)

UNTREATED . DOGS TREATED WITH
CONTROL DOGS ANGIOGENIC FACTOR
(N=12) (N=2)
RIGHT LEG LEFT LEG | RIGHT LEG LEFT LEG
7 |(operated on) | (operated on)

THIGH 74 67 144 77
CALF 72 47 78 65

AVERAGE INCREASE (6%) (27%)

0ct



Table 8 AVR : DAY 10 STUDY

EFFECT OF LIPID ANGIOGENIC FACTOR TREATMENT

CAPILLARY DENSITY (Cap/mm?)
NTREATED 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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