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ABSTRACT

Energy produced by the pulsed dye laser, operating at wavelengths of 480 and 504 nm, is 

preferentially absorbed by atherosclerotic plaque. This observation was the starting point 

for this thesis which examines the potential of using laser energy as the single modality 

for achieving recanalisation and comparing this to standard balloon dilatation.

In an atherosclerotic rabbit model, there was slightly improved vessel patency on 

angiography in the laser treated group. Histological morphometry was not found to give 

meaningful results due to wide variation in measurement produced in preparation of 

histological sections. Platelet deposition onto treated surfaces was examined and found 

not to differ between laser and balloon angioplasty.

Administration of 6 -carotene to rabbits leads to preferential plaque uptake, which resulted 

in a marked decrease in laser ablation threshold and more effective ablation of stained 

plaque compared to control.

Percutaneous transluminal angioplasty can treat arterial occlusions with lesser mortality, 

but success in longer occlusions, over 7 cm, is less likely and there is a 30% - 50% 

restenosis rate at six months, which is thought to be due to the injury caused by the 

stretching of the arterial wall and splitting of atherosclerotic plaque during angioplasty. A 

clinical series of 78 limbs with occlusive peripheral arterial disease were treated by laser 

angioplasty using ball-tipped optical fibres backloaded into balloon dilatation catheters. 

Technical success was 74% and clinical success 59%, but was lower in those with heavily 

calcified arteries. Cumulative vessel patency was 67% at 6  months, 45% at one year and 

42% at 18 months. Bench studies examined the ability of these new devices to ablate 

vascular tissue and found that although preferential plaque ablation was maintained, the 

ball-tipped and multi-fibre catheters were unable to ablate calcified plaque.

The clinical study demonstrated the efficacy of laser angioplasty in the treatment of long 

arterial occlusions. However, success is hampered by lack of suitable delivery devices, 

and further design improvements are urgently required.
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CHAPTER 1: INTRODUCTION

Atherosclerotic vascular disease is the commonest cause of death of both men and women 

in the western world. In England and Wales, in 1986, approximately 240,000 people died 

of the complications of atherosclerosis (OPCS 1986). This mortality rate is approximately 

double that for the world as a whole. In addition, approximately 4,800 lower limbs were 

amputated in the same year (DHSS 1987), three-quarters for peripheral vascular disease 

(Gregory-Dean 1991). The number of amputations being performed is rising (Sethia 

1986). The resulting cost to the country in terms of lost manpower and hospitalisation 

places a large economic burden on the community.

PATHOLOGY OF ATHEROSCLEROSIS

This disease is characterised by the formation of plaques in the intima of the arterial wall. 

The predominant feature is the deposition of lipids in the intimal portion of the wall of 

major arteries of the heart, brain, viscera and limbs, especially the lower limbs. Smooth 

muscle cells, foam cells, fibroblasts and collagen are found in association with this lipid, 

along with extracellular glycoproteins.

Plaques are the measurable result of a long-standing and slowly progressive disease 

process, and as such do not accurately reflect the developing stages of atherosclerosis. 

Much of our understanding of the earlier stages of this condition is limited to knowledge 

gleaned from post-mortem studies in young individuals dying of unrelated causes.

As a result of these studies, three stages of atheroma are recognised (Ross 1976a):

1. Fatty streak: This is characterised by accumulation of lipids within smooth

muscle cells in the intima of the abdominal aorta, usually adjacent to the ostia of 

the lumbar arteries. They are seen in all individuals by the age of 10 years, 

irrespective of sex or race. The frequency of lesions increases through life, and 

they cover up to 50% of the aortic surface by the age of 30 years.
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2. Fibrous plaque: This is characterised by the accumulation of lipid and cell debris

in the deeper part of the intima, covered by a fibrous cap. The lesion consists of

lipid laden cells, smooth muscle cells surrounded by collagen and elastin fibres 

embedded in a extracellular proteoglycan matrix. The plaque is whitish in colour 

and protrudes into the lumen of the vessel.

3. Complicated lesion: This is a fibrous plaque that has undergone degenerative

changes, usually cell necrosis, ulceration or intra-plaque haemorrhage. A 

consistent finding is the presence of calcification. It is the complicated lesion 

which usually gives rise to thrombosis and precipitates the clinical manifestations 

of atherosclerosis, namely thrombosis and embolism, with distal infarction.

The incidence of all three types of plaque increases with age. However, it is disputed 

whether there is a natural progression from fatty streak to fibrous plaque. Velican, 

examining post-mortem specimens, was unable to find evidence to suggest that fatty 

streaks in the coronary arteries of younger individuals develop into fibrous plaques in 

older subjects (Velican 1983). However Svindland using computerised mapping 

techniques, showed that the distribution of fatty streaks and raised fibro-lipid plaques have 

very similar patterns at the left coronary artery bifurcation, implying progression from one 

to the other (Svindland 1983). It is broadly accepted that the complicated lesion arises 

from the fibrous plaque. The complicated lesion is seen commonly from the fourth 

decade onwards and is associated with the development of clinical symptoms.

Any understanding of the pathology of atherosclerosis must seek to explain its 

development in terms of the known risk factors. Currently there is no unifying theory, the 

exact role of some chemical messengers remains undefined. The response to injury 

hypothesis is widely regarded to contain the major elements necessary to the 

understanding of atherogenesis. A description of the main hypothesis follows to illustrate 

the role of endothelial injury, platelets, smooth muscle and white cells in the production of 

atheroma.



THE RESPONSE TO INJURY HYPOTHESIS

This hypothesis has evolved over many years, being first proposed by Rokitansky in 1852, 

and revived by Duguid in 1946 (Duguid 1946, 1949). Since then various refinements 

have been added, leading to the current hypothesis (Ross 1976a & b, 1986).

The central feature of this hypothesis is endothelial injury of the arteries. This is 

postulated to be the final common pathway in atherogenesis resulting from a variety of 

stimuli. Following injury, the normal regulatory activities of the endothelium, in 

particular the elaboration of factors to prevent platelet adhesion such as prostacyclin and 

heparin, may be impaired. If the injury is more severe, there may be actual loss of cells, 

however, this is not thought to be an absolute requirement for atherogenesis. Cellular 

injury, or loss, results in breakdown of the normal homeostatic mechanisms that exist 

between the vessel wall and the flowing blood. The contribution of each component of 

atherogenesis has been studied extensively in the laboratory setting. The most widely 

used method has been to study cells in tissue culture, and the effect of various agents on 

aspects of behaviour such as cell growth. The main alternative has been to study the 

effects of endothelial injury in animal models, such as the rat carotid artery or rabbit aorta.

THE CONTRIBUTION OF BLOOD BORNE CELLS IN ATHEROSCLEROSIS 

PLATELETS AND ENDOTHELIAL CELLS

It was initially assumed that the platelet was the major component in atherogenesis. The 

evidence for this comes from studies in which the endothelial surface of animal arteries 

were injured by placement of indwelling polythene catheters within the lumen or by 

physical removal of endothelium with balloon catheters (Walker 1981, Reidy 1981 & 

1983). In either model, it can be demonstrated that endothelial cells are lost from the 

vessel wall. Following endothelial cell loss the sub-endothelial surface is exposed. This 

sub-endothelial layer is composed predominantly of collagen which is highly 

thrombogenic. The loss of endothelium also removes the source of prostacyclin, a 

powerful anti-thrombotic constituent of the normal vessel wall. Platelets rapidly bind to 

the exposed sub-endothelial layer by virtue of receptors on their surface. Binding leads to
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activation of platelets and release of ADP and the constituents of their a-granules, namely 

Platelet Derived Growth Factor (PDGF), 6 -thromboglobulin (BTG) and Platelet Factor 4 

(PF4) (Ross 1986, Harker 1987, Kohler 1991). Binding also activates platelet membrane 

phospholipase complexes to generate thromboxane A2. In addition, activated platelets may 

release other mitogens such as Epidermal Growth Factor (EGF) and Transforming Growth 

Factor (TGF). The effect of these agents is to stimulate smooth muscle cell division and 

migration into the intima (Kohler 1991). These factors also act as powerful 

chemoattractants for monocytes within the blood, leading to macrophage invasion of the 

injured site (Ross 1986). Macrophages play a prominent role in the healing process of 

tissues and are found in atherosclerotic plaques (Ross 1986). It is not known whether 

their presence in plaque is an attempt at healing or whether they play a role in 

pathogenesis. It is known that they invade plaques and take up lipids which they oxidise. 

These oxidation products of lipids are toxic to cells and may contribute to endothelial 

injury (Cathcart 1985).

At the same time as platelet binding is taking place, there is activation of the clotting 

cascade by the exposure of sub-endothelial elements of the vascular wall. This leads to 

the production of thrombin and the formation of a fibrin mesh around the activated 

platelets. This mesh stimulates further platelet aggregation and degranulation leading to 

the formation of thrombus at the site of endothelial cell loss.

Arterial occlusion is prevented by various feedback mechanisms that exist within the 

blood and the arterial wall. Within blood, the clotting cascade is limited to the immediate 

area of endothelial cell loss by dilution of clotting factors by the flowing blood, 

circulating proteases and also by the activation of the plasminogen and thrombolytic 

pathways (Harker 1987). Extension of thrombus onto adjacent normal arterial wall is 

prevented by the presence of endothelial cells, which produce heparin and prostacyclin, 

inhibiting platelet adhesion to the luminal surface of the cell.

Endothelial cells have been shown to grow in a monolayer in culture, exhibiting contact 

inhibition. A gap in the monolayer leads to the production of mitogens similar to PDGF 

(DiCorleto 1983) that stimulate cell division. Following cell loss in animal models, there 

is increased grow'th of endothelial cells as measured by uptake of tritiated thymidine
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(Reidy 1983). There thus exists a powerful feedback loop which leads to the repair of 

defects caused by endothelial cell loss.

Much early research concentrated on the removal of endothelium by balloon catheters, 

which also damage the smooth muscle cells in the inner layers of the media (Clowes 

1983b). The injury of smooth muscle cells stimulates cell division and proliferation 

(Clowes 1989). Other animal models focused on causing endothelial denudation without 

smooth muscle injury using indwelling fine nylon filaments (Ramsey 1982, Reidy 1985). 

In this latter model, it could be shown that smooth muscle proliferation did not occur 

when only small areas of endothelium were removed and there was rapid regeneration. 

Thus the severity of the injury seemed to determine the extent of the smooth muscle cell 

response.

MECHANISMS OF ENDOTHELIAL CELL INJURY IN VIVO

The two main risk factors in atherogenesis that have been most intensively studied are 

lipids and cigarette smoking. Lipids, particularly cholesterol and low density lipoprotein 

(LDL) have attracted most attention. Chronically raised levels of both cholesterol and 

LDL are associated with an increased risk of atherosclerosis related diseases in man. The 

two are inter-related in that cells express LDL receptors in proportion to their need for 

cholesterol. In those with hereditary familial hypercholesterolaemia, the LDL receptors 

are deficient and blood concentrations of LDL rise markedly. This may lead to increased 

levels of cholesterol in the cell membrane, which is postulated to alter membrane 

viscosity. The result would be less malleable cells more susceptible to shear stresses in 

areas of flow changes such as branch points, where plaques are common (Jackson 1972). 

In addition, LDL has been shown to be oxidised by macrophages, making it toxic to 

fibroblasts in vitro (Cathcart 1985). Ross hypothesised that the same events might lead to 

endothelial injury in vivo (Ross 1986).

Other agents known to be associated with atherosclerosis have been shown to be involved 

in injury to the vessel wall. Smoking can be demonstrated to activate platelets and 

increase their adherence to sub-endothelial tissue (Pittilo 1984). Platelets adhere to 

endothelium during acute cigarette smoking in experimental animals (Lepantalo 1991).
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From these studies, it is apparent that the loss of endothelial cells from the arterial wall 

leads to platelet adhesion and activation and that the clotting cascade is activated locally. 

These events lead to the proliferation and migration of smooth muscle cells (Kohler 1991) 

and to the (partial) regrowth of endothelial cells. Ross (Ross 1976b) proposed that this 

cycle of injury with endothelial cell loss and subsequent repair is the normal protective 

mechanism to ensure continued integrity of the vascular wall. However, if the cycle of 

injury is repeated or a chronic injury state exists, then the repetitive repair processes could 

give rise to lipid, monocyte and smooth muscle cell accumulation as seen in atheroma.

The exact inter-relationship between injury and the accumulation of cells and lipid is not 

entirely clear at present.

Most studies into the proliferation of smooth muscle cells have concentrated on events 

following balloon injury, a stimulus known to damage cells in the inner layers of the 

media. Interest in this mechanism of injury has increased with the reporting of re- 

occlusion rates of about 30% following balloon angioplasty of atherosclerotic lesions in 

the coronary and peripheral circulation (Faxon 1987, Harker 1987). This more severe 

form of injury is associated with stretching of the normal vessel wall components, splitting 

of plaque and platelet aggregation at the sites of dilatation (Block 1980, Sanborn 1983).

In animal models there is loss of endothelium and damage to medial smooth muscle cells. 

Subsequently, there is smooth muscle cell proliferation, which occurs in the early phase, 

followed later by deposition of extra-cellular matrix. Endothelial regeneration occurs over 

the top of this cellular proliferation, though it may increase the amount of hyperplasia, 

rather than diminish it (Minick 1979). Kohler and Gowes (Kohler 1991) hypothesised 

that smooth muscle cell injury leads to cellular breakdown, release of fibroblast growth 

factor (FGF) and replication of smooth muscle cells. Balloon dilatation of arteries is 

known to injure smooth muscle cells and lead to hypeiplasia as shown by tritiated 

thymidine uptake studies (Gowes 1983a & 1989). Platelets are necessary for intimal 

thickening. Thrombocytopenia decreases the response of the intima to injury (Friedman 

1977) in a rabbit model. Gowes group have shown that PDGF is responsible for 

stimulating smooth muscle cell migration into the intima (Kohler 1991). Infusion of 

PDGF causes a slight increase in smooth muscle cell proliferation, but a large increase in 

intimal thickening, which they ascribe to cellular migration. The end result of these 

processes of smooth muscle cell division and migration, is termed "intimal hyperplasia" 

and is thought to be responsible for early (3 - 6  months) graft and angioplasty failure.
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THE ROLE OF WHITE CELLS

The most common cell type in early atherosclerotic lesions is the foam cell. Studies using 

monoclonal antibody staining techniques have demonstrated that this cell is derived 

predominantly from the macrophage (Aqel 1985, Klurfeld 1985). Further studies using 

multiple antibody staining techniques have subsequently shown that, in more advanced 

plaques, the foam cell population may also be made up of a small proportion of T cells 

(Mattsson 1991), with various subsets being represented. The presence of T cells has lead 

to the hypothesis that the immune system may have an important role in modulating the 

responses of cells within atherosclerotic plaques (Emeson 1988).

The macrophage enters plaque from the blood stream, where circulating monocytes adhere 

to endothelial cells (Gerrity 1981). Human blood monocytes from patients with 

hypercholesterolaemia when stimulated display enhanced chemokinesis and adhesion to 

endothelial cells in vitro (Bath 1991). Adherent monocytes subsequently migrate through 

the vessel wall. Once within the vessel wall they take up modified lipoproteins, to 

become foam cells (Steinberg 1989).

The factor leading to macrophage entry into the arterial wall is the oxidation of low 

density lipoprotein (LDL). LDL is taken up into the arterial wall by endothelial cells 

which have LDL receptors on their luminal surface. LDL is transported into the sub- 

endothelial space. In the sub-endothelial space, its is oxidised (Palinski 1989). It is this 

modified LDL that is recognised and avidly taken up by macrophages, leading to fatty 

streak formation. The evidence for this comes from studies in Watanabe heritable 

hyperlipidaemic rabbits. These rabbits have absent LDL receptors on their cell surfaces, 

have high circulating plasma LDL concentrations and develop severe progressive 

atherosclerosis, characterised by foam cell development.

Macrophages that have entered the vessel wall become activated and may secrete agents 

such as PDGF , TNF and IL-1 (Bevilacqua 1985). These lead to the expression of 

adhesion molecules on the endothelial cell surface. In addition macrophages may secrete 

a variety of chemotactic factors (Pober 1988). These actions may lead to the further 

recruitment of other leucocytes and macrophages.
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In addition, macrophages may produce toxic compounds such as free radicals. Exposure 

of macrophages to oxidised LDL ex-vivo leads to free radical formation (Hartung 1986). 

Macrophages may also die and release intra-cellular enzymes. All these agents are highly 

destructive and would lead to cell lysis and necrosis, which are prominent features of 

advanced atherosclerotic plaques. The administration of probucol, an antioxidant, to 

Watanabe rabbits, inhibited lesion development without substantially altering plasma lipid 

concentrations (Carew 1987). This was thought to be due to the ability of probucol to 

neutralise the toxic effects of oxygen free radicals on endothelial cells and macrophages.

In addition to macrophages, neutrophils may also play an important role in events 

surrounding atherogenesis. Endothelial cell damage and loss exposes subcellular elements 

to which neutrophils adhere. The interaction of neutrophils with arterial wall gives rise to 

cell activation and the secretion of leukotrienes, proteases and free radicals (Ricevuti 

1991). These agents have a multiplicity of actions, such as oxidation of proteinase 

inhibitors, platelet and macrophage activation. In addition, cigarette smoking, a known 

risk factor for atherogenesis leads to increased neutrophil aggregation in coronary sinus 

blood samples (Mehta 1989), suggesting activation. The sum of all these actions is to 

increase platelet adhesion, macrophage invasion and unopposed action of proteolytic 

enzymes, all of which will promote the development of atherosclerotic plaques.

Neutrophil depletion can decrease myocardial platelet deposition (Ricevuti 1991) and 

neutrophil depletion can reduce the extent of myocardial injury in a dog model of 

myocardial infarction (Romson 1983).

POPULATION STUDIES IN HUMANS

The above studies were carried out in tissue culture, animal models and post-mortem 

specimens, as it is virtually impossible to study subtle disease progression in humans, 

even if one were to resort to invasive monitoring. Experimental models provide insights 

into the cellular mechanisms involved. However, they are incapable of explaining the 

long-term effect of chronic low intensity stimuli on individuals within a given population, 

to identify factors that may exert a profound influence over a period of years.
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As the disease presents late in life, often as sudden death with no premonitory symptoms, 

understanding of the natural history of atherosclerosis was limited until information 

emerged from a number of population studies. The best known of which is the 

Framingham study in Massachusetts. Framingham is a small town with a relatively 

constant population in a typical westernised society. Individuals have been closely 

monitored with regard to their daily habits and some simple markers of general health, 

such as blood pressure, diabetes and smoking. Similar studies have also been undertaken 

in organised cohorts, usually identified at places of work, such as the Whitehall study of 

civil servants (Reid 1974), or the Basle study (Widmer 1964) of pharmaceutical industry 

workers. It was through studies of this nature, in which populations were observed 

without any attempt to modify behaviour, that the major risk factors for atherosclerosis 

have been recognised.

Kannel and McGee in an update on the Framingham study described some of the salient 

epidemiological features regarding the development of intermittent claudication. After 26 

years of following a cohort of 5209 individuals (Kannel 1985). Intermittent claudication 

was diagnosed on a history of cramping calf pain induced by walking and relieved by rest. 

This probably underestimates the incidence of arterial occlusion, as Widmer et al showed, 

using pulse waveform measurement, that 30% of those with lower limb arterial occlusion 

were asymptomatic (Widmer 1964). Kannel and McGee found a steady increase in 

incidence of intermittent claudication with age, with the increase being seen 10  years later 

in life than for angina pectoris. The overall biennial rate for men between 35 and 84 

years old was 7.1 cases per thousand and for women 3.6 per thousand. The peak 

incidence was 13.8 per thousand for men and 8.0 for women seen between 65 and 74 

years of age. Cigarette smoking, a strong risk factor, doubled the chances of intermittent 

claudication and narrowed the gap between men and women. The strongest factor in 

development of arterial disease was increasing age. Thereafter came smoking, 

hypertension, diabetes, hypercholesterolaemia, abnormal (both high and low) haematocrit 

and evidence of left ventricular hypertrophy on ECG recording. Weight was inversely 

related to risk in men and extremes of weight carried significant risk in women.

Smoking is widely accepted to be a major modifiable factor in the aetiology of 

atherosclerosis and the effects of cigarette smoking have been extensively investigated. A 

rise in urinary excretion of metabolites of platelet derived thromboxane A2 and endothelial
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derived prostacyclin can be found in healthy smokers as well as individuals with angina 

and peripheral arterial disease (Lepantalo 1991). This has been interpreted as platelet 

adhesion to injured endothelium. Urinary thromboxane A2 excretion decreased when 

smoking ceased. In addition, experimental models have shown increased platelet adhesion 

to endothelium in acute cigarette smoking. Smoking stimulates catecholamine release; 

cyclic falls in blood flow in atherosclerotic dog arteries have been demonstrated, which 

can be inhibited by phentolamine (Folts 1982). Smoking also raises the haematocrit and 

fibrinogen levels in blood (Wiseman 1990). Continued smoking after surgery acts as an 

independent factor in subsequent arterial bypass graft failure (Wiseman 1989).

It has been estimated that about 1.5% of men less than 49 years old and 5% of those over 

50 years will develop intermittent claudication (Dormandy 1989). The prevalence of 

intermittent claudication peaks early in the seventh decade (Reid 1974), about ten years 

later than the peak for angina (Kannel 1985). However, only a minority will present to a 

doctor. Fewer still will require any form of intervention, as the limb will not be 

threatened and symptoms may not be sufficiently disabling to warrant it. Over the 

ensuing 15 years, 70% of sufferers will die, three-quarters of them from cardiovascular 

causes, predominantly myocardial infarction and stroke. Continued smoking increases 

mortality threefold at 11 years after the onset of claudication. In the absence of smoking 

it was estimated that symptoms would stabilise or improve in 75% (presumably due to 

opening of collaterals). The remaining 25% would develop progressive symptoms, such 

as rest pain or gangrene. Another study in which 257 consecutive patients referred to 

hospital were followed for a mean of 6.5 years, found that the rate of progression of 

claudication to rest pain or gangrene was 7.5% in the first year, with an annual rate of 

2.2% thereafter (Jelnes 1986). Low ankle pressures were individually significantly 

associated with disease progression. The US surgeon general’s report of 1983 (US Office 

on Smoking and Health 1983), showed that 85% of those with occlusive arterial disease 

who stopped smoking improved, but this occurred in only 20% who continued. Jonason 

and Bergstrom followed up patients with claudication and found that, over 7 years, there 

was a 1 0 % rate of rest pain in those who continued to smoke and nil in those who 

stopped (Jonason 1987).

It has been estimated that between 1% and 10% of those with claudication will eventually 

require surgery (Dormandy 1989). However, not all patients requiring surgery develop
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progressive claudication, some presenting directly with rest pain, ischaemic ulceration or 

gangrene. While peri-operative mortality rates for surgery in claudicants are between 

0.5% to 2% (derived from table 2, appendix 1), it rises to 4.5% to 7% in those series 

treating predominantly those with severe ischaemia (Blumenberg 1971, Kacoyanis 1981, 

Leather 1988). Lower rates reported more recently may reflect improving anaesthetic care 

and patient selection (Clifford 1989, Bergamini 1991).

The hospital population with peripheral vascular disease represents one extreme of the 

spectrum of peripheral arterial disease. Although it is estimated that only 1.8% of 

claudicants will eventually undergo amputation (Dormandy 1989), the rate doubles in 

those who undergo unsuccessful grafting (Cutler 1976). A substantial number of 

amputations follow unsuccessful bypass surgery and may result in more proximal 

amputation than would have been required if bypass had been foregone (Stoney 1978, 

Sethia 1986). The resulting mortality may be higher (Moran 1990) and rehabilitation less 

effective, especially if the knee joint is lost (Houghton 1989). Many patients with 

vascular disease are elderly with poor cognitive function, which prevents them from 

walking with a prosthesis (Hanspal 1991) and necessitates the provision of long-term 

nursing care.

The less than ideal rehabilitation of elderly amputees with peripheral vascular disease 

leads to efforts to avoid it by surgical reconstruction. However, the frailty of many of 

these patients, primarily due to coexisting coronary artery disease, leads to substantial 

operative and peri-operative mortality. The application of PTA to peripheral vascular 

disease has reduced the mortality of revascularisation to about 1% (Adar 1989, Capek 

1991). However, the extent of disease that can be treated with guide-wire techniques is 

limited (Zeitler 1983, Krepel 1985)

As a result, the last decade has seen the development of a variety of devices designed to 

disobliterate chronically occluded arteries of the lower limb and the heart I t is the aim 

of this thesis to examine aspects of the role of one such device, the pulsed dye laser, 

in the treatment of occlusive peripheral arterial disease.

To understand the rationale of laser angioplasty, it is necessary to examine the more 

established techniques used to treat peripheral vascular disease. The initial part of this
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work seeks to review the development of vascular surgery as it relates to the treatment of 

lower limb arterial disease. Major published contributions in this field, are analysed in an 

attempt to set this new technique in context

Prior to a detailed discussion of the state of laser angioplasty, there will be a description 

of how a laser works and the actions of laser energy on vascular tissue.
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CHAPTER 2: TREATMENT OPTIONS IN ATHEROSCLEROTIC DISEASE OF 

THE LOWER LIMBS

HISTORICAL BACKGROUND

The earliest attempt to treat the effects of atherosclerotic vascular disease is attributed to 

Cosmos and Damian, who are reported to be the first individuals to perform a vascular 

anastomosis (Friedman 1989). They replaced the amputated leg of a church servant with 

that of a recently buried Moor. When the church servant awoke, he discovered that he 

had one black and one white leg, and was able to walk. As a result of this and other 

miracles, Cosmos and Damian became the Christian saints of surgery. It is widely 

accepted that they were executed by the sword in 287 AD for refusal to submit to 

idolatry.

Over the ensuing centuries, the main contribution to vascular surgery was Park’s revival of 

ligature for control of haemorrhage during amputation (Castiglioni 1947). In 1762,

Lambert described direct arterial suture for repair of false aneurysm (Lambert 1762). This 

was the first recorded operation on an artery in which patency was maintained. The first 

documented account of the anastomosis of two blood vessels was in 1877. Eck who was 

working in Pavlov’s laboratory in Leningrad performed the first portacaval shunt (Child 

1953). Abbe, a New York surgeon in the late 19th century reported the first arterial 

prosthesis which he used in dogs and the aorta of a cat. Following division of the vessels, 

he placed a glass tube in the shape of an hourglass within them and tied the cut vessel 

ends over them (Abbe 1894). Various alternatives along the same theme were tried over 

the ensuing years with little success, thrombosis being the main complication.

In 1897 Murphy published a description of arterial resection and anastomosis of a false 

aneurysm in the groin. He used a technique of arterial invagination, inserting one cut end 

into the other and suturing them together (Murphy 1897). Jaboulay at about the same 

time demonstrated that end-to-end anastomosis with eversion was possible (Jaboulay 

1896). This description stressed the need for accurate apposition of the layers of the 

vessel wall. It was held that the presence of an intact intima was essential for the success 

of any vascular operation until Dos Santos performed the first endarterectomy.
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In the first decade of this century significant advances in the treatment of atherosclerotic 

arterial disease began. Carrel along with Guthrie at the University of Chicago, described 

the use of veins as arterial conduits (Carrel 1906). The first recorded clinical vein graft 

followed almost immediately. Jose Goyanes, a Madrid surgeon, resected a syphilitic 

aneurysm in a 41 year old man. Finding that he was unable to repair the artery directly, 

he bridged the gap with an in-situ segment of adjacent popliteal vein (Goyanes 1906).

The patient made an excellent recovery. Following this further cases were reported in 

Germany (Lexer 1907), Great Britain (Pringle 1913) and the United States of America 

(Bemheim 1916). However, this operation was only used at that time to repair defects left 

following aneurysmectomy or arterial excision. The application of this technique to 

patients with atherosclerosis had to wait another forty years.

In the meantime, two important developments were taking place, namely the development 

of arteriography and the discoveiy of heparin.

X-rays were discovered in 1896 (Roentgen 1896) and the first arteriogram was performed 

a few months later (Haschek 1896). Further refinements took place and arteriography 

became feasible following the invention of lipiodol (Sicard 1923) and the description of 

the arteriographic anatomy of the aorta and lower extremities (Dos Santos 1929). This 

resulted in the availability of an accurate diagnostic procedure for assessment of disease of 

the peripheral arterial tree.

Heparin was discovered in 1916 by a medical student (McLean 1916) and purified in 

1933 (Best 1933). It was later demonstrated that this drug could prevent thrombosis in 

arterial and venous suture lines (Murray 1940).

On August 27 1946, the first successful endarterectomy was performed (Dos Santos 

1976). With the description of successful cases, came the realisation that preservation of 

the intima was not a pre-requisite for continued arterial patency. The first effective 

restorative procedure for treating occlusive arterial disease had been demonstrated and was 

applied to growing numbers of patients over the ensuing twenty years.

In June 1948, Jean Kunlin revived the operation of venous bypass grafting by performing 

the first end to side arterio-venous anastomosis, to bypass an occluded femoral artery
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(Kunlin 1949). Kunlin’s patient, a 54 year old man, was suffering with gangrenous 

ulceration of the left foot despite lumbar sympathectomy and femoral arterectomy. It was 

decided to bypass the segment of occluded artery on June 3rd. Kunlin noted, "La 

transformation du malade a ete immediate. Les ulcerations on gueri en deux semaines. 

Les douleurs ont disparu des V operation. Le pied qui etaitfroid et violace, dont la peau 

etait squameuse est redevennu normal. Le pouls pedieux est reapparu. Les oscillations 

ont passe de 0, a la cheville et au mollet, a 3/4 et 4. La marche se fa it sans aucune 

douleur."

Following this description, venous bypass grafting was widely taken up and many reports 

of its efficacy followed. Within twenty years, it had almost completely replaced 

endarterectomy as the preferred operation for treating femoro-popliteal occlusion. The 

subsequent development of prosthetic arterial conduits allowed the extension of this 

operation to those without adequate vein for femoro-popliteal bypass (Voorhees 1952).

The next major advance came in 1964 with the advent of percutaneous dilatation of 

diseased peripheral arteries described by Dotter and Judkins (Dotter 1964). Widespread 

adoption of angioplasty, as this technique became known, did not occur until Gruntzig 

developed his balloon catheter which enabled dilatation of both peripheral and coronary 

arteries (Gruntzig 1974 & 1979).

The introduction of lasers and other mechanical devices to disobliterate occluded 

peripheral arteries is the most recent addition to the vascular surgeons’ armamentarium. 

Atherectomy devices are designed to remove atheromatous plaque mechanically. At the 

present time their role in the treatment of atherosclerosis remains experimental until 

further research is performed. The first arterial recanalisation performed with a laser was 

described in 1984 (Ginsburg 1984). Subsequently many clinical cases have been 

described using a variety of different lasers, operating in both continuous wave (cw) and 

pulsed modes. Laser angioplasty still remains an experimental technique at the present 

time, due to uncertainty about its efficacy and its exact role in the treatment of occlusive 

arterial disease.

There are now a number of modalities open to the vascular surgeon for treating an 

ischaemic limb. It is the aim of this thesis to examine the role of the pulsed dye laser in
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the treatment of occlusive peripheral vascular disease. The work described looks at three 

areas of laser action. Firstly, its tissue ablative efficacy, secondly the potential for a 

"stand alone" laser procedure compared to a balloon angioplasty and finally consideration 

of the results of a clinical series of 78 limbs. In order to understand the role that lasers 

may have to play, it is necessary to examine the results of the three main competing 

procedures, namely:

Endarterectomy

Bypass grafting

Percutaneous transluminal angioplasty (PTA), 

in terms of their indications, limitations and success rates.

ENDARTERECTOMY

This procedure is currently reserved for treatment of diseased common femoral, profunda 

femoris and carotid arteries in symptomatic individuals. Aortic and iliac endarterectomy 

is now rarely performed and has been replaced by PTA and extra-anatomic bypass 

procedures. Endarterectomy was practised for disobliteration of an occluded femoro- 

popliteal arterial segment in the two decades following World War II, but fell into 

disrepute as it was time consuming and gave results that were generally unfavourable 

compared to the newly developed venous bypass operation. Despite the development of 

techniques of patching to prevent stenosis, the results remained generally poor. However, 

not all centres reported problems. Barker and Hart from the University of California 

Medical Centre, Los Angeles reported a four year follow-up of aorto-iliac and femoral 

endarterectomy (Barker 1960). They reported a 74% cumulative patency overall, but did 

not analyse the performance of the femoral group separately. They commented that those 

with femoral occlusion were older and more likely to suffer overt cardiovascular events 

and death during follow-up. This has been disputed by other authors (Darling 1972).

Baddeley et al compared thromboendarterectomy with patch angioplasty, against venous 

bypass in the femoro-popliteal segment in patients with occlusions 15 cms or less in 

length (Baddeley 1968). Over the follow-up period, which was similar for both groups, 

there was a significantly higher failure rate in the endarterectomy group at one year. 

Bypass grafts perfonned better in those with poor run-off (less than two vessels), with
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8/11 endarterectomies failing compared to 5/13 grafts. They quoted patency rates of 

72.5% for grafts followed for between 14-41 months and 57% for endarterectomies at 8- 

69 months follow up.

Darling and Linton also compared, in a non-randomised manner, their experience with 345 

primary vein bypasses and 87 endarterectomies for femoral and proximal popliteal artery 

occlusions (Darling 1972). Patients underwent endarterectomy if the vein had been 

removed, or was 4 mm or less in diameter. Peri-operative mortality in these two age and 

risk matched populations was 2% in the bypass group and 8% in the endarterectomy 

group. The results in the endarterectomy group were worse than the vein graft group in 

both patients with good run-off (vein 70% ± 3.3 (sem) at 5 years vs endarterectomy 37%

± 7.8) and individuals with poor run-off (vein 66% ± 4.6 vs endarterectomy 24% ± 9.8).

If a short segment of vein was used to jump graft an occlusion distally following proximal 

endarterectomy, the results were identical to endarterectomy alone. They concluded that 

venous bypass should be performed wherever possible and endarterectomy or prosthetic 

bypass confined to individuals facing amputation, who did not have suitable vein.

Inahara and Scott reported results with popliteal endarterectomy in 100 limbs. Cumulative 

patency was 70% at 5 years and 50% at 10 years (Inahara 1981). They experienced an 

8% early thrombosis rate requiring re-intervention. Similarly, Walker et al reported 123 

femoral endarterectomies performed in a semi-closed manner with venous patching at the 

arteriotomy sites (Walker 1981). Patency rates, in this series, were 76% at 1 year, 46% at 

5 years and 26% patency at 10 years. These results were similar to vein bypass in their 

hands. They did stress the need for good run-off, a factor known to jeopardise the results 

of all revascularisation procedures in the lower limb.

Tab

PERCENTAGE CUMULATIVE PATENCY

Author No of Limbs 1 year 5 years 10 years

Darling 1972 87 69 36 23

Walker 1981 123 76 46 26

Inahara 1981 100 70 50

Ouriel 1986 94 75 57 57 (7 yrs)

e 2.1: Cumulative vessel patency following femoral endarterectomy
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Ouriel et al in a study of 94 limbs with occlusions of the femoral artery of less than 15 

cms, performed endarterectomy by either the open, or semi-closed (Cannon 1958) 

technique (Ouriel 1986). They reported satisfactory long-term results (table 2.1), with 

improved patency when a semi-closed method was used with the distal arteriotomy being 

performed transversely. They point to a deficiency of prospective randomised trials of 

endarterectomy against bypass surgery and conclude that endarterectomy can be a viable 

alternative to bypass for localised disease of the femoral artery, but that, "technical factors 

appeared to be extremely important in obtaining a satisfactory operative result".

SUMMARY: FEMORAL ENDARTERECTOMY

Although surgical endarterectomy has largely been abandoned for disobliteration of 

femoral occlusion, it remains an important bench mark of what might be achieved by the 

newer endo-luminal techniques. Interestingly, the patency rates quoted above compare 

favourably with femoro-popliteal bypass, particularly if performed with a prosthetic graft 

(vide infra) (Table 2.3). Many of the problems of endarterectomy relate to reocclusion 

occurring due to stenosis at the site of the distal limit of the procedure. In addition, 

disease progression within the native artery will directly effect the patency of 

endarterectomy, but not that of a graft unless the progression is outside the limits of the 

graft. Endarterectomy may substantially delay the onset of an unreconstructable situation 

(Ouriel 1986).

FEMORO-POPLITEAL BYPASS

Since this operation was popularised by Kunlin, it has been performed many thousands of 

times. With the advent of newer prosthetic grafts, it has become possible to perform the 

operation despite an absence of suitable vein. The results of this procedure need to be 

interpreted with some caution as it is apparent that the man-made materials give poorer 

results than saphenous vein except in the specific instance of above-knee bypass with 

some materials (Veith 1986).
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Many series have been published, the majority within the last decade. Initially reports 

concentrated on the results of using reversed saphenous vein as a conduit in femoro- 

popliteal bypass. Linton in 1962 produced one of the early series in which he 

documented a peri-operative mortality of 1.3% and graft patency rates of 91% at 30 days, 

and 86% at 18 months and 3 years (Linton 1962). This was a group of patients with 76 

involved limbs of whom 33% had limb threatening ischaemia. This report was followed 

by many more over the years, describing patency rates, in reversed and in situ vein grafts 

and more recently in synthetic grafts. For a number of reasons, there are difficulties in 

interpretation of the data in the literature. The first and most important is that reporting 

standards have varied from early descriptive reports, to more recent papers employing 

sophisticated sub-group analysis. Most authors now adhere to relatively common 

standards of reporting such as the guidelines of the Ad Hoc committee on Reporting 

Standards (Rutherford 1986) of the Society for Vascular Surgery, North American Chapter 

and the International Society for Cardiovascular Surgery, and the European Consensus on 

critical limb ischaemia (Dormandy 1989). However, these guidelines are recent 

innovations and a large body of data precedes them.

Even in recent series, the graft patency and limb salvage rates vary widely. This is due to 

variation between patient populations, with differing proportions of critically ischaemic 

limbs (those at imminent risk of major amputation). In addition, the types of graft vary 

considerably, not all groups analyse prosthetic grafts separately from vein grafts. The 

extent of anticoagulant and anti-platelet medication differs, due to a lack of consensus as 

to their value. In the post-operative phase, the rigour and detail of follow-up protocols 

differs substantially between studies. It was these differences that probably account for 

the variation in rates of graft stenosis and occlusion.

FEM ORO-POPLITEAL VEIN GRAFT PATENCY

The following account is derived from an analysis of the literature, which is presented in 

detail in table form in appendix 1 (Table 1, Femoro-popliteal bypass). It can be seen 

from examination of the table that patency rates vary between centres. However, it is 

possible to estimate, from examination of the tabulated data, the primary patency of grafts 

following femoro-popliteal bypass. Average rates are shown in table 2.2.
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The range of patency does not differ between reversed and in-situ techniques which can 

be considered equivalent, although in-situ grafting can probably be applied more 

extensively (Najmaldin 1987). The rates vary as it is not possible to take into account the 

differing indications for surgery or the state of the run-off circulation, both of which may 

influence outcome. Most series have an incidence of critical limb ischaemia of between 

50 and 90% (broadly defined for these purposes as rest pain with or without ischaemic 

ulceration or gangrene). Series with higher rates of critical ischaemia tend to contain a 

proportion of infra-popliteal grafts mixed in with the majority of femoro-popliteal 

bypasses.

MEAN RANGE

30 days 93% (76 - 100)
1 year 81% (65 - 92)
3 years 73% (59 - 86)
5 years 65% (49 - 75)
10 years 49% (34 - 69)

Table 2.2: Mean graft patency rates for femoro-popliteal vein 
bypass grafts. Range shown in brackets.

Patency rates have not changed substantially from the early 1970’s. It can be seen that 

the majority of failures occur within the first year, with about half that number occurring 

within 3 months of surgery. Thereafter, the annual failure rate falls to about 3% per 

annum. Although long-term patency rates appear unimpressive, this must be set in the 

context of patient survival. In one study the annual mortality rate exceeded that of graft 

occlusion from the fifth year onwards after lower limb bypass (Szilagyi 1979).

THE EFFECT OF GRAFT SURVEILLANCE ON SUBSEQUENT PATENCY

Primary patency rates for grafts do not represent fully what actually happens to patients, 

as a number will undergo revisional surgery following graft failure. Szilagyi identified 

strictures in 30% of a series of femoro-popliteal grafts using angiography (Szilagyi 1973).
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Harris’s group in the UK, using intravenous digital subtraction angiography (IV DSA) 

immediately and 13 months post-operatively, identified a 27.5% stricture rate in femoro- 

popliteal vein grafts (Moody 1990, Harris 1991). Following the second IV DSA study, 

the strictured grafts had a 22.7% occlusion rate which was significantly higher than the 

6.9% seen in the non-strictured group. There was a trend for more tightly strictured grafts 

to occlude. They elected to perform a prospective interventional study on 79 patients. 

Patients with symptomatic strictures, an area stenosis of >50%, an ABI fall on exercise of 

>0.2, stricture progression, or an early lesion (<6 weeks) underwent intervention. Surgical 

revision was performed on anastomotic strictures and long graft strictures, and PTA on 

short intra-graft strictures. They compared the patency rates with a previous group of 216 

grafts that had been unscreened and showed a 12% improvement in the patency at 24 

months.

Taylor and Bergamini in two recent large series, have shown that patency can be 

substantially improved by re-intervention when grafts fail (Taylor 1990, Bergamini 1991). 

Taylor instituted a follow-up programme to examine grafts clinically, with doppler 

pressures and by duplex scan. Suspected graft stenosis or occlusion led to angiography. 

His group classified secondary patency as including grafts which occluded post- 

operatively, but were re-opened, as well as grafts which required re-intervention without 

occluding. Occluded grafts that were not salvaged, but were replaced by repeat grafting, 

were re-entered as a new procedure. Using this policy, primary patency was improved by 

3% at 3 years and 5% at 5 years.

Bergamini’s group, performed in situ grafting, and did not count as revision, inflow 

reconstruction, ligation of arterio-venous fistulae or lysis of residual valves within 30 days 

of surgery. If a graft was subsequently restored after occlusion or revision, then this was 

considered as secondary patency. Using this definition, primary patency was improved by 

14% at 1 year, 19% at 3 years and 18% at 5 years. This group also carried out post

operative surveillance with doppler waveform analysis. They revised any bypass with a 

greater than 50% stenosis on subsequent angiography.

These studies have shown that saphenous vein provides good medium to long-term 

patency in femoro-popliteal disease. Careful surveillance, particularly in the few weeks 

immediately post-operatively, allows identification and correction of abnormalities
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associated with a high likelihood of graft failure. This results in improved short and long 

term patency.

LIMB SALVAGE RATES

The objective of any grafting operation is to improve the quality of life for the individual 

concerned. Patients with intermittent claudication need to have their walking distance 

improved, with no risk to the limb. Those with critical limb ischaemia, that is with rest 

pain or tissue loss (ulceration or gangrene) and a low ankle pulse pressure, require urgent 

intervention to retain the limb. It is therefore important that the procedure chosen should 

fulfil these requirements, the acceptable risk of failure inevitably being higher in those 

with the most severe disease. The obvious benefits of limb salvage led to the introduction 

of prosthetic grafts, which are mainly used when the vein is absent or inadequate.

Before considering the role of synthetic grafts, it is important that limb salvage rates are 

documented for vein grafting. In the series reporting limb salvage, the rate is between 5 - 

15% above the graft patency rate (Kacoyanis 1981, Najmaldin 1987, Taylor 1990, 

Bergamini 1991). The rate tends to be higher the more proximal the distal anastomosis, 

reflecting the patency of run-off vessels. Limb salvage rates, in cases with distal grafts to 

a single vessel, are very similar to those for graft patency as failure almost inevitably 

results in severe ischaemia, due to the lack of collateral blood supply in extensive distal 

disease. The importance of limb salvage as an end-point is illustrated by a paper from 

Nottingham which clearly demonstrated the inferior long-term outcome of grafting in 

diabetic patients (Mikulin 1986). Several papers analysing operative outcomes in terms of 

primary graft patency have failed to show any effect of diabetes (Naji 1978, Simone 1981, 

Mikulin 1986). This decreased limb salvage relates to the lower likelihood of success of 

revisional surgery in diabetics, due to more severe run-off disease (Mikulin 1986).
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PATENCY RATES IN SYNTHETIC GRAFTS

The development of synthetic grafts began with Voorhees in the late 1940’s. He 

developed a synthetic aortic replacement with Vinyon-N cloth from Union Carbide. By 

1954, his group had demonstrated that aortic replacement in humans was feasible 

(Voorhees 1952, Blakemore 1954). The development of further materials followed along 

with smaller prostheses designed for use in the lower limb. The most widely used graft 

was initially woven polyethylenetetrataphthalate (Dacron). Subsequently newer materials 

have been developed, such as glutaraldehyde tanned, externally supported human 

umbilical vein (HUV) and polytetrafluoroethylene (PTFE). However, it became clear that 

the results with these prosthetic grafts were significantly inferior to vein especially with 

grafts crossing the knee (Brewster 1983, Veith 1986, Rutherford 1988). In addition, 

treated umbilical vein showed a tendency to dilatation and aneurysm formation (Dardik

1984). The most important trial to date was that of Veith’s group who performed the first 

prospective randomised trial of the most commonly used material at the present time 

PTFE, against saphenous vein grafting (Veith 1986). At 4 years, overall patency rates 

were significantly better with saphenous vein (SV 68%) than PTFE (47%). After four 

years vein performance was significantly better in grafts to the below-knee popliteal artery 

(SV 73% vs PTFE 54%) and the tibial arteries (SV 49% vs PTFE 12%). The rates for 

popliteal artery grafts are similar to those for endarterectomy described above.

Interestingly in this study, the limb salvage rates were very similar for the two types of 

graft, although the authors noted that more re-operations were required with PTFE grafts. 

There was a difference between salvage rates in the infra-popliteal graft groups who had 

an obligatory PTFE graft due to lack of vein, compared to those who were randomised to 

receive a prosthetic graft, with the randomised grafts performing significantly better. 

Although there was no comment on the cause of this, it is possible that poor performance 

was due to the non-randomised group containing a higher proportion of patients with a 

failed graft undergoing a second or subsequent reconstruction. These cases are known to 

have a lower success rate than primary reconstruction.

The problem with PTFE and other vascular prostheses is that they are thrombogenic and 

this thrombogenicity persists for a considerable time, if not indefinitely. A study using 

U1lndium labelled platelets has shown that platelet uptake is significantly higher onto the 

surfaces of PTFE and Dacron grafts compared to vein grafts at two weeks after operation
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(Goldman 1983). In addition, this group also showed that Aspirin (300 mg) and 

dipyridamole (75 mg) started 48 hours pre-operatively, significantly reduced platelet 

adhesion to the graft and that this therapy was associated with significantly higher long

term patency rates.

Human umbilical vein (HUV) 

has been used to varying extent 

as an arterial substitute. The 

hope was that this material 

would be less thrombogenic and 

provide better long-term patency 

than other prosthetic materials.

The results of two prospective 

randomised trials appeared to 

confirm this, when HUV is compared to PTFE (Eickhoff 1987, Aalders 1988). The 

differences appear to be due to the higher early occlusion rate of PTFE. In the 

Scandinavian trial the use of anti-platelet agents was not standardised, a factor which is 

known to affect the patency of PTFE (Eickhoff 1987). In addition, there have been 

reports of aneurysm formation of HUV occurring during longer-term follow-up, which 

could contribute significantly to late graft revision and failure rates (Dardik 1984, Boontje

1985). Representative mean patency rates for PTFE and HUV femoro-popliteal grafts are 

shown in table 2.3.

Prosthetic graft design is continually changing, and if the grafts can be made less 

thrombogenic, by techniques such as seeding with endothelial cells (Budd 1991), then 

long-term patency may be improved. The poor results from prosthetic grafts relates not 

only to increased thrombogenicity, but also to their reduced compliance (Schmitz-Rixen 

1991). It can be shown that this leads to increased haemodynamic stresses at 

anastomoses. This is thought to be particularly so at the distal anastomosis site. Recent 

innovations such as the interposition of vein cuffs (Miller 1984) or patches at the 

anastomotic site may eliminate some of this mismatch and improve the longer term 

patency.

PTFE HUV

30 day 75% 75%
1 year 60% 75%
3 years 45% 55%
5 years 33%

Table 2.3: Mean patency rates for PTFE and HUV femoro- 
popliteal grafts.
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SUMMARY: FEMORO-POPLITEAL BYPASS

Bypass grafting is effective as a treatment for occlusive disease of the femoral and 

popliteal arteries. Graft patency as recorded in the literature is variable, due to differences 

in the severity of the disease treated in different centres. In addition, reporting of patency, 

complications and mortality rates varies between studies. This is mainly due to 

differences in the rigor and objectivity of follow-up. This is particularly important with 

regard to graft patency, where some centres apply carefully structured follow-up 

programmes, and use a variety of objective tests, such as doppler, ultrasound or 

angiography, while in others, follow-up is incomplete and based solely on clinical 

examination.

GOOD POOR

Above knee distal anastomosis Below knee
Vein Prosthetic
2 - 3  vessel run-off < 2 vessel run-off
Intermittent claudication Critical ischaemia
Continued patency Graft revision (stricture formation)
Non-smoker Smoker
Slim Obese
Active Sedentary
Aspirin (prosthetic only) No aspirin
Formal anticoagulation Non-anticoagulated
Non-diabetic Diabetes

Table 2.4: Factors affecting the outcome of femoro-popliteal bypass grafting.

Despite these limitations, it can be seen that vein grafts perform better than any of the 

prosthetic substitutes. The favourable factors and those giving a poor outcome in femoro- 

popliteal bypass grafting are listed in table 2.4. Grafts to the above-knee popliteal artery 

will tend to have good run-off and will outperform those place more distally, due to more 

extensive disease, even if prosthetic materials are used.

Long-term limb salvage rates tend to be better than graft patency rates particularly in 

those undergoing more proximal bypass. This is related to a number of factors. The first 

is that not all patients with rest pain will inevitably progress to amputation. Collateral
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circulation may improve with time, both in untreated patients and those whose grafts fail 

slowly after the initial procedure. Less invasive procedures must be measured against the 

success and durability of bypass. Bypass surgery carries a mortality of between 0.5% and 

7% (Blumenberg 1971, Blankensteijn 1988), mainly due to co-existent coronary artery 

disease. Less invasive procedures might well be acceptable, even if less durable provided 

the mortality could be reduced.

PERCUTANEOUS TRANSLUMINAL ANGIOPLASTY

Percutaneous transluminal angioplasty (PTA) was first introduced by Dotter using a series 

of dilating catheters (Dotter 1964). The technique gained rapid popularity following the 

development of the double lumen balloon catheter by Gruntzig (Gruntzig 1974, 1979). 

There has been an explosive increase in the use of PTA both in Europe and the USA, 

although this has been viewed with caution by many vascular surgeons (Abbott 1980, 

Connolly 1981).

The initial series treated mainly femoral and iliac stenoses and occlusions with the Dotter 

technique. The first report described the treatment of eleven cases with severe arterial 

disease as demonstrated by the presence of gangrene in six, ulceration in one and rest pain 

in nine limbs (Dotter 1964). Successful crossing and dilatation of lesions between 0.5 and 

35 cms was achieved in 6 (55%). The authors described a total of 15 cases where the 

femoral artery occlusion was dilated by means of teflon bougies pushed over a guide-wire 

inserted across the lesion via percutaneous needle puncture. They also claimed that four 

imminent amputations had been averted. The conclusion of the paper was that a 

successful alternative to endarterectomy had been described and deserved wider 

application. The report did not stimulate much activity in the United States of America, 

with subsequent reports coming from Europe.

The first British cases were reported from Guy’s hospital with the description of two 

successful cases in elderly frail patients with maintenance of improvement at four weeks 

in both (Dow 1966). There then followed a series of reports in the German literature.

Two major series were reported in 1971 from a group in Engelskirchen (Zeitler 1971) and 

in 1974 from the Humboldt University in East Berlin (Wiemy 1974). Both groups
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described technical success, crossing the lesion and obtaining a satisfactory post dilatation 

appearance in 76% of limbs. Zeitler claimed a clinical improvement in 76% of femoral 

occlusions, while Wiemy claimed to have improved 52% of 112 limbs in a mixture of 

occlusions and stenoses. His group went on to describe a one year patency of 31% with 

similar rates at a mean follow-up of 4.1 years. This was an early intimation of the lack of 

durability of PTA compared to femoro-popliteal bypass.

In 1983 the results of PTA from three centres in a total of 2942 cases were reported, the 

femoral occlusions having been treated by the Dotter technique (Zeitler 1983). In femoral 

occlusions, the technical success rate was 74% with 10 year patency of 18% using life- 

table analysis (28% of those still living). They described a complication rate of 14% with 

2.3% of those with rest pain requiring surgery to retrieve the situation. This paper clearly 

documents the poorer results obtained in occlusions with rest pain as opposed to 

claudication and the lower technical success in longer occlusions. The technical success 

rate in occlusions less than 10 cms in length in limbs with rest pain, was 74%, whilst in 

those with longer lesions, it fell to 53%.

Subsequent publications have dealt with the results of PTA using Gruntzig balloons. 

Initially made of compliant polyvinyl chloride which deformed in an unpredictable manner 

and ruptured vessels. PTA became more popular with development of polyurethane 

balloons which deform to a relatively fixed profile at working inflation pressures of 

between 6 and 10 atm. Increased pressure results in little further expansion of the balloon 

until bursting occurs typically at pressures in the region of 20 atm (Becker 1989). Most 

series describe results with this latter type of balloon catheter, although there will 

inevitably be data from the earlier balloon types in some of the older series.

The following discussion of the efficacy of PTA is based upon the data described in table 

2 in appendix 1. This has been compiled from examination of the literature. The success 

rates of PTA vary considerably between different centres. In addition, some authors 

consider stenotic lesions apart from occlusions, whereas others make no such distinction. 

Some series have attempted to make a retrospective comparison of PTA with surgery 

(Frieman 1981, Martin 1981, Blair 1989). This form of analysis has shown the results of 

PTA in a relatively favourable light as all authors have omitted their technical failures
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from the comparison, and apart from one group (Blair 1989), no attempt was made to 

analyse a matched population.

Two useful review articles have attempted to derive approximate figures from which to 

justify increased use of PTA, but have included stenotic and occlusive lesions together in 

the analysis (Adar 1989, Becker 1989). This probably gives a more favourable view of 

the efficacy of PTA, compared to surgery, as many patients with stenotic disease would 

not be candidates for surgery if PTA failed. By examining the performance of PTA in 

occlusions of the femoral and popliteal artery using table 2 (appendix 1) it is possible to 

derive approximate figures for patency rates following femoro-popliteal PTA. There are 

inevitably some stenotic lesions included within the analysis, and there is considerable 

overlap in patient populations between two papers (Hewes 1986, Murray 1987). The rates 

quoted below are as a percentage of all-comers for PTA and not as a proportion of 

technical or other early success as defined in most papers. This is achieved by dividing 

the patency rates longer than 30 

days by the technical success 

rate:

These values are a maximum, 

and it is probable that the true 

rates are slightly lower for 

occlusions of the femoro- 

popliteal segment. The rates for 

lesions over 3 cms in length 

will be correspondingly lower.

There has been only one prospective randomised clinical trial of PTA against iliac and 

femoro-popliteal bypass, which was the Veterans Administration cooperative study 

(Wilson 1989). This was a nine centre randomised trial of bypass versus PTA in iliac, 

femoral and popliteal occlusions less than 10 cms long. This length was chosen as it was 

felt that success with PTA in longer lesions would be very limited. In the femoro- 

popliteal bypass group of 58 patients, only 27% had rest pain indicating milder disease, 

than the average bypass population. Fifty-two percent underwent above knee grafting, and 

a prosthetic graft was used in 40% of cases. Only one peri-operative death occurred in

Technical success 81% (<50% if >3 cm)
Clinical success 75%
30 day 64%
1 year 59%
3 years 52%
5 years 47%

Table 2.5: Mean patency rates for femoro-popliteal PTA. 
(Full data table 2, appendix 1.)
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the surgical group giving a mortality of 0.8%. There was no mortality in the PTA group 

of 48, although a complication rate of 38% was reported, of which 11% were potentially 

serious (puncture site bleeding 9.3% and "minor" peripheral embolism 1.6%). PTA was 

associated with a higher early failure rate, but the life table patency data showed no 

difference between the durability of PTA or surgery in the femoro-popliteal segment, in 

terms of primary patency. The curve for PTA was worse than that for surgery, and it is 

possible to criticise the study on the grounds that a significant difference was not attained 

due to inadequate group size. If the surgery group was compared with technically 

successful PTA then there was still no difference with 3 year patency of 65.3% for 

surgery and 75.7% for PTA. There was no difference in the rate of death, amputation or 

re-intervention between the two groups. Failed PTA did not appear to increase the risk of 

death or limb loss. The conclusion of this study was that PTA has a higher initial failure 

rate than surgery, but both give similar haemodynamic results, amputations and deaths at 

mean follow-up of two years. Patients with claudication with lesions suitable for PTA, 

will get as durable a result after successful PTA. Unsuccessful PTA followed by surgery 

gives a satisfactory outcome. Patients with short occlusions in the mid SFA should 

therefore undergo PTA as the first choice procedure, with surgery being reserved for those 

in whom it fails.

This trial highlights one of the major problems in trying to compare PTA to surgery - 

there are a large number of patients who are never considered for PTA because their 

lesions are too long, or technically unsuitable. In addition, in this trial, the rate of use of 

prosthetic grafts was high at 40%. This was due to the surgeon preferring a prosthetic 

graft for above knee procedures despite adequate vein in 60%. Both these factors will 

tend to show PTA in a favourable light, whereas a trial of PTA in all patients being 

considered for surgery would include a larger number with rest pain and tissue loss who 

would have much longer lesions.

Despite the shortcomings in comparative data between PTA and surgery in the femoro- 

popliteal segment, there is a broad consensus that failed PTA neither jeopardises 

subsequent surgery nor leads to increased mortality or limb loss. It would seem 

reasonable on these grounds to attempt PTA initially, in lesions deemed suitable by the 

interventional radiologist and surgeon. Appropriate lesions could be defined beforehand, 

allowing a degree of radiological autonomy, and saving the patient a second procedure at
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a separate time. More extensive arterial occlusions would still require close liaison 

between surgeons and radiologists to select those patients who should undergo PTA due to 

relative surgical contraindications.

Doubilet and Abrams have attempted to cost PTA against surgery (Doubilet 1984). They 

claim that even when the need for additional operative surgery is considered, there is a net 

saving in cost from attempting PTA first, in suitable lesions.

NEWER INTERVENTIONAL DEVICES 

Atherectomy

At present, PTA is not considered appropriate for many vascular surgical patients, due to 

its inability to cross longer lesions with a high enough success rate. This has led to the 

development of a number of devices designed to recanalise total occlusions. Most devices 

have been developed in the last five years, and clinical experience with them is limited. 

Atherectomy devices remove tissue by a variety of mechanical means such as abrasion 

(The Rotablator), cutting (Tec device, Simpson catheter) and the use of water jets 

(Rheolytic catheters) or vortices (Kensey/Trac-Wright device). Most of these devices were 

developed for use over guide-wires, limiting their application in patients with extensive 

disease. The Kensey catheter was designed to be used without guide-wires (Snyder 1991). 

Some of these devices, such as the Rotablator, whose use is associated with the production 

of a lot of particulate debris, have given poor initial clinical results (Ahn 1991).

Lasers

The development of laser angioplasty dates from the beginning of the last decade, with the 

description of ablation of arterial plaque (Macruz 1980) although there had been one 

earlier description of plaque ablation (McGuff 1963). The development of laser 

angioplasty sprang from the same ambition to treat patients by less invasive means than 

bypass surgery, and the limited success of PTA in longer arterial occlusions. At present 

laser angioplasty remains a research technique as increasing experience is gathered. A



46

number of devices have been developed, all capable of recanalising arteries by a variety of 

mechanisms which will be described in detail in chapter 3. It is the potential of these 

devices to recanalise severe occlusive disease, currently not amenable to PTA, that 

stimulated the development of this research project.

CONCLUSIONS

This chapter has focused on the development of techniques to treat peripheral vascular 

disease. At the present time bypass surgery has supplanted endarterectomy as the 

treatment of choice except in a few specific locations (eg. the carotid artery), due to 

superior long-term results and the fact that bypass is a technically easier operation. 

However, bypass provides far from perfect results, with an appreciable failure rate, 

especially with synthetic grafts. The advent of PTA has seen a swing back to treating 

disease in the native vessel, rather than bypassing it. However, for all the claims of 

success in the literature, PTA remains a treatment for less extensive disease, with much 

lower success rates in the longer segments of occlusive disease for which bypass is 

appropriate. In addition, the long-term failure rate of technically successful PTA appears 

higher than that of surgical bypass with vein. The single prospective randomised trial of 

PTA versus surgery gave similar results, in a group of patients with very limited disease.

It appears that the failure of PTA is unlikely to jeopardise subsequent bypass grafting.

The application of PTA is limited by the ability of the operator to cross occlusions over 3 

cm in length. It is this limitation and the poor long-term patency of PTA that has led to 

the investigation of newer devices, such as lasers. The widespread use of PTA has 

focused attention on the problem of restenosis that follows all re-vascularisation 

procedures. Restenosis has limited the effectiveness of PTA in milder disease, where 

patient survival is greater, and long-term durability consequently more important.



RESTENOSIS

47

THE EXTENT OF THE PROBLEM

Restenosis and re-occlusion occur following all re-vascularisation procedures, both 

operative and transluminal. After all modalities of treatment the majority of re-occlusions 

occur within the first year, with approximately 50% occurring within the first three 

months. Although unrecognised technical problems and poor run-off undoubtedly 

contribute to a substantial number of early vessel reclosures (in the first post-operative 

month), their role in later events is poorly understood. The problem appears to be more 

severe following all types of transluminal procedure, probably because the trauma of this 

form of re-vascularisation is greater, particularly if forced dilatation is used. PTA dilates 

arteries at the expense of disrupting and splitting plaque, often with accompanying 

dissection (Block 1980, Sanborn 1983, Austin 1985). Following this procedure in inffa- 

inguinal arteries, restenosis rates of 30% at 6 to 12 months are reported (Gallino 1984, 

Adar 1989, Minar 1989). Stricture rates of up to 30% at one year have been reported in 

femoro-popliteal vein grafts when follow up angiography has been employed (Szilagyi 

1973, Harris 1991). These strictures have an increased tendency to occlude subsequently, 

and prophylactic treatment is associated with improved long-term patency (Taylor 1990, 

Bergamini 1991, Harris 1991).

THE MECHANISM OF RESTENOSIS

Most of the information on restenosis comes from studies in animal models, particularly 

the atherosclerotic rabbit. The majority of the research has been carried out in relation to 

the trauma of PTA, but many of the processes probably also apply to bypass grafting, 

where vessels may be traumatised by handling, clamps and suturing at sites of 

anastomoses.
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THE EFFECT OF RUN-OFF AND FLOW

It is well established that the patency of bypass grafts is adversely affected by the absence 

of patent vessels distal to the point of graft insertion. Poor run-off leads to low flow 

states in the graft with higher rates of reocclusion (Leather 1988). This effect is more 

pronounced in synthetic grafts (Veith 1986). The patency rates of synthetic aortic and 

iliac grafts are much higher than those distal to the inguinal ligament. These proximal 

grafts are of larger calibre and have higher rates of flow. As flow decreases, the shear 

rates - the tangential forces applied to the vessel walls - decrease and this leads to an 

adaptive reduction in arterial diameter. This effect is lessened in grafts with high flows 

(Kohler 1990). This factor accounts for the higher rates of reocclusion in grafts with low 

flow, which are predominantly those below the inguinal ligament Experimental studies 

have shown that decreased flow is associated with a more marked intimal hyperplastic 

response (Rittgers 1978). One elegant study showed that if shear stresses were reduced by 

external wrapping of vein grafts, then the intimal hyperplastic response was reduced 

(Kohler 1989).

Current assessment of run-off using angiography is limited by the technical quality of the 

images obtained, and by the fact that the physiological state of the artery is inferred from 

anatomical images. Modem approaches to this problem seek to assess run-off in relation 

to the resistance of the distal circulation (Beard 1988). At the present time systems are 

being developed that can generate flow signals in the distal arterial tree beyond 

occlusions, to detect patent vessels that would not be shown using angiography.

Algorithms have been developed to predict bypass outcome from pre-operative 

measurements (Scott 1990). The development of such techniques holds the promise of 

improved technical results and a reduction in the early post-operative failure rate.

However, whether improving flow in grafts by optimising run-off will effect longer term 

clinical patency rates, remains to be determined.

PLATELETS AND SMOOTH MUSCLE CELLS

Balloon dilatation produces trauma to both the arterial plaque and the normal vessel wall 

underlying it. Initially, it was thought that balloon dilatation lead to remodelling of
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plaque and removal of liquid elements such as lipid and water, allowing the creation of a 

neo-lumen (Dotter 1964). Recent studies have demonstrated that angioplasty involves the 

acute desquamation of endothelial cells, splitting of plaque, platelet deposition and 

thrombosis (Block 1980). In addition, there is stretching of the normal elements of the 

media (Sanborn 1983). Immediately following dilatation, there is rapid deposition of 

platelets, the amount correlating with the degree of arterial wall injury and plaque 

disruption, peaking at two hours following injury (Wilentz 1987). In this rabbit model, 

balloon angioplasty has been shown to significantly increase the size of the arterial lumen 

(Sanborn 1983). Subsequently, treated vessels restenosed to a greater degree than 

untreated controls (Faxon 1984). The lesion of restenosis is termed intimal hyperplasia, 

the predominant cell being the smooth muscle cell which is derived from the arterial 

media (Clowes 1983a & b). Recent work has demonstrated that there are two components 

involved in intimal hyperplasia. The first is the deposition and activation of platelets. 

When platelets adhere to de-endothelialised surfaces, they degranulate releasing mitogens. 

It is the mitogen Platelet Derived Growth Factor (PDGF) which is responsible for 

stimulating smooth muscle cell (SMC) proliferation and migration (Ross 1974, Kohler 

1991). Further work has demonstrated that PDGF is mainly responsible for stimulating 

migration of smooth muscle cells to the intima from the media (Fingerle 1989). Balloon 

dilatation can lead to smooth muscle cell injury (Clowes 1983a, Fischell 1990), which in 

turn leads to more severe intimal hyperplasia (Sarembock 1989). Clowes’s group 

compared the effect of acute arterial distension in the rat carotid artery, to arteries 

subjected to de-endothelialisation without distension (Clowes 1989). This study showed 

marked SMC proliferation using thymidine labelling indices, in the distended arteries, 

without migration of SMC into the intima. The non-distended de-endothelialised arteries 

rapidly re-endothelialised without SMC proliferation. This occurred despite the fact that 

platelets would have adhered to the injured surface. The implication of this study was 

that SMC proliferation is stimulated by stretching of the arterial wall. It was held that 

rapid re-endothelialisation may have prevented cell migration by heparin like compounds 

produced by endothelial cells (Clowes 1989). Heparin is a known inhibitor of SMC 

proliferation (Clowes 1977 & 1985). Smooth muscle cell injury also results in some cell 

necrosis of the inner cells of the media (Clowes 1983a). These cells may release 

mitogens that stimulate cell proliferation (Kohler 1991). Currently, attention is focused on 

basic Fibroblast Growth Factor (bFGF), as antibodies against bFGF have been shown to 

inhibit the initial phase of SMC proliferation (Kohler 1991). Other effects involving the
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arterial wall cells also occur at the time of injury. Some mitogenic agents are expressed 

only following injury in animal models and are no longer found following endothelial 

regeneration (Linder 1990). Vascular reactivity is also altered by endothelial cell loss and 

neo-intimal hyperplasia (O’Malley 1987), with an increase in the a l  receptor affinity for 

noradrenaline (O’Malley 1991).

The cumulative effect of these processes is narrowing of the arterial lumen, with 

disturbance of flow (Bandyk 1985). This in turn predisposes to thrombosis and the end 

result is an increased incidence of occlusion in vessels showing evidence of narrowing 

(Gallino 1983, Harris 1991).

PREVENTION OF RESTENOSIS

The relatively high failure rate following femoral PTA and bypass grafting have lead to 

attempts to prevent restenosis by blocking the mechanisms involved. Most work has 

centred around the use of salicylates to block the arachidonic acid metabolic pathway, 

preventing prostaglandin production, rendering platelets relatively incapable of 

aggregation. The second approach has been to use formal anticoagulation usually with 

oral agents. Both of these approaches have been shown to reduce re-occlusion following 

bypass surgery (Clyne 1987, Kretschmer 1991). The benefits of anti-platelet agents seem 

to be confined to synthetic grafts and are not seen with vein grafts (McCollum 1991). 

However, patients taking anti-platelet agents are less likely to die during follow-up, due to 

a reduction in the number of fatal cardiovascular events (McCollum 1991). Oral anti

coagulation does confer benefits in patients with vein bypass grafts, both in term of 

patency, limb salvage and survival (Kretschmer 1988 & 1991), but their use remains 

limited because of the need for careful long-term monitoring and concerns about 

haemorrhagic side-effects.

More recently, attention has concentrated on other agents capable of inhibiting neo-intimal 

hyperplasia. Seeding of synthetic vascular grafts with harvested endothelial cells (Budd 

1991, Walker 1991), may provide an anti-thrombotic lining which will inhibit platelet 

deposition and subsequent graft narrowing. However, this work remains largely 

experimental, due to the difficulty of retaining the endothelial cell attachment to the graft
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in the presence of flowing blood. This approach is not applicable to native vessels 

recanalised in-situ, as it will not be possible to obtain cell adherence by simple injection 

into the blood. Alternative approaches such as the use of heparin moieties are being 

investigated. Fractions that have no anti-coagulant activity are active in suppressing SMC 

proliferation (Clowes 1977, 1985). Heparin acts directly on SMC and not through 

modulation of mitogenic activity (Hoover 1980), as demonstrated by persistence of 

mitogenic activity of serum passed over a heparin-sepharose column.

Other anticoagulants may have a role to play in the reduction of intimal hyperplasia. 

Hirudin, a leech anticoagulant, has potent anti-thrombotic activity, which could decrease 

platelet adhesion to treated surfaces. Platelet adhesion is mediated by the glycoprotein 

Ilb/IIIa receptor, and it is the Arginine-Glycine-Aspartic acid (RGD) sequence on exposed 

fibrinogen that is recognised in this process (Nicholson 1991). RGD analogues are now 

being produced which have been shown to dramatically reduce platelet adhesion to de- 

endothelialised vessels in vivo (Nicholson 1991). These newer agents have been studied 

mainly in animals, and it remains to be seen if they will be safe for use in man.

Both steroids (Chervu 1989) and calcium channel blockers (Jackson 1988) have been 

shown to suppress intimal hyperplasia. However, a clinical trial of steroids following 

coronary angioplasty demonstrated no advantage of treatment (Pepine 1990). Fish oil 

intake is associated with low rates of cardiovascular disease, and the use of n-3 fatty acid 

supplementation has been shown to reduce intimal hyperplasia in vein grafts in animals 

and humans (Landymore 1985, Dehmer 1988). The use of the a l  receptor antagonist, 

prazosin, has been shown to decrease intimal hyperplasia in a rabbit model of vessel 

injury (O’Malley 1989).

A recent finding has been the demonstration of the role of the angiotensin system in the 

proliferation of SMC. Inhibitors of angiotensin-converting enzyme (ACE) have been 

shown to inhibit SMC proliferation after vessel injury in a rat model (Powell 1989). 

Saralasin, an angiotensin II receptor antagonist has also been shown to have anti

proliferative effects in an animal model (Nelken N. oral communication: Society for 

Vascular Surgery, Boston, USA. June 4th 1991), indicating that angiotensin II plays a 

role in SMC proliferation at the site of injury. One group has suggested that a
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combination of heparin plus an ACE inhibitor may be more effective in reducing intimal 

hyperplasia than either agent alone (Kohler 1991).

SUMMARY: RESTENOSIS

The adhesion of platelets and subsequent proliferation of SMC are the events which lead 

to narrowing of bypass grafts and angioplasty sites following initial success of the 

procedure. These events are modulated by a variety of processes which remain 

incompletely understood. Although platelet uptake and activation is central to the process, 

it is apparent that SMC proliferation is stimulated by cell injury and the absence of 

endothelial cover, and that this proliferation may not occur despite platelet uptake onto the 

vessel surface. Methods that are able to recanalise arteries with less trauma to the 

underlying wall than PTA may offer long-term advantages to the patient. However, as 

our understanding of the processes involved in neo-intimal hyperplasia become clearer, 

newer agents may enable the response of the arterial wall to recanalisation to be 

controlled. This would have important implications for improving the long-term success 

of both grafting and angioplasty. The ability to cross long occlusions non-invasively 

coupled with effective agents to inhibit restenosis, would dramatically enhance the 

efficacy of angioplasty for the treatment of peripheral arterial disease.
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CHAPTER 3: THE ROLE OF LASERS IN ATHEROSCLEROTIC ARTERIAL 

DISEASE

1. THE PHYSICS OF LASER ACTION 

The term laser is an acronym that stands for: 

Light

Amplification by 

Stimulated 

Emission of 

Radiation.

INCOHERENTCOHERENT

Figure 3.1: Diagram showing the difference between coherent light (Left), which is in phase, and 
incoherent (Right) which is emitted randomly.

The beam of light produced by a laser has properties that distinguish it from the light 

emitted by an electric light-bulb. It is described as coherent and monochromatic. This 

means that all the radiation from a laser is in phase both in time and space (fig 3.1). In
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addition, the light is all of a single wavelength or a very narrow band of wavelengths1. 

This is different from a light bulb, which irradiates the room by spontaneous emission of 

light in an incoherent manner. The light from a bulb is not in phase and consists of 

varying wavelengths, usually combining to give the light a whitish or pale yellow colour. 

A brief description of the way a laser works is provided for completeness, but a detailed 

understanding of the physics of laser action is not essential to an understanding of their 

potential role in the ablation of vascular tissues.

ENERGY STATES OF ATOMS

Atoms consist of a nucleus, containing neutrons and protons, which is positively charged. 

Around the nucleus are a number of electrons. Due to their negative charge and mutual 

repulsion, the electrons orbit the atom in defined orbits. Electrons of different energies 

orbit at differing distances from the nucleus (fig 3.2). Electrons may move from one orbit

ELECTRON

NUCLEUS

Figure 3 2 : Diagrammatic representation of an atom, showing the nucleus with electrons orbiting 
in 3 separate orbits

Electromagnetic radiation from a laser is not 
rigorously monochromatic, but has a very narrow wavelength 
spread, AX., which is orders of magnitude smaller than X.
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to a higher one if energy is supplied to the atom and absorbed by it. A defined amount of 

energy is required for each transition. The movement of electrons from higher to lower 

energy orbits is accompanied by the release of energy. This energy will be the same as 

that required to move the electron into the excited orbit.

When the electrons in an atom are at their lowest energy states, the atom is said to be in 

its ground state, termed E0. If electrons are moved into higher orbits, by the absorption of 

energy, then the atom is termed "excited". Atoms may exhibit varying levels of 

excitation, which are usually numbered (fig 3.3).

LU

LL)

cr
LU

LU

Figure 3.3: Diagram showing 3 energy levels & possible transitions between them (arrows).

In gas lasers, particularly the C 02 laser, vibrational changes within molecules and 

collisions between them can alter their energy states. In organic dyes, as used in dye 

lasers, electrons are shared between atoms to form o  and 7t bonds, the latter being 

positioned above and below the o-bonded carbon atoms. Absorption of energy by the k 

bonds leads to their excitation. As there are many such bonds in a single dye molecule, 

the number of excitational states varies across a fairly broad band. It is the spontaneous 

emission across this band that gives dyes their characteristic colour.
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SPONTANEOUS EMISSION

If an excited atom, of energy E* decays to a lower energy state, Ey it emits the energy 

released in the form of electromagnetic radiation. The frequency vxy of this radiation is 

given by the Bohr equation:

Ex - Ey = hvxy,

h is the Planck constant (6.63 x 10'34 Js). The wavelength ^ y is given by the equation:

A^y — C/Vxy,

where c is the velocity of light (3 x 108 ms'1). When atoms in the filament of an electric 

light bulb are subjected to an electric current, they become excited to a variety of levels. 

As a result, spontaneous decay leads to the emission of photons of varying wavelengths, 

which are neither in phase, nor travelling in the same direction. This emission of photons 

at random is perceived as white light.

STIMULATED EMISSION

When excited atoms interact with photons of specific energy, a different process occurs. 

Instead of absorbing the energy, the atom decays to a lower energy state emitting a photon 

of identical wavelength as the stimulating photon. In addition, this emitted photon is in 

phase both in time and space with the stimulating photon, and they are said to be 

coherent. This process of a photon-atom interaction giving rise to two coherent photons is 

termed stimulated emission. These photons will interact in turn with other atoms, being 

absorbed or leading to further stimulated emission (fig 3.4).

If this process occurs when there is a predominance of atoms in the excited state, then 

these photons may interact with further excited atoms, giving rise to a cascade of photon 

production. It is the existence of a "population inversion", that is a majority of the atoms 

being in an excited state that is a pre-requisite for laser actioa
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Figure 3.4: Illustration of spontaneous (1) and stimulated (2) emission by an excited atom. The 
photon is released by the transition from the excited to the ground state (small grey arrow).

POPULATION INVERSION

To obtain a population inversion, it is necessary to have an energy source to stimulate the 

atoms in the medium to be used for lasing. The source is used to "pump" atoms to a 

higher energy level. It is not enough to pump atoms to a single higher energy level, as 

they will maintain equilibrium with the ground state by spontaneous emission. This will 

tend to restore atoms to the ground state and prevent a build up of excited atoms. To 

achieve a population inversion, atoms need to be raised to a higher energy level (or levels) 

above that required for stimulated emission. The atoms should decay rapidly to the 

energy level required for lasing, and should decay to ground state relatively slowly. In 

this way, atoms will be supplied to this energy state more rapidly than they are 

being removed, and the numbers will grow until they predominate, resulting in population 

inversion (fig 3.5)
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Figure 3.5: Diagram showing energy level transitions required as a pre-requisite for laser action. 
Rapid decay from E2 to El leads to population inversion between El and EO

LASER ACTION

Once a population inversion is achieved, then spontaneous emission of photons will lead 

rapidly to stimulated emission. However, for lasing to take place it is necessary in the 

majority of situations to enhance the stimulated emission. This is achieved by containing 

the photons within a cavity termed a resonator chamber. The design of a typical chamber, 

of a flashlamp pumped dye laser, is shown in figure 3.6. It consists of the lasing medium 

and pumping source contained within a jacket with an internally reflective coating. This 

jacket allows for temperature regulation of the lasing cavity, as well as preventing 

unwanted photon emission. At either end of the cavity, there are reflective mirrors which 

reflect photons travelling in the long axis of the cavity, which are reflected back into the 

active lasing medium. It is these photons alone that form the laser beam, and it can be 

readily appreciated that only a small number of the total emitted are in the long axis of 

the resonator cavity. Lasers convert energy inefficiently, a typical estimate of efficiency 

for a dye laser being about 1%. However, the laser beam is capable of being focused 

onto a very small area (often a few pm). As a result, they can deliver a very high 

intensity of energy unlike any other man-made light source.
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The reflection of photons back into the active medium causes further stimulated emission, 

and in this way, the laser beam is further amplified in the long axis of the resonating 

chamber, and a standing wave of high intensity light is built up. This light escapes in one 

of several ways. One of the mirrors may be designed to allow some of the energy to 

escape, resulting in the laser beam. This type of laser is said to be free-running, that is 

the escape of laser energy is not constrained by any switching mechanism. These lasers 

may be either continuous wave (cw) or pulsed depending on whether the pumping source 

is able to replenish the number of excited atoms continually. Alternatively, the pumping 

source may be pulsed to produce a pulsed laser output.

WATER IN

I
FLASHLAMP

LASER BEAM

PARTIALLY
REFLECTING
MIRROR

■60909606868600-

DYE CHAMBER

t

eST
WATER JACKET

-T V
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TOTALLY
REFLECTING
MIRROR

Figure 3.6: Diagram illustrating the essential features of the flashlamp pumped dye laser. The partially 
reflecting mirror transmits approximately 80% of incident light.

Another way of controlling laser energy output is to have some form of switching 

mechanism that allows light to escape when the laser energy reaches sufficient energy. A 

commonly applied method is to use a cell containing an opaque medium which can be 

temporarily switched off to allow light to escape. Such a mechanism is placed within the 

resonating cavity, preventing lasing and is called a Q-switch. This allows the build-up of 

an excited population of atoms to a much higher level than would normally occur. When 

the switch is activated, the energy escapes in a massive short-lived pulse typically of the 

order of a few nano-seconds. An alternative method is to use a cell with an optical
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medium which is temporarily bleached by the laser pulse itself, when of sufficient energy. 

This technique may be used to "mode lock" the pulse, producing ultra short pulse trains of 

the order of a few pico-seconds. The number of pulses and duration of the pulse being 

determined by the spatial configuration of the resonator cavity.

Whilst these techniques are used to produce veiy intense short pulses of energy, it is 

possible to produce non-thermal tissue interactions using free running pulsed lasers. This 

thesis concerns the use of a free running flashlamp pumped dye laser to ablate arterial 

tissue.

THE FLASHLAMP PUMPED PULSED DYE LASER

A diagram of this laser is shown in figure 3.6 {vide supra). Within the cooling jacket, lie 

the dye cell, and a linear 30 kW flashlamp. The dye is pumped through the laser 

chamber, and water is pumped through the cooling jacket to dissipate the heat generated 

by the flashlamp. At one end of the chamber there is a 100% reflecting mirror, whilst at 

the other there is a 20% reflecting mirror which allows some of the generated laser energy 

to escape. The flashlamp produces a pulse of just over one microsecond in duration, 

resulting in a laser pulse of the order of 1.4 ps. The wavelength of the laser output is 

determined by the characteristics of the dye circulating through the cavity. For the 

ablation of atherosclerotic vascular disease, wavelengths in the blue region of the visible 

spectrum are generated by the use of appropriate coumarin dyes. These dyes are 

dissolved in a 1:1 mixture of ethylene glycol and water which is then circulated through 

the lasing chamber.

Lasing in dyes is unusual in that it occurs between two energy levels (fig 3.7).

However,from the description of excitation in dyes above, it is apparent that a band of 

energy states can exist within molecules. At each energy level there are many energy 

states, with most of the molecules being in or very near the lowest energy band for that 

level. The dye laser takes advantage of this by pumping molecules to a higher excited 

level, termed SI. The molecules are raised to an energy above the lowest for the SI level 

and rapidly decay to the lowest level. The build up of molecules at the bottom of the SI 

level, results in a local population inversion between the lower levels of SI and the upper
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Figure 3.7: Diagram of energy levels in the dye laser. Note the band of energies at both the SO and 
SI levels.

levels of SO and laser oscillation occurs. The molecules decaying to the upper SO level 

rapidly decay to the lower levels, by thermal processes, thus replenishing the supply of SO 

molecules and maintaining population inversion.

The intensity of radiation produced is determined by the dye concentration within the laser 

cavity, and the intensity of the flashlamp (Murray 1990). The laser can be pulsed at rates 

of up to 30 Hz, but repetition rates of about 5 - 10 Hz are most commonly used. Pulse 

energy emitted from the laser head varies up to a maximum of between 350 and 400 mJ, 

giving typical peak powers in the order of 400 kW. This energy is transmitted down step 

index quartz fibres with transmission efficiencies of about 60%, allowing pulse energies of 

up to 200 mJ to be delivered to tissues.

The next section concerns the effects of various laser energy sources on both diseased and 

healthy arterial tissues.
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2. THE EFFECTS OF LASER ENERGY ON VASCULAR TISSUE

PRINCIPLES OF LASER-TISSUE INTERACTIONS

The beam emitted from a laser is very intense by virtue of its coherence. It is also 

collimated, that is the photons are travelling parallel to the main axis of the beam. In 

addition the beam is polarised. As a result, there is little loss of energy from irradiance in 

other directions than the main axis of the beam. A laser beam can be focused onto a very 

small spot and deposit large amounts of energy into small volumes of tissue. When the 

energy strikes the tissue, some is scattered and the rest absorbed or transmitted. The 

absorption and scattering depend on two factors, the wavelength of the laser energy and 

the nature of the target tissue. Following absorption, some of the energy is converted to 

heat which then diffuses through the tissue. In addition, if tissue is removed by ablation, 

then some of the energy will be dissipated with the products of ablation (Verdaasdonk

1990).

The interaction of laser light with any biological material can be described according to 

the energy deposited, the area over which it is applied and the duration of exposure of the 

target tissue to the incident beam. Muller and Schaldach describe three major classes of 

interaction (Muller 1988):

1. PHOTOCHEMICAL: Low energy beams interact with tissue over long 

time periods (tens of seconds to many minutes). The light induces a 

variety of changes such as biostimulation and activation of molecules 

intrinsic to cells. In photodynamic therapy, laser energy activates 

absorbed molecules, producing toxic photo-products, which kill cells that 

have preferentially taken up the agent.

2. PHOTOTHERMAL: Higher power beams exert their effects by heating 

of tissues. Optical radiation is converted to heat by absorption. 

Vaporisation of water, denaturation of protein and thermal breakdown of 

organic molecules to short chain hydrocarbons, C 02, H20  and N2 are the 

predominant actions. The speed at which tissue is broken down depends 

on the rate of energy transfer to the tissue.
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3. PHOTOIONISATION: This occurs when photons contain sufficient 

energy to break molecular bonds or strip electrons from atoms. Free 

electrons and ions are produced resulting in plasma formation. The result 

is an explosive breakdown of tissue without thermal injury. In brittle 

tissues such as stones and bones, these processes can set up stresses which 

lead to shattering.

From the accompanying diagram, it can be seen that these effects can be produced with 

the same energy density, the type of reaction depending on the time duration over which 

the energy is applied (fig 3.8).

If the power density is compared to the interaction time, it can be seen again, that there is 

a continuum between the various types of tissue interaction with some overlap between
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Figure 3.8: Diagram showing the relationship between power density and time of exposure. Diagonal 
lines are energy iso-density lines. (After Boulnois 1986)
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them. Thus a cw laser may produce both coagulation and vaporisation of tissue. A 

pulsed laser may produce both thermal and photoablative effects, depending on the power 

density2 and the nature of the target tissue.

In addition to absorption and scattering, the thermal conductivity and diffusivity of tissue 

will determine the rate at which energy is conducted away from the target area. Thermal 

diffusivity is a value obtained by combination of specific heat and thermal conductivity of 

a given tissue and expresses the ability of heat to diffuse away from a given tissue. A 

more useful value is the thermal relaxation time. This is the time it takes for the 

temperature of a heated volume to fall exponentially to 1/e of its initial temperature 

(Barnes 1974). With cw-lasers, the mechanism of tissue ablation is essentially thermal, 

but with pulsed lasers, the aim is to produce precise tissue ablation without thermal injury. 

Murray calculated that for tissue being irradiated through a 600 pm optical fibre, by an 

Argon laser, the thermal relaxation time approximates to 0.12 seconds (Murray 1990). To 

minimise thermal injury to surrounding non-ablated tissues, laser pulses should be spaced 

at least this far apart.

3. LASER ASSISTED ANGIOPLASTY 

EARLY LABORATORY STUDIES

The ablation of vascular tissue by a laser was first studied in 1963, when atherosclerotic 

plaque was ablated by a ruby laser (McGuff 1963). This paper made reference to the 

resistance of white and shiny tissue to laser irradiation. There was a hiatus in research 

until 1980 when the use of an Argon-ion laser to vaporise soft plaques was described 

(Macruz 1980).

Following this description there was a surge of interest, initially in the USA, with early 

reports of ablation of atherosclerotic tissue with the cw-Argon laser. Using direct

2Power density is determined by the pulse energy and 
pulse duration. Longer pulses will produce predominantly 
thermal effects, whilst very short (eg Nano-second) pulses 
tend to produce non-thermal photo-ablative effects for the 
same pulse energy.
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irradiation, slices of cadaveric atherosclerotic coronary artery were recanalised with 

vaporisation of fibrous, lipoid and calcified plaques (Lee 1981). Subsequently, canine 

iliac arteries and thrombus in the rabbit aorta and canine femoral arteries were ablated in 

vivo (Lee 1982, Choy 1982). In addition, Lee’s group demonstrated ablation of plaque in 

intact diseased human cadaveric arteries (Lee 1983a). These experiments were carried out 

with optical fibres loaded in catheters containing a fibreoptic viewing bundle. Further 

experimental work in cadaveric tissues and animal models demonstrated the direct 

relationship between laser dose and tissue ablation in both thrombus and atheroma using 

the argon laser (Lee 1983b, 1983c). Early enthusiasm was tempered by reports of deep 

arterial wall damage and aneurysm formation following laser angioplasty with bare fibres 

in an animal model (Lee 1984a, Abela 1985a).

These early experiments were conducted using continuous wave (cw) lasers operating in 

the visible (Argon) or near infra-red (Neodymium Yttrium Aluminium Garnet, Nd:YAG). 

These lasers ablate arterial tissue by thermal processes and the heat deposited in tissue 

caused a zone of thermal injury beyond the limits of ablation (Lee 1981, Lee 1986). This 

effect is enhanced in the presence of blood (Fenech 1985, Lee 1986). The marked 

charring and areas of vacuolation with tissue denaturation gave rise to concern that 

thermal injury would result in aneurysm formation or perforation (Lee 1984a). However, 

Abela demonstrated that healing of laser treated areas in canine and monkey arteries 

occurred with very little evidence of thrombus formation at the site of injury and a paucity 

of cellular response during the healing process (Abela 1985c).

As well as the thermal injury noted with cw lasers, it rapidly became clear that calcified 

plaque was resistant to thermal ablation. Studies demonstrated that pulsed laser energy 

resulted in lesser thermal injury following ablation of tissue (Linsker 1984, Deckelbaum 

1985, Sartori 1987). Davi showed that cw-Argon and Nd:YAG lasers could ablate fatty 

tissue, but not hard calcified plaque or stones (Davi 1985). However, if the lasers were 

run to give nano-second (Q-switched) or high power, high repetition rate pico-second 

pulse trains (mode locked), then shattering of calcified tissue could be achieved, by non- 

thermal processes. The pulsed excimer laser, which produces nano-second pulses, was 

reported to ablate vascular tissue with virtually no evidence of thermal injury to 

surrounding tissues (Linsker 1984, Grundfest 1985, Isner 1985, Murphy-Chutorian 1986). 

However, at that time it was not possible to transmit short wavelength UV light down
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conventional optical fibres (Bowker 1986). In the mid-1980’s most experimental work 

was being carried out with cw lasers, due to their availability and to the ease with which 

both Argon and Nd:YAG energy could be transmitted down optical fibres.

THE FIRST CLINICAL CASES

The first clinical case in which a laser was used to disobliterate an occluded femoral 

artery was reported from the USA in 1984 (Ginsburg 1984). A man of 62 with ischaemic 

rest pain was facing amputation following re-occlusion of his superficial femoral and 

profunda femoris artery one month after a thrombectomy of the SFA and profunda 

endarterectomy. He had a 95% stenosis at the distal point of the endarterectomy. A 

cleaved optical fibre, within a balloon catheter, was introduced via a percutaneous 

puncture into the profunda femoris artery at the groin. The catheter was advanced to the 

point of obstruction. The fibre was passed out of the catheter and through the obstructing 

lesion. It was then coupled to a cw-Argon laser, and laser energy applied as the fibre was 

withdrawn. The artery was successfully recanalised, as indicated by the return of a doppler 

signal, with relief of symptoms and the patient avoided an amputation. Laser angioplasty 

was first reported in Europe at about this time (Geschwind 1984).

In the same year, the first description of intra-operative recanalisation of a coronary artery 

occlusion was published (Choy 1984). This early attempt to introduce lasers into the 

coronary circulation foundered due to problems with perforation and re-thrombosis which 

occurred in four of five initial cases (Foumial 1985). Similar problems were encountered 

in peripheral arterial laser angioplasty using bare optical fibres (Ginsburg 1985).

However, embolisation of debris produced by tissue ablation did not appear to be a major 

concern following laser ablation of thrombus in vivo (Choy 1985).

The first series of cases involving the use of lasers began to appear in 1985 and 1986, 

with reports from Stanford medical centre, USA (Ginsburg 1985) and Sheffield, UK 

(Cumberland 1986a). In both centres bare cleaved optical fibres were used, coupled to 

cw-Argon lasers. The incidence of perforation was high (19% and 13% respectively) and 

there was a complication rate of 38% in Ginsburg’s series. It was this early experience
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that lead to the search for less traumatic devices that would achieve recanalisation without 

such a high incidence of complications.

IMPROVED SAFETY - FIBRE TIP MODIFICATIONS

The next advance was the development of the "hot tip" device (Lee 1984b, Abela 1985b, 

Hussein 1986). This was an olive shaped metal cap fitted to an optical fibre which 

converted all the laser energy to heat. It was hoped that the less traumatic shape of the 

device would allow it to seek the true lumen of the artery and achieve recanalisation with 

less perforation. In an atherosclerotic rabbit model, it was shown that the hot tip device 

caused significantly greater widening of the lumen and less vessel perforation than a bare 

fibre (Sanborn 1985).

The modification of fibre tips for laser energy delivery was one of the goals of early 

research, to try and limit the rate of perforation associated with bare fibres by controlling 

energy dose administered during lasing. Daikuzono and Joffe described a laser probe 

consisting of an artificial sapphire screwed onto an optical fibre, which could be coupled 

to a Nd:YAG laser (Daikuzono 1985). Abela developed a variation of the hot tip, by 

placing a sapphire in the tip which allowed about 20% of the laser energy to fall directly 

onto the target tissue (Abela 1986). Verdaasdonk has subsequently shown that the 

sapphire window rapidly becomes obscured with carbonised products of thermal 

decomposition. Subsequently this device behaves just like the hot tip (Verdaasdonk

1990). Cothren described an optical shield of quartz placed over the end of a bare fibre 

(Cothren 1986). This device was 3mm in diameter, gave a spot size of 500 pm diameter 

and produced a crater of 750pm diameter in arterial tissue. Using the optical shield 

device, this group demonstrated that a reproducible ablation of plaque could be produced 

with a high energy (5.1 J/mm2) and short exposure times (Strikwerda 1988). There have 

been no descriptions of its clinical use.

EARLY CLINICAL SERIES - EXPERIENCE WITH MODIFIED TIPS
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The early clinical work was mostly performed with the hot tip device. Two groups 

working jointly in Sheffield, UK and Boston, USA reported their early experience in 1986 

(Cumberland 1986b). In 56 iliac, femoral and popliteal occlusions, they were successful 

in recanalising 89% and 88% of those over 10 cm long. They reported improved 

complication rates compared to the previous series, with only one vessel perforation. This 

group had shown that the laser could be used successfully in femoro-popliteal occlusions, 

and in addition it appeared that success rates in longer occlusions were much higher than 

those seen with balloon angioplasty. A worrying feature of this series, was the report of 

two tip breakages, one requiring surgical retrieval. This seemed to be due to the tip 

sticking to the vessel wall if it was kept stationery whilst cooling. Modification of the tip 

by the attachment of a wire and attention to maintaining tip motion during cooling seem 

to have markedly reduced the incidence of this problem.

The same group subsequently reported their experience with 129 femoro-popliteal arteries, 

with the results sub-divided by occlusion length (Sanborn 1988). Success fell as the 

occlusion became longer, with only 2/3 of limbs with occlusions greater than 7 cm 

obtaining clinical benefit. Patency rates and one year were 59% overall, but 38% in those 

with long (>7 cm) occlusions.

The hot tip device, marketed by the Trimedyne company, was licensed by the Federal 

Drug Administration in the United States. The majority of clinical reports have come 

from groups working with the hot tip laser. Recent reports reflect some disillusionment 

with a device marketed as an answer to the problems of PTA in both peripheral and 

coronary artery disease (Berkman 1989). Studies failed to demonstrate marked benefit 

over conventional techniques, and some centres produced less than favourable reports of 

its actions (Tobis 1989, Harrington 1990). In addition, the hot tip device and other cw 

laser devices have proved unable to ablate calcified plaque - a relatively common 

constituent of human occlusive arterial disease.

More recently, Tobis et al from the Beckman Laser Institute in California have examined 

the mechanism of recanalisation in human peripheral arteries obtained from amputated 

limbs (Tobis 1989). They recanalised the arteries with the hot tip device coupled to a cw- 

Argon laser, both activated and switched off, and with a conventional guide-wire and 

catheter. By attaching pieces of silk to the rear of the device and pulling it through the



69

track formed during recanalisation, they were able to accurately identify the course taken 

by the device on histological section. The sections showed that the devices tended to 

follow a path of least resistance in the sub-intimal plane. A further feature of angioplasty 

with the hot tip device, has been arterial spasm. Studies with pulsed lasers have shown, 

in animal models, that spasm is less common with this mode of delivery than with cw 

laser energy (Gal 1989, Marmur 1991).

At the same time as the hot tip device was being investigated in the United States, groups 

in Europe were pursuing the use of direct laser energy application to atherosclerotic tissue 

using Argon and Nd:YAG lasers. Fourrier produced early results with a cw-Nd:YAG 

laser coupled to an optical fibre with a sapphire tip (Fourrier 1987). The results in 

femoro-popliteal occlusions were similar to those seen with the hot tip. At about the same 

time, Nordstrom described a delivery system with a lens tipped optical fibre held within a 

balloon catheter (Nordstrom 1988). The balloon was used to centre the fibre within the 

artery and the lens allowed beam divergence to ablate a wider area of plaque. This group 

documented a technical success rate of 87% in femoro-popliteal occlusion with 70% of 

patients obtaining a clinical benefit from the procedure. Success rates were higher in 

shorter (less than 7 cm) occlusions. Overall 50% of patients with a mean occlusion length 

of 9 cm had a continuing benefit at 3 months post-operatively.

A number of studies have been reported which used the sapphire tipped probes with the 

Nd:YAG laser in either cw- (Allen 1990, Pilger 1991, Lammer 1991b) or long pulsed (1 

s) mode (Michaels 1989). Laboratory studies have shown that ablation proceeded when 

the tips became dirty from carbonised particles on the surface, when the probe temperature 

exceeds 250°C (Verdaasdonk 1990). The type of sapphire used may be important as those 

with very smooth surfaces do not heat up as readily and may not be as effective at 

ablating tissue (Ashley 1990). Experimental work has shown that the zone of thermal 

injury lateral to the path of the device was less with sapphire than with hot tipped devices 

(Lammer 1988). They could also be used with a long-pulsed Nd:YAG laser (Cross 1988, 

Michaels 1989), but would not tolerate the higher peak powers associated with shorter 

pulses (Murray 1990).

Short pulsed lasers (lps or less pulse duration) could not be used except with bare fibres 

for a long time, as attached tips were destroyed by stresses set up at fibre-tip interfaces.
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The development of integral ball tipped fibres required the adaptation of glass blowing 

techniques. They were fashioned by spinning a molten quartz fibre in an oxy-acetylene 

flame (Murray 1989a). The tips produced were atraumatic and could be modified by 

grinding to increase beam divergence. These fibres have been used for clinical laser 

assisted angioplasty in patients, with initial technical success in 88%. 73% of the patients 

in this early series obtained clinical benefit (Murray 1989b). More recently, multifibre 

catheters capable of transmitting UV wavelengths have been manufactured. They consist 

of a bundle of fibres arranged around a central guide-wire lumen. They have been used in 

both the coronary and peripheral circulation (Litvack 1990, Lammer 1991a).

From 1989 attention increasingly switched to alternative delivery devices to the hot tip. 

One approach has been the sapphire tipped probes described above, but increasingly 

efforts have been concentrated on the use of pulsed lasers coupled to delivery devices with 

atraumatic tips (Michaels 1989, Murray 1989b, Litvack 1990, Lammer 1991a). More 

recently still, attention has focused on ways of improving the guidance of laser 

angioplasty, by the addition of spectroscopic feedback to control laser energy delivery to 

plaque (Geschwind 1989, 1991, Leon 1990).

PREFERENTIAL ABSORPTION OF LIGHT BY ATHEROMA

In 1986, two groups demonstrated preferential absoiption of light in the region of 500nm. 

One group in London, UK looked at transmission through atheromatous and normal aortic 

tissue and showed that it was decreased at around 500nm, particularly in atheroma 

(Bowker 1986). The second group in Boston USA, used an integrating sphere and 

spectrophotometer (Prince 1986a). By use of the Kubelka-Munk model for light 

absorption and scattering (Kubelka 1931 & 1948), they were able to demonstrate 

preferential absorption of light between 420 - 530nm by atheroma compared to normal 

arterial wall. Subsequently they demonstrated preferential ablation of atheroma in vitro 

using a pulsed dye laser at 465nm (Prince 1986b). These findings have been confirmed 

using pulsed laser energy at 504nm (Murray 1988).

Prince’s group identified carotenoids as the substances responsible for giving plaque its 

yellowish colour (Prince 1986a). These naturally occurring pigments absorb strongly at
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the same wavelengths that plaque exhibits preferential absorption. They have shown that 

administration of 6-carotene, a pigment used in the treatment of photosensitivity in 

erythropoietic protoporphyria, to normal volunteers is associated with raised serum levels 

(Prince 1991). They have also administered 6-carotene to patients awaiting the second of 

bilateral carotid endarterectomies, and demonstrated that enhanced plaque staining could 

be achieved using oral administration of carotenoids (LaMuraglia 1989). However it is 

not known whether the normal arterial wall takes up 6-carotene to the same extent.

The pulsed dye laser is also capable of preferential ablation of calcified plaque, at fluences 

below the threshold for ablation of normal arterial wall in vitro, using the pulsed dye laser 

at 482nm (Prince 1987). Ablation was accompanied by a flash and a loud snapping 

sound, due to plasma formation.

These experiments provided the basis of the use of the pulsed dye laser, operating 

between 480 - 500 nm, for studies of its role in laser angioplasty.

FLUORESCENCE SPECTROSCOPY

The demonstration that atheroma had differing properties to normal arterial wall 

stimulated attempts to design ways of detecting atheroma and controlling the laser so that 

ablation only occurred when the delivery device was in contact with it. Spectroscopic 

systems were developed that employed two lasers at different wavelengths. One laser was 

used to stimulate the target tissue opposite the end of a bare fibre. The resulting 

fluorescence spectrum was transmitted by the same fibre to an optical multi-channel 

analyser, where the signal was analysed. By developing algorithms it was possible to 

differentiate normal arterial wall from plaque (Deckelbaum 1987, Leon 1988). If plaque 

was detected, then the second laser was fired to ablate the target tissue. If normal wall 

was recognised, then the second laser was automatically prevented from firing. A 

commercial version has been manufactured as a "smart" laser and recently clinical results 

have been reported from two centres (Geschwind 1989, 1991, Leon 1990). A drawback 

of the current systems was that the processing of data was slow, requiring frequent 

resetting of the algorithm. This was due to biological variation in the plaque composition, 

both within and between individuals. These early clinical reports did not achieve
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improved results compared to those not employing fluorescence feedback. Perforation 

rates were high at about 10-15% due to the need to continually reposition the fibre which 

may then be inadvertently pushed through the arterial wall. Alternative methods using 

single lasers and analysing fluorescence from the early part of the pulse without the need 

for an optical multi-channel analyser, hold the promise of a quicker, simpler and cheaper 

detection system (Scheu 1991). The analysis can be performed during the early part of 

the pulse and the rest of the pulse inhibited if normal arterial wall is detected. However 

there are practical problems relating to the effect of blood on the fluorescence signal that 

may slow down the application of this technique.

STAND ALONE LASER ANGIOPLASTY

Most workers have used balloon catheters to augment the laser channels which were in 

themselves inadequate to support flow through the femoral artery (Cross 1987a). When 

the laser devices were used alone, although technical success (ie. ability to cross the 

lesion) rates remained as high, lumen diameter was inadequate and necessitated 

synchronous bypass grafting in one series (Matsumoto 1989).

In the coronary arteries, the group from Cedars Sinai hospital in Los Angeles USA, has 

been performing laser angioplasty with an excimer laser (Litvack 1990). Within these 

small arteries it has been possible to perform stand alone procedures, in up to two-thirds 

of patients. This group claim superior long-term patency using this technique, compared 

to balloon angioplasty. However, the major deficiency of this claim is that they have 

compared their results to those of the National Heart Blood and Lung Institute registry on 

percutaneous transluminal coronary angioplasty for 1986. A prospective clinical trial of 

stand alone laser angioplasty against PTA is needed in the coronary circulation to help to 

answer this question.

Current laser device technology has not advanced sufficiently to allow percutaneous stand 

alone laser angioplasty in the femoro-popliteal segment. There has been one series 

described in which larger hot tip probes, up to 5mm in diameter, have been used in a 

stand-alone manner, but this was not a randomized trial and no conclusions could be
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drawn regarding rate of restenosis (Rosenthal 1990). At the present time, the debate as to 

whether the laser alone will reduce the incidence of restenosis remains unanswered.

RESTENOSIS STUDIES IN ANIMALS

There have been suggestions from animal experiments that the rate of restenosis would be 

lower than those associated with balloon angioplasty, if laser delivery devices were used 

without adjunctive balloon dilatation. Work in the atherosclerotic rabbit, showed that the 

hot tip resulted in a significantly larger lumen than balloon angioplasty (Sanborn 1987).

In addition less restenosis was seen in this model following thermal laser angioplasty than 

balloon angioplasty. This group has looked at the effects of the excimer laser in animal 

models of atherosclerosis and compared them with those seen with the hot tip device. In 

pig coronary arteries, using over the wire devices, there was less perforation and abrupt 

vessel closure following excimer than thermal angioplasty (Sanborn 1990). In addition, 

the pigs were given 11 indium labelled platelets prior to sacrifice. After the animals were 

killed, the arteries were excised and the laser treated segments counted with a gamma 

counter to estimate platelet uptake. The uptake was significantly less following excimer 

laser angioplasty. In a further study of atherosclerotic rabbits, they demonstrated 

significant increases in both perforation rates and platelet deposition onto treated surfaces 

following laser thermal angioplasty compared to the excimer laser (Marmur 1991). 

However, when arteries with vascular perforation were excluded, the platelet deposition 

was similar between the two groups. The excimer laser caused fewer complications in 

this model, but the platelet response to successful recanalisation without perforation was 

similar with each device.

Oomen et al have examined the healing of arterial injury inflicted by a variety of thermal 

stimuli and also the healing following balloon catheter trauma (Oomen 1990). This group 

found that, provided no perforation occurred following trauma, the healing response was 

similar after all types of injury. They concluded that the healing of the arterial wall is a 

non-specific response to injury. A group from Tubingen have looked at smooth muscle 

cell proliferation, in an atherosclerotic rabbit model, using bromodeoxyuridine staining, 

following excimer laser ablation of plaques in the carotid arteries (Hanke 1991). They 

found that there was a significant increase in intimal SMC proliferation at 3, 7 and 14
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days and of medial SMC proliferation at 7 days post treatment. Proliferation had returned 

to levels near normal by 21 days. At the end of this study, they comment that, "The 

extent of intimal hyperplasia due to SMC proliferation after excimer laser angioplasty is 

comparable with the effect of transluminal balloon angioplasty...". However, they 

provided no data to support this statement.

Current clinical data shows that re-occlusion rates following laser-assisted angioplasty are 

not superior to those seen with balloon angioplasty alone. This may be due to the need to 

use balloon augmentation of the laser channel. Further work is required to examine the 

role of stand-alone laser angioplasty in restenosis, particularly the role of direct laser 

tissue interaction with pulsed lasers. The laser may extend the success of angioplasty to 

patients who could not be treated with standard guide-wires and balloons.

AN OVERVIEW OF THE OUTCOME FOLLOWING CLINICAL LASER 

ASSISTED ANGIOPLASTY

The literature relating to clinical laser angioplasty contains descriptions of a variety of 

lasers and clinical devices that have been used to recanalise atherosclerotic arteries. The 

lack of any clear differences make it difficult to select any combination of laser and 

delivery device as superior. The clinical data is variable, both in terms of immediate 

outcome and follow-up data. This is due to the lack of uniform reporting standards. 

Follow-up varies both in terms of its completeness and in the detail with which patients 

have been followed. The definition of continued success and vessel patency varied 

between series which counted all patients who remained symptomatically well as patent, 

and those with regular follow-up that relied on doppler readings, duplex scanning or 

repeat arteriography. Recently there have been calls to standardise reporting, along the 

lines of the recommendations of the Society for Vascular Surgery and International 

Society for Cardiovascular Surgery (Rutherford 1986), by members of the Cardiological 

and Radiological community (Sanborn 1991).

Table 3 (appendix 1) attempts to summarise the main reports since Ginsburg’s first series 

in 1985. It concentrates on the results of femoro-popliteal laser assisted angioplasty. 

Where it can be separately identified, data on iliac recanalisation has been omitted. In
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order to standardise the presentation of the reports, some of the results have had to be 

recalculated from the papers themselves, although in some cases this has not been 

possible. The following factors have been taken into consideration:

1. The majority of reports describe the number of limbs treated in a given 

series, so the data refers to limb numbers (col 2).

2. Rates vary for stenotic disease and occlusions. Where possible the rate of 

stenotic disease treated is shown, and the rates for femoro-popliteal 

occlusions are shown separately. Occlusions are further subdivided by 

length, where possible, as this is known to have a bearing on the outcome 

of conventional angioplasty, and may have a bearing on the success of 

laser procedures.

3. Rates for patients with threatened limb loss are shown as these patients are 

known to have more extensive disease, characterised by chronic fibrous 

and calcified lesions. This is known to effect both initial and long-term 

success.

4. Technical success: this is defined as successful crossing of the lesion with 

a satisfactory angiographic result at the end of the procedure.

5. Clinical success: implies meaningful clinical benefit for the patient from 

the procedure. Most reports standardise this to include a rise in the 

doppler ABI of at least 0.15, along with return of pulses distally and relief 

of pain.

6. Follow-up patency is described as a proportion of the total number of 

limbs treated, rather than as a proportion of successfully treated limbs, in 

order to show the results in a similar manner to those of surgery or PTA. 

Rates quoted are mostly obtained using life table analysis.

7. Anti-coagulation or anti-platelet medication is described when mentioned 

by the authors.

8. Complications: these are mainly major complications associated with 

angioplasty such as haematomas requiring transfusion as well as 

dissections, perforation, embolism, thrombosis and spasm associated with 

the procedure. Minor complications such as groin haematomas not 

requiring transfusion or surgery are not counted, where they could be 

identified separately.
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9. Perforation rates are quoted separately and include mechanical (wire or 

laser device) and laser perforations, as these all have a bearing on the 

likelihood of success of the procedure.

Examination of the table shows that follow-up data is sparse for periods in excess of six 

months. This is not surprising in view of the short history of clinical laser angioplasty, 

with half the available reports being published within the last two years, and the earliest 

series being only six years old. It is disappointing that further reports of the early series 

have not been presented to allow a more informed opinion as to the long-term durability 

of this procedure. The lack of this data, coupled with the high commercial profile of laser 

angioplasty in some centres in the United States, has lead to suspicion that laser 

technology is being exploited for commercial rather than medical ends (Strandness 1989,

1991).

It is possible to produce short term approximations of the efficacy of laser-assisted 

angioplasty along the lines of those for surgery and PTA. The figures quoted below take 

no account of the way in which these devices produce their effects on vascular tissue, as it 

is not possible to identify any clear differences in the efficacy of the hot tip as opposed to 

the use of direct laser-tissue interactions in either pulsed or cw mode. Approximate 

results for laser angioplasty including the use of adjunctive balloon dilatation are shown in 

table 3.1.

At time intervals greater than one year, there is very little accurately recorded data 

available, but from examination of the life tables provided by three of the larger series 

(Sanborn 1988, Pilger 1991, Lammer 1991b)3 there is evidence that the curves flatten out 

by about one year, with most of the re-occlusions occurring between the procedure and six 

months post-operatively. This mirrors the results of balloon angioplasty and surgery quite 

closely in that most failures occur within the early post-operative phase. Although some 

are undoubtedly due to technical problems that go unrecognised, or uncorrected at the 

time of the procedure, a number of these re-occlusions are associated with intimal

hyperplasia of the treated area, or disease progression in adjacent arterial segments.

^he latter two series are from the same authors, and probably have a large number of patients in 
common.
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Mean Range

Technical success 15% (53-100)
Clinical success 61% (47-100)
30 day patency 58% (44-81)
6 month patency 55% (17-78)
1 year patency 48% (14-93)
3 year patency (48%) (few patients)

Table 3.1: Mean patency rates for laser assisted angioplasty. Range shown in brackets.

The results described above do not appear to differ significantly from those obtained from 

reviewing the PTA literature (chapter 2). There are two possible explanations for this.

All the laser series have used balloon augmentation, so that this would not be surprising. 

The alternative is that the groups differ significantly in some way, although the results do 

not. For example if technical success was the same for both laser and balloon, but the 

laser could treat much more severe disease, then this would be an advantage.

Looking firstly at the incidence of critical limb ischaemia, which I have loosely defined 

for these purposes as being all patients presenting with rest pain or tissue loss, the rates 

are approximately 50% in both groups of patients. However, if the length of lesion (a 

known determinant of the success of PTA) is considered, the average lesion length in 

those series treating femoro-popliteal disease with the laser is around or just over 10 cms, 

whereas the majority of the PTA treated limbs have either stenotic disease or short (<3 

cm) occlusions. Many of the papers describing the results of laser assisted angioplasty, 

have only attempted to treat limbs in which it was not possible to cross the lesion with a 

guide-wire first. There are problems with this form of study, in that the degree of effort 

put in to attempting guide-wire passage is likely to be less if it is known that an 

alternative therapy is available. This may account for the rather low guide-wire success 

rate in a recent series (Pilger 1991). In addition, vigorous attempts to cross lesions with a 

guide-wire can lead to arterial dissection which may falsely lower the rate of subsequent 

laser success by increasing the chance of the laser following a pre-existing false channel.

There is no evidence that the reporting techniques vary between the two groups of papers. 

This is not surprising in view of the fact that many of these series have been carried out 

by radiologists active in research into PTA as well as laser angioplasty. There is a lack of
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uniformity which makes interpretation of results from different centres difficult. This 

factor may produce important distortions in attempts to compare laser angioplasty with 

PTA, as there are very few randomised trials to allow definite conclusions to be drawn 

about the efficacy of PTA or laser angioplasty.

A recent multi-centre trial performed in Austria, examined the recanalisation of occluded 

femoral arteries using a cw-Nd:YAG laser with sapphire tipped fibres against an excimer 

laser coupled to a multifibre catheter used without prior crossing of the lesion with a 

guide-wire (Lammer 1991a). All laser channels were augmented by balloon angioplasty. 

The third arm was standard PTA. The results were interpreted overall, as well as by 

lesion length and whether or not calcification was present. The results are presented in 

the table (table 3, appendix 1) and show that there was no significant difference in the rate 

of technical success between the two lasers and PTA, though the cw-Nd:YAG laser 

appeared to give a superior result in long occlusions over 8 cms in length. Interestingly, 

the excimer laser, which is supposed to ablate calcified plaque more effectively than cw 

lasers, showed no advantage over standard PTA in the presence of calcification. The 

complication rates were broadly similar between the three techniques at about 30%, as 

were the perforation rates at about 15%.

A possible criticism of this trial is that the numbers may be inadequate to determine 

whether the differences reported to date are significant (type II error). It would appear 

that the cw-Nd:YAG laser offers a 15% improvement in technical success rate over PTA 

in long arterial occlusions in the femoral artery. This might be of enough benefit, if 

consistently demonstrated, to justify the application of laser assisted angioplasty to patients 

formerly only considered suitable for femoro-popliteal bypass. At present more 

information on this trial is awaited, as are further trials to try and determine the exact role 

that laser angioplasty should play in the management of peripheral vascular disease.
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A review of the results of surgical and angioplasty techniques demonstrates that femoro- 

popliteal vein bypass grafting must be considered the current "gold standard", with 5 year 

patency rates in the order of 66% and limb salvage in three-quarters of those undergoing 

surgery. The results of prosthetic grafting are less impressive with about 30% patency at 

five years. However, a programme of careful surveillance and revision of these grafts 

may allow limb salvage rates to approach those seen with vein grafting, in patients with 

proximal disease.

Balloon angioplasty offers a less invasive approach to specific lesions, namely 

haemodynamically significant stenotic lesions and short arterial occlusions in suitable 

arterial locations, such as the mid SFA. PTA is not really a viable alternative for many 

patients presenting with advanced peripheral vascular disease, due to the extensive nature 

of the occlusions. The durability of PTA is less than that of bypass grafting, primarily 

due to the much higher technical failure rate. Technical failure does not seem to 

compromise subsequent attempts at grafting unless associated with distal thrombosis or 

embolism, which occurs in less than 5% of cases. This rate of embolism is also seen 

following laser angioplasty and it would be reasonable to conclude that failure of laser 

angioplasty is unlikely to prejudice any subsequent bypass.

Newer "glide-wires" with hydrophillic coatings are reputed to improve technical success 

rates of PTA, but no studies to support this view have been published. A recent study has 

demonstrated technical success in 90% of femoral occlusions, leading the authors to claim 

that the success of PTA is really higher than preceding series suggest (Morgenstem 1989). 

However, it is notable that the authors initially attempted occlusions up to 20cm in length, 

but reduced the upper limit to 10cm in the second half of the study. In addition, they 

failed to state the distribution of the length of occlusions treated, or to provide any more 

information than initial technical success. Reports of this kind add little to the debate 

over the relative roles of guide-wires and newer interventional devices.

The mortality of bypass grafting has remained at about 2-7% despite increasingly 

sophisticated anaesthetic support and the widespread application of intensive care for high 

risk patients. The mortality is almost entirely due to myocardial infarction from pre
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existing cardiac atherosclerosis, being higher in those series with the highest rates of 

critical limb ischaemia. PTA has been shown to have a mortality rate of about 0.2-0.8%. 

Although this in part may be attributed to the milder disease seen in these patients, the 

mortality seems to be lower from this much less invasive procedure. Even with a much 

higher re-intervention rate and the need for bypass surgery in a minority, the mortality rate 

should still remain below that of surgery. Coupled with the reduced morbidity and 

hospital stay of PTA, it is not surprising that this technique has become widely accepted 

without recourse to randomised clinical trials. However, an accurate assessment of its 

exact role in the treatment of occlusive peripheral vascular disease would be aided by 

trials, particularly a prospective trial of all-comers randomised to PTA and surgery. It 

would then be possible to define the groups in whom this modality offered most and 

whether attempting PTA in all patients was worthwhile, or detrimental in some.

The role of lasers must remain even more speculative at the present time. The 

suggestions from the literature is that lasers may extend the applicability of angioplasty to 

those with long peripheral arterial occlusions (over 7-8 cms). If the improved rates in 

long occlusions can be convincingly demonstrated in a trial of sufficient size, then lasers 

may have a role to play in the treatment of peripheral vascular disease, provided that there 

are enough patients to justify their high costs. It is interesting to see that one of the 

cheaper lasers, the cw-Nd:YAG offers equivalent results to the much more expensive 

excimer laser (Lammer 1991a). The success rates in calcified disease (about 30% of our 

practice) were similar between the two lasers, despite the laboratory evidence of superior 

ablation of calcified plaque by short pulsed lasers (Davi 1985). This may be due to 

technical difficulties with transmission of sufficiently high pulse powers down currently 

available delivery devices.

A further confounding factor is the future role of mechanical atherectomy devices. There 

is currently little clinical information available on their efficacy (Snyder 1990, 1991, Ahn

1991). In addition, embolic debris is a potential hazard (Ahn 1991), though this has not 

been reported with the Kensey device.

An issue that has been approached in one or two animal experiments is the question of 

whether lasers may offer advantages in terms of restenosis over PTA. PTA is known to 

disrupt and displace atheroma, and stretch the normal arterial wall elements, all factors
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thought to be responsible for the high rates of restenosis (Block 1980). Lasers offer the 

potential to remove atheroma by ablation without stretching the normal wall elements.

This issue remains unresolved, and part of this thesis seeks to address this question with 

regard to the pulsed dye laser, in an animal model.

The role of lasers remains a subject for substantial further research. A number of avenues 

of research need pursuing. Delivery device design has not progressed much in the last 

two years, and a steerable device is not yet a clinical reality. The efficacy of the device 

in current clinical use is uncertain, as little formal testing has been carried out. In 

addition, the ablation of calcific plaque appears to be a genuine clinical problem despite 

published studies demonstrating that ablation is feasible in vitro (Prince 1987, Murray 

1989a). Increasing plaque absorption of laser energy may offer a way of improving these 

results. Finally the possible benefits of stand-alone laser angioplasty have been assessed 

with the hot-tip device in an animal model, but not with direct laser energy tissue 

interaction. It is only by addressing these issues that the role of lasers in the treatment of 

atherosclerotic vascular disease will be accurately defined and their efficacy adequately 

tested.
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The following experimental work examines the role of the pulsed dye laser in the 

treatment of peripheral vascular disease. At the time that this work began, a clinical series 

of laser assisted angioplasty had just been initiated at St Bartholomew’s Hospital. This 

thesis is therefore aimed at exploring the issues raised by a review of the literature and the 

clinical series. Three areas in particular were studied. Firstly, the on-going clinical series 

was carefully monitored to identify factors associated with success or failure of the 

procedure, with particular reference to the ablation of calcific disease, which had been 

identified as a significant problem in the literature. From these observations, it became 

apparent that success in calcified disease was not as high as earlier bench-work had lead 

us to believe that it would be. Examination of the literature, revealed that most testing of 

laser-tissue interactions had been carried out with bare cleaved optical fibres, with much 

higher irradiance than the newer clinical devices. A study was therefore performed to 

examine the ablation of arterial plaque with the newer ball-tipped and multi-fibre devices.

The findings of this experiment, lead to the examination of the role of 8-carotene in 

plaque staining, with particular reference to determining the route of uptake and 

demonstrating the effect of plaque staining on ablation with the pulsed dye laser.

It became apparent in the early part of the follow-up of these patients, that re-occlusion 

rates were similar to those seen following balloon angioplasty. To try and determine the 

effect a stand-alone laser procedure would have on longer term outcome, a study of laser 

versus balloon angioplasty was undertaken in atherosclerotic rabbits.

Finally, the results of the treatment of a series of 71 patients, with ball-tipped fibres 

coupled to a pulsed dye laser, are presented.
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CHAPTER 4: TISSUE INTERACTIONS OF BALL-TIPPED AND MULTIFIBRE 

CATHETERS

INTRODUCTION

The development of laser angioplasty, with the pulsed dye laser has been hampered by the 

lack of suitable delivery devices. Attempts to use artificial sapphire tips attached to bare 

cleaved optical fibres met with little success (Murray 1990), due to the rapid destruction 

of the tips by laser pulses. The production of integral ball-tipped optical fibres, in which 

the tip is in molecular continuity with the fibre (Murray 1989a), overcame this problem 

and lead to the development of a clinical programme using the pulsed dye laser. One 

problem which has become increasingly apparent, as experience has been gained with the 

device, is the difficulty in treating vessels with marked arterial calcification (see Chapter 

7). Failure is more likely in these circumstances, due to dissection. This was thought to 

arise from poor ablation, coupled with the use of force to try and drive the catheter 

forward through calcified plaque.

This finding goes against the work of Prince who showed that calcified plaque could be 

preferentially ablated, compared to normal arterial wall, using the pulsed dye laser at 482 

nm (Prince 1987). This work was carried out using a 320 pm diameter bare cleaved 

optical fibre without pushing against the tissue and was not representative of events 

occurring during clinical laser angioplasty, when the fibre tip is much larger and force is 

used to drive the device forwards through the obstructing tissue. The ball-tipped fibre 

also has a lower irradiance than a bare cleaved fibre, and studies carried out at St 

Bartholomew’s hospital have shown that only about two-thirds is illuminated (Murray 

1990). This was demonstrated by photographing the ball-tipped fibre submerged in a 

dilute solution of indian ink, and measuring the beam width at the ball - ink interface, in 

comparison to the diameter of the ball which could be seen faintly outlined. Although the 

presence of the ink would affect the beam divergence beyond the ball, it would not affect 

the internal reflections within the optical fibre giving rise to the beam, so that this 

measurement was regarded as being representative of the "true" beam diameter at the front 

face of the ball.
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More recently, newer multifibre catheters (MFC) have been developed for ’over-the-wire’ 

procedures in both the coronary and peripheral circulation. These devices are being 

marketed as atraumatic delivery systems that can be used as stand-alone devices with the 

pulsed dye laser. They hold the promise of being less traumatic than bare fibres, but they 

contain relatively large non-illuminated surfaces, which may diminish the efficacy of 

tissue ablation. At the time this experiment was performed, the qualities of these devices 

were unknown, as they had not be used in the clinical situation, and no laboratory data as 

to their relative efficacy was available. It was clearly desirable that information be 

obtained as to the efficacy of these devices in ablating arterial tissue prior to their use in 

patients.

AIM OF THE STUDY

This experiment was designed to examine the ability of both ball-tipped and multifibre 

devices to ablate soft yellow, fibrous and calcified plaque, compared to the ablation of 

normal arterial wall. It aimed to establish if any of the devices offered a greater safety 

margin in terms of the differential ablation of plaque and normal wall.

STUDY DESIGN

The devices that we compared were two sizes of MFC, 7 & 9F (CeramOptec, Bonn, 

Germany) and our current clinical device, a 2.3mm ball-tipped optical fibre (Fig 4.2).

This size ball was chosen as it is the size used for percutaneous clinical cases and is also 

the same diameter as the 7F MFC.

Specimens of human aorta were obtained fresh from the post-mortem room within 24 to 

36 hours of death. At that time, the aorta was dissected to remove the surrounding tissue. 

The aorta was then opened and washed under running water to remove any blood within 

the lumen and on the outer surface. It was then cut into approximately 2 inch lengths and 

snap frozen in sealed bags under liquid nitrogen. Prior to the experiment, the specimens 

were stored, in the bags, in a freezer maintained at -70°C. All the experiments described 

were carried out within ten days of freezing the specimens.
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SALINE

m ARTERY

Figure 4.1 Diagram showing relationship of fibres to target tissue, and approximate shape of resulting 
craters.

Figure 4.2: Photograph of 7 Fr MFC (left), 2.3 nun ball-tipped optical fibre (centre) and 
a bare cleaved 600 um optical fibre (right).
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Specimens were thawed at room temperature (25°C) by immersion under saline and 

placed, without being pinned, on a non-reflective surface under saline, to avoid any effect 

of tissue tension on subsequent crater size. Delivery devices were placed in contact with 

target tissue perpendicular to the tissue surface and weighted, by the attachment of brass 

cylinders of known weight, to produce a constant downwards pressure of 230 kPa (lOOg 

for 2.3mm diameter devices, and 166g for 3.0mm devices) (Fig 4.1).

This experiment is removed from the clinical situation in which blood is present in the 

field of lasing. It was decided to perform the experiment under saline to allow accurate 

monitoring of the placement of devices in contact with the chosen target tissue, which is 

not possible if blood was present The effect of blood has been previously studied at St 

Bartholomew’s Hospital. Ablation of both plaque and arterial wall is enhanced in the 

presence of blood using the pulsed dye laser, probably due to containment of the beam 

(by reducing reflection losses), but the relative proportion of plaque and normal arterial 

wall ablated remains constant irrespective of the concentration of blood used (Mitchell 

1989, Murray 1990). The primary aim of this study was to compare the efficacy of 

ablation with different devices and it was felt that results obtained under saline would be 

representative of effects occurring in a blood filled medium.

Four different tissue types were studied, normal arterial wall and three types of plaque, 

fibrous, soft yellow and calcified, based on the classification of Ross and Glomset (Ross 

1976a).

All ablation experiments were performed with the devices in contact with and 

perpendicular to the target tissue. Lasing was carried out at room temperature (25°C) at 

504 nm with a pulse duration of 1 ps at a repetition rate of 10 Hz. We used 100 pulses at 

five device output energy levels, between 50 and 125 mJ per pulse. These energy levels 

were chosen as they represented a range from approximate ablation threshold with bare 

fibres (Murray 1990), to the tolerated launch energy limit of the smallest MFC. The 

wavelength used was chosen as previous work has demonstrated that preferential ablation 

of atheromatous plaque (as opposed to normal arterial wall) peaks at around 480 - 510 nm 

(Bowker 1986, Prince 1986a, Murray 1990).
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A minimum o f six craters were created at each energy level for each catheter, in each of 

four types o f target tissue: normal arterial wall, fibrous (white) plaque, soft yellow plaque 

and calcified plaque.

Figure 4.3: Scanning electron micrograph of a crater produced by a 2.3 mm ball-tipped 
fibre. Note the double crater shape.

F igure 4.4: Scanning electron micrograph of a crater produced by a 7 Fr MFC. Note the 
central pillar o f non-ablated tissue.



Crater m easurem ent was carried out immediately after lasing using a calibrated binocular 

light m icroscope (Wild Leitz, Gennany) with surface illum ination o f the tissue specimens. 

Prior to measurement, the specimens were stained by brief im mersion in dilute indian ink, 

to enhance detection of the crater outlines, and then kept m oist with saline. Crater area 

was measured using an eyepiece graticule (Graticules Ltd, Tonbridge, UK.) and depth was 

measured by recording the m ovem ent o f the focal plane from top to bottom o f the crater 

in a single progressive sweep. This latter m easurement carried the largest error o f +/- 

10% on repeated calibration o f the microscope. Each crater was measured three times. 

The volume of tissue removed was derived from these m easurem ents and expressed as 

mm3 per 100 pulses.

'  '  '  '

MULTIFIBREB A L L - T I P P E D

Figure 4.5: Diagram illustrating the dimensions measured on each of the ball-tipped and multi-fibre 
craters, these were used to compute a volume of ablation.

To enhance the understanding of crater morphology, representative histological cross- 

sections were obtained plus scanning electron micrographs to examine crater shape. (Figs 

4.3, 4.4). The ball-tipped craters were measured in two parts, an upper wide crater, whose 

volume was calculated as a truncated cone and a low er deeper crater, which was modelled 

as a cylinder, based on the diam eter of its upper m argin (Fig 4.5). The multi-fibre 

catheters gave rise to a doughnut shaped crater with a central pillar o f non-ablated tissue.
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Measurements were made of the crater diameter and depth, and the pillar height and 

diameter. The crater and pillar were modelled as cylinders, and their calculated volumes 

subtracted from one another, to give the resulting volume of tissue ablated.

Following measurement, specimens were placed in 0.1 M cacodylate buffered 

glutaraldehyde. Representative samples from all catheter and tissue types were measured 

by two observers on separate occasions, to assess the reproducibility of measurement.

STATISTICAL ANALYSIS

Statistical analysis was performed using a computer statistical software package (Minitab 

7.1, Minitab Inc, State College, PA. USA) to obtain a multiple regression for comparison 

of data. This was achieved by creating an analysis of variance to look for significant 

differences in volume ablated for varying plaque types with respect to energy. If 

significance was found, then the effects were partitioned with respect to the catheter type 

using the table of variance. Significance was set at a level of probability of p<0.05.

RESULTS

There was a difference between the observers (Fig 4.6) with a mean of -0.0364 mm3 ±

0.034 (95% Cl). Inspection of the plot reveals that the spread of measurements was 

smaller in the smaller volume craters, with the scatter being larger in the larger craters.

The data from the ablation experiments is presented graphically (Figs 4.7 - 4.9) as mean 

volume ablated per 100 pulses ± 2 sd with regression lines marked on the graph (see 

appendix 1). At 125 mJ/p, the 7F MFC suffered fibre damage at the proximal end of the 

fibre bundle, leading to a fall in power output, which limited the energy that could be 

applied to the tissue. At 125 mJ/p the ball-tipped fibre began to perforate soft yellow 

plaque which made it more difficult to accurately measure the crater depth. This is shown 

by the wider scatter of data when measurements were made following ablation of yellow 

plaque.
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For each device the largest craters were achieved in soft yellow plaque with significantly 

smaller lesions in fibrous plaque. In normal arterial wall the craters were always 

significantly smaller than those in fibrous plaque. In normal wall and fibrous plaque the 

7F MFC (Fig 4.6) ablated significantly greater volumes of tissue than the 9F device (Fig 

4.7) which was, in turn ablated significantly more tissue than the ball-tip. The ball-tipped 

device (Fig 4.8) produced the greatest ablation of soft yellow plaque. In soft yellow 

plaque the differences in volume ablation between the three devices did not reach 

statistical significance. This was due to the greater variability of plaque colour which 

contributed to the wide scatter of the data.
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Figure 4.6: Altman and Bland plot showing difference between measurements plotted against the 
mean o f the two measurements. Dotted lines represent 2 standard deviations.
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Figure 4.7: Graph showing tissue ablation with the 7Fr multifibre catheter. Data plotted as means 
± sd. Regression lines marked for normal wall, fibrous and soft yellow plaque.
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Figure 4.8: Graph showing tissue ablation with the 9Fr multifibre catheter. Data expressed as means 
± sd, with regression lines shown.
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Figure 4.9: Gnipli showing tissue ablation with the 2.3 mm diameter ball-tipped laser fibre. Data
expressed as means ± sd. with regression line shown.

Figure 4.10: Scanning electron micrograph showing calcified plaque that has been 
exposed to 125 mJ/p x 100 pulses from a 9 F MFC.
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Figure 4.11: Scanning electron micrograph of calcified plaque following exposure to 125 
mJ/p x 100 pulses from a 2.3 mm ball-tipped optical fibre. Note surface crazing and 
minimal crater fonnation.

When the effect of laser energy on calcified plaque was examined, using these devices, it 

was found that both MFCs were unable to produce craters. With energies of 

approximately 125mJ/pulsc it was possible to shatter calcium (Figs 4.10, 4.11), but this 

was dependent on the colour o f the plaque, white plaque being more resistant than yellow. 

At energy levels above 125 mJ/p, the laser beam caused severe damage to die proximal 

fibre bundle of the M FC's during launching, resulting in a rapid fall-off o f the energy 

emitted at the tip of the device. With the ball lip, it was possible to shatter plaque at 

energies around 100 mJ/p and to produce small craters at 125mJ/p.

To try to assess the power tolerance of cleaved optical fibres, a brief experiment was 

conducted using a frequency doubled Q-swilchcd Nd:YAG laser at 532 nm, which is close 

to the wavelength used in this study. Using an 8 ns pulse width at 20 Hz, fibre damage 

occurred at laser outputs between 80 and 125 mW, which is equivalent to between 500 - 

800 kW peak pulse power. This is not much greater than that developed with the pulsed 

dye laser and would appear to indicate that attempts to increase energy deposition into 

calcified plaque by using very short duration pulses is likely to be limited by the tolerance 

of the optical fibres. Although various techniques may be employed to prevent fibre
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damage occurring, these would limit the energy available to load the fibre and would not 

permit increased power output

LASER DEVICE IRRADIANCE

CATHETER FIBRE NUMBER IRRADIANCE % ILLUMINATION

320 pm FIBRE single fibre 1243 W/cm2 100

7 Fr MFC 12 x 200 pm fibres 24 W/cm2 9

9 Fr MFC 19 x 200 pm fibres 13.4 W/cm2 8

2.3 mm BALL 

TIP

single ball tip 24 W/cm2 36

Table 4.1: Calculated irradiance of catheters studied at 100 mJ/p, 10 Hz output. (1 W 
output, calculated for total area of catheter). % Illumination = percentage of front face of 
device illuminated.
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This study demonstrates that the previously described preferential ablation of plaque by 

the pulsed dye laser, using bare cleaved optical fibres under saline, is reproducible with 

newer delivery devices. The inter-observer difference, shows that the results of the 

experiment are reproducible. The 95% confidence intervals allow further interpretation of 

the data presented in figures 4.7 - 4.9, the separation of the data for differing plaque types 

is maintained, when allowance is made for observer error, in all cases except for the 

difference between normal and fibrous plaque for the ball-tipped fibre. The implication of 

this finding is that the differences seen between each type of tissue would be maintained 

for a different observer, with the possible exception of the difference between normal wall 

and fibrous plaque seen with the ball-tipped fibre.

Two criticisms may be levelled at this study. Firstly, the experiment was performed under 

saline, whereas lasing takes place under blood in the clinical situation. This criticism has 

already been addressed in the section relating to study design by stating that previous 

experimental work had demonstrated that blood had a identical effect on the rate of 

ablation of both plaque and normal arterial wall (Mitchell 1989).

The second criticism that may be raised is that in the clinical situation the device is 

presented to the target tissue at a variety of angles when lasing is undertaken within the 

lumen of an artery. It has been shown that altering the incident angle of the laser fibre to 

the target decreases the efficacy of ablation, presumably due to an increase in the spot size 

and associated decrease in the fluence (Cross 1987b). A perpendicular approach was 

chosen for two reasons. Firstly, attempts to repeat Cross’s work with weighted bare fibres 

under laboratory conditions, showed that placement of fibres at angles against tissue 

samples lead to distortion of the tissue so that it became rucked up in front of the fibre 

face. Lasing therefore took place effectively in a perpendicular position. Secondly, 

attempts to standardise the force applied using devices at varying angles to the tissue was 

not possible due to the floppy nature of the MFC, which tended to sag until the weighted 

part of the fibre was supported by the tissue. In addition, placing the ball tip at an angle 

to the tissue resulted in it skidding off the tissue when lasing commenced, creating 

variable and uninterpretable effects. Whilst this may be of relevance in the clinical 

situation, intra-operative ultrasound studies performed by the author have shown that when
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pressure is applied to the ball-tipped device during lasing, the artery becomes distorted 

resulting in the plaque being presented to the ball at approximately 90°. Further work 

using bench models of atheromatous arteries at St Bartholomew’s Hospital has shown that 

the application of longitudinal force to a laser device always results in bending of the 

artery. It is for these reasons, that it was decided to perform the experiment with the 

devices perpendicular to the target tissue to allow a standardised and reproducible 

comparison of these devices. The use of saline as the lasing medium allowed accurate 

placement of the delivery device in contact with the chosen target tissue. In addition, the 

experimental design has the advantage of being readily repeatable and applicable to any 

future devices produced for laser angioplasty.

VARYING DEVICE BEHAVIOUR - MECHANICAL EFFECTS

It would be expected that the 7F MFC and the 2.3 mm ball-tipped fibre would behave 

identically, as they both have similar areas of device presented to the tissue, and similar 

irradiance for a given energy output. However, this is not the case as the 7F MFC (and 

the 9F MFC with its lower irradiance) ablated significantly larger amounts of normal wall 

and fibrous plaque. When soft yellow plaque was ablated, the effects were different, with 

the ball-tipped fibre ablating a greater volume of plaque than either the 7 or 9F MFC, 

though these differences did not reach statistical significance. There is no ready 

explanation for these observations if one believes that ablation is entirely dependent upon 

irradiance. However, this study was designed to examine, albeit in a very simplified way, 

the added effect of pressure applied to the delivery device during lasing. The reason for 

this is that pressure is invariably applied to aid the progress of the laser device during 

clinical laser angioplasty and to fail to take account of this component is to ignore the 

potential contribution of mechanical factors to the success of the procedure.

The experiment as performed clearly illustrates that the tissue - device interaction is not 

simply controlled by the irradiance of respective devices, or one would expect equivalent 

ablation from the 7F MFC and the 2.3 mm ball. The most probable explanation for the 

differing findings is that mechanical factors play a role in the ablation of plaque. The 

increased ablation of soft yellow plaque compared to other forms, by all devices, would 

support this observation as one would expect the device to progress faster through softer
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tissue, especially if that tissue is pigmented to enhance the absorption of laser energy as is 

the case with yellow plaque.

However, this type of soft plaque is uncommon. The most frequently occurring lesions 

are composed of fibrous plaque. Ablation of fibrous plaque was achieved most easily 

with the 7F MFC, but this device also showed the lowest differential between fibrous 

plaque and normal wall. Both the ball-tipped and 9F MFC devices exhibit a greater than 

2:1 differential between fibrous plaque and normal wall making them potentially safer.

The 2.3 mm ball and the 9F MFC removed very similar volumes of tissue. There was a 

difference in how this was achieved, the 9F MFC advancing on a broad front producing 

wider, shallower craters and the ball-tipped fibre tending to cut through the tissue, 

producing narrower deeper craters and on two occasions causing perforation of the plaque. 

In view of this, it is likely that the measurements of ablation by the ball-tipped device 

represent an underestimate of the amount of tissue removed, as it was harder to detect the 

bottom of the narrower, but deeper craters.

The reason for this difference probably lies in the differing shapes of the two types of 

device. The ball has a round front face and is in contact over a smaller area of tissue at 

the start of lasing, whereas the MFC’s present a broad flat face in contact with the tissue. 

Mechanical forces, such as shock waves, generated by pulsed lasing would escape more 

readily from under the ball than the MFC (Fig 4.12). The effect of this in firm tissue 

such as normal artery or fibrous plaque would be that the ball would stand proud of the 

surface initially with only a small are in contact with the target The curved front face of 

the ball would allow shock waves to escape readily, whereas the flatter faced MFC’s 

would be applied more closely to the tissue constraining the dissipation of shock waves. 

This situation would only pertain until the ball became embedded in the tissue, when 

shock waves would be equally constrained by the contact between the tissue and the 

devices, leading to equivalent effects on the target tissue. The relatively sharper profile of 

the ball might be expected to advance more rapidly. This would explain why the ball 

seems to ablate more soft yellow plaque than either MFC, as mechanical factors may well 

predominate in the ablation of soft tissues.
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Figure 4.12: Diagram illustrating putative Shockwave propagation under front face o f ball 
and MFC.

Looking at the shape of the craters produced, the ball tipped device produced a double 

cone shaped crater, which is ascribed to focusing o f the beam during laser ablation. The 

upper portion of the crater showed a significant increase in diameter with increasing 

energy, which can be related to the cord of the surface in contact with the tissue.

The MFCs broadly cylindrical shaped craters are in keeping with their blunt profiles. 

However, the remaining central ’pillar’ opposite the guide wire lumen may slow the 

progress o f the device. This has implications if the device is going to be used w ithout a 

guide-wire in total occlusions. With higher energy levels, the "pillar" was partly ablated, 

but the crater diam eter remained constant.

The difference between ablation o f normal wall and soft yellow plaque is greatest in the 

ball tipped device. This ablated the lowest volume of normal arterial wall and could 

therefore be said to demonstrate a "wall sparing" effect compared to the MFCs.

M any authors have claimed to be able to ablate calcific disease as the result o f studies 

using bare cleaved optical fibres (Prince 1986a, Murray 1988). However, calcified plaque 

adversely effects the clinical outcome of laser angioplasty using all types of lasers
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described in the literature. The newer devices are not effective at ablating calcified 

plaque. This probably relates to their much lower irradiance compared to that of a bare 

cleaved fibre. However, the inability to launch energies in excess of 125 mJ/p into the 7 

F MFC, and the limited power output of the laser did not allow this part of the study to 

be undertaken. Despite a service overhaul, the maximum power output remains between 

300 - 350 mJ/p. Modifications will be required to significantly improve the output of the 

laser. If this can be arranged, then it will be possible to carry out a further study into the 

parameters that will best ablate calcified plaque.

Further work is required to examine ways of designing fibres to transmit higher energy 

loads without disintegrating. The alternative approach is to return to using bare fibres or 

fibres with very small tips, but this would require careful control of tip mobility, as 

illustrated by the high rate of perforation seen in clinical series, which used bare fibres, 

when the tip was not controlled (Cumberland 1986b, Geschwind 1991). It may be that 

future systems incorporating feedback information will allow adjustment of power to 

ablate calcium when it presents to the laser catheter.

SUMMARY

This experiment describes the tissue ablating characteristics of ball-tipped optical fibres 

and multi-fibre catheters. The preferential ablation of plaque previously described using 

bare fibres with the pulsed dye laser is maintained. Differences occur in the behaviour of 

similar sized devices, which cannot be explained satisfactorily in terms of pure laser - 

tissue interaction. Mechanical factors probably play an important role in the rate of tissue 

ablation with differing devices.

Problems remain with the ablation of calcified plaque, which could not be ablated at pulse 

energies at the limit tolerated by one of the devices. It is clear that future studies into the 

efficacy of laser ablation of vascular tissue should be carried out with clinically relevant 

devices. Further developments will be required to optimise the design of laser delivery 

devices to tolerate the fluences required for ablation of calcific plaque.
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CHAPTER 5: A COMPARISON OF STAND-ALONE LASER ANGIOPLASTY 

AND BALLOON ANGIOPLASTY

INTRODUCTION

As previously described (chapter 2), balloon angioplasty acts by splitting of arterial plaque 

and stretching of the underlying wall with smooth muscle cell injury. These events lead 

to the exposure of thrombogenic plaque constituents and the sub-endothelial layers of the 

arterial wall. Platelets rapidly adhere to such surfaces, with maximal adherence occurring 

within a couple of hours (Wilentz 1987). Their activation leads to the local release of 

mitogens (Faxon 1987). The release of these mitogens coupled with the stimulation of 

smooth muscle cell hyperplasia by stretching of the vessel wall (Clowes 1989), leads to 

intimal hyperplasia. The central role of platelets in this process was demonstrated by the 

inhibition of smooth muscle cell proliferation (but not re-endothelialisation), in the 

presence of thrombocytopenia (Friedman 1977).

Whilst balloons achieve recanalisation by displacement and splitting of plaque, lasers 

ablate atheroma in vitro (Prince 1986b, Murray 1990). The implication of this finding is 

that laser angioplasty performed with a suitable delivery device, should ablate plaque with 

less disruption and possibly less stretching of the underlying arterial wall. In addition, 

laser angioplasty offers the potential for treating longer arterial occlusions by less invasive 

methods than bypass surgery. Although longer lesions can be treated successfully, the 

channel produced by current laser devices in clinical practice is inadequate to support 

sufficient flow to prevent re-thrombosis (Cross 1987a). This means that following clinical 

laser recanalisation the channel created will require concurrent balloon dilatation. 

Following clinical laser angioplasty with balloon augmentation, the restenosis rates are 

very similar to those seen after PTA. Previous animal studies have suggested that a stand 

alone laser angioplasty might result in less intimal hyperplasia than balloon angioplasty 

(Sanborn 1987).

At the outset of this thesis, many new devices were being developed for laser angioplasty 

and it appeared that a stand-alone procedure (an adequate laser channel without the need 

for balloon augmentation) would soon become a clinical reality. This has subsequently
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been realised in the coronary circulation, but remains an elusive goal in the lower limb 

arterial tree.

This experiment was designed to test the efficacy of stand-alone laser recanalisation with 

ball-tipped optical fibres, in comparison to balloon angioplasty, using the pulsed dye laser. 

The experiment was conducted in a well established experimental animal model, the 

atherosclerotic New Zealand White rabbit. The experiment was designed as a prospective 

randomised trial of stand alone laser angioplasty with ball-tipped fibres (LA) against 

balloon angioplasty (BA) and was intended to examine the following:

1. The ability of laser and balloon to create similar sized channels in 

diseased vessels. This was assessed both angiographically and by 

histological morphometry.

2. The extent of platelet uptake onto treated surfaces following both 

LA and BA.

3. The extent of restenosis following LA and BA. This was assessed 

both angiographically and histologically.

4. The amount of plaque fracture and dissection occurring after both 

LA and BA.

MATERIALS AND METHODS

Forty-four male New Zealand White rabbits (3 kg) were anaesthetized with 0.1 ml/kg 

Hypnorm (Fentanyl citrate 0.315 mg/ml + Fluanisone 10 mg/ml). In addition the skin of 

incision sites was anaesthetized with 1% lignocaine. The rabbits underwent balloon de- 

endothelialisation, of their iliac arteries, using a 4 F Swan-Ganz catheter (Baxter Health 

Care, Newbury, Berks. UK). This was introduced through an arteriotomy in the left 

carotid artery and passed under fluoroscopic control to the level of the profunda femoris 

artery bilaterally. The balloon was inflated with air and withdrawn through the iliac 

arteries three times on each side. This resulted in endothelial cell removal without
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stripping of the underlying internal elastic lamina or media. Following recovery from the 

procedure, the animals were fed a rabbit chow diet to which had been added cholesterol 

powder (2% w/w) (SDS, Witham, Essex. UK). Animals were kept on this diet for 4 

weeks by which time they had evidence of atheroma formation, both angiographically and 

histologically. Throughout the experiment, all animals were housed and treated in 

accordance with the Animals (Scientific Procedures) Act 1986.

Animals killed without undergoing angioplasty served as controls for comparison with 

those being treated. Animals in the treatment group underwent angioplasty with both laser 

and balloon, the treatment being allocated to right or left iliac artery at random, by coin 

toss. As arteries were treated sequentially at the same procedure, the order in which the 

laser and balloon angioplasty were carried out was also determined by prior 

randomisation.

Angioplasty was undertaken via an incision in the thigh, with the devices being introduced 

retrogradely into each superficial femoral artery, distal to the profunda femoris artery 

origin. Balloon angioplasty was performed with a 2.5 mm coronary balloon-on-a-wire 

catheter ("Probe" USCI, Billerica, MA. USA). Under fluoroscopic control, the catheter 

was advanced until the balloon reached the aortic bifurcation. The balloon was then 

inflated twice for 30 sec to 6 atm, and overlapping inflations performed throughout the 

iliac and upper femoral arteries. Laser angioplasty was undertaken with a 400 pm 

diameter quartz optical fibre, on which had been fashioned a 2.3 mm ball tip (Dunn Labs, 

St Bartholomew’s Hospital, London. UK). The fibre was coupled to the pulsed dye laser 

operating at 480 nm. The laser was pulsed at 10 Hz with a pulse energy averaging 34 

mJ/p (range 28 - 40 mJ/p). This is above the threshold for ablation of plaque in this 

model, which was assessed by placing a 2.3 mm ball-tipped 400 pm fibre perpendicularly 

in contact with rabbit atheroma under saline. Lasing was carried out at varying pulse 

energies and threshold defined as that which produced visible evidence of crater formation 

in 50% of attempts using 100 pulses at 10 Hz (Table 5.1).

Progress of the laser device was monitored fluoroscopically by observing the position of a 

small metal collar attached immediately behind the ball. The device was passed 

proximally, until resistance was felt, at which time the laser was activated. The device 

was then passed up to the level of the aortic bifurcation and then up and down the iliac
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PULSE ENERGY PERCENT CRATER FORMATION
mJ/p

20 0

25 40

30 65

Threshold lies between 25 and 30 mJ/p, at approximately 27 mJ.

Table 5.1: Showing the percentage of crater formation following ablation of rabbit
atherosclerotic plaque at various energy levels. 100 pulses at 10 Hz.

artery twice with the laser firing, or until any resistance to its passage had ceased. Great 

care was taken not to push hard on the device either with the laser active or inactive, as 

this almost always resulted in perforation and dissection of the arterial plaque.

At the end of each procedure, the superficial femoral artery was ligated, in mid-thigh. 

Animals being kept alive to be examined for restenosis were returned to their cages and 

fed a normal rabbit chow diet for the remainder of the study.

Platelet Deposition Experiment

Nine animals took part in a study of platelet deposition onto treated vessel surfaces. On 

the day of operation, animals were bled from the central ear artery. 17 ml of blood was 

collected into a sterile tube containing 3 ml acid citrate dextrose (ACD). Platelets were 

harvested and labelled with "Tcm Hexamethyl propylene amine oxime (HMPAO), as 

described previously (Danpure 1988, appendix 3). After labelling, the "Tcm-HMPAO 

labelled platelets were re-injected into the rabbit, within 1 hour.

Platelets which have been harvested in this manner may be damaged. To check this, a 

platelet suspension was prepared and tested for aggregation in an aggregometer, using 

ADP at a concentration of 0.8 and 1.6 pg/ml. The platelets underwent the expected shape 

change and aggregation that would be seen from undamaged platelets (Bom 1962, Lidbury 

1990) (Fig 5.1).
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Figure 5.1: Example o f platelet aggregation in response to 2 doses of ADP at 0.8 (upper 
trace) and 1.6 pg/ml (lower trace). T im e on x-axis, decreasing optical density on y-axis. 
The trace shows a brief delay following administration o f ADP, followed by a dip in the 
trace due to shape changes o f the platelets which increase the optical density. This is 
rapidly followed by aggregation, resulting in a rapid fall in the optical density. These 
traces are identical to those seen with normal undamaged platelets (Lidbury 1990).

Platelets were re-injected into the rabbits immediately prior to angioplasty and scans were 

obtained after they had been allowed to circulate for three minutes. The abdominal scans 

were examined for the distribution o f radioactivity, as normal platelets will cluster initially 

in the spleen whereas damaged platelets are more readily sequestered in the liver (Heyns 

1980). In all the animals, the spleen was clearly visible as an area of marked activity, 

with little increased activity compared to background seen in the liver.
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Figure 5.2: Nuclear scans of a rabbit abdomen following angioplasty (upper left) and 
with regions of interest (ROI) (upper right). Note the "hot spot" of the spleen and 
relatively low uptake over the liver. Below are shown the curves obtained from the ROIs.
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Figure 5.3: Diagram showing curves obtained from a single iliac, aorta and background 
(left). The area under the calculated curve, (shaded, right) is used for analysis of the platelet 
uptake.
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Animals were scanned by a gamma camera prior to, and for 120 min after, angioplasty. 

Static views were obtained over 180 sec every 15 min. From these views, a single 

combined view was constructed, by exact superimposition of the static images. Onto this 

composite image was drawn regions of interest (ROI) over both external iliac arteries 

(EIA), untreated aorta and background, on six separate occasions. The ROIs were 

constructed so that the whole of the length of the external iliac artery was included within 

it, with the box being wider than the width of the artery to ensure that it was completely 

sampled in all the composite views obtained. At the end of each analysis of the scans, 

there were six sets of four numbers, representing aortic, background, right and left iliac 

arteries from pre-operative to 120 min post angioplasty. In order to standardise the 

interpretation of the data, a mean value of platelet uptake was derived. This was done by 

estimating "pure" arterial counts by subtracting the background count from the arterial 

count having standardised them for difference in ROI size (ie. the area of the ROI, which 

was known). This analysis derived three arterial counts from the aorta, right and left iliac 

arteries. In order to minimise variation in the size of counts due to uncontrollable factors 

such as biological variation and platelet labelling intensity, The iliac counts were 

expressed as a ratio of the aortic count. Following this analysis, a curve could be drawn 

for each iliac artery. The factor thought to be most important in influencing subsequent 

restenosis was thought to be total change in platelet uptake following angioplasty, as this 

would represent the total number of platelets undergoing release reactions at the arterial 

wall surface. A value for this was derived by taking the area under the curve, above the 

baseline measurements derived from the preceding analysis (Fig 5.3). The values derived 

from this analysis were used to compare platelet uptake between LA and BA. Figure 5.3 

illustrates the actual counts and calculated curve obtained for one iliac artery from one of 

the rabbits used in this study.

Angiography Experiment

30 animals underwent angiography prior to angioplasty, and these films served as controls 

for subsequent treatment. Angiograms were performed by introduction of a Swan Ganz 

catheter into the aorta from the carotid artery. Following occlusion of the distal aorta, 

which was accomplished by inflation of the balloon, an injection of Omnipaque 350 

diluted 1:1 with 0.9% saline was made. Angiograms were taken in a standard position,
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which was frequently calibrated, giving a magnification factor of 1.005. Seventeen 

animals had repeat angiograms immediately after angioplasty, (the difference between this 

num ber and controls was due to animals being killed for histological measurement as 

controls). Four weeks after angioplasty, 9 animals had further angiograms to assess 

restenosis. Animals in the platelet labelling study did not undergo pre-operative 

angiography, as die introduction of catheters would have altered platelet reactivity and 

aortic uptake.

Figure 5.4: Angiogram of rabbit iliac arteries taken before (left), immediately after 
(centre) and four weeks after (right) right laser and left balloon angioplasty. Note the 
development o f collateral circulation at four weeks.

X-rays were coded and all identifying marks removed. Arterial diameter was then 

measured by two separate observers, with one observer repeating the observations at a 

separate time more than two weeks after the initial scoring. The measurements were made 

directly from the films with electronic digital callipers, in 3 positions, the proximal EIA 

immediately beyond the Common iliac artery (CIA) bifurcation ("proximal"), the distal 

EIA ("distal"), just proximal to the origin of the inferior epigastric artery, and a point 

exactly midway between the two ("middle"). Analysis was undertaken using all 

angiograms in a pooled manner, and subsequently in a paired manner for those animals
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for whom more than one time point was available. A total of fourteen rabbits had X-rays 

which allowed a paired analysis. The consistency of the measurements were compared 

both within and between observers, using a method described for assessing the agreement 

between measurements (Bland & Altman 1986).

Histology Experiment

Immediately after the animals were killed, a catheter was introduced into the distal aorta, 

and the iliac arteries were perfused with formaldehyde solution 10% v/v at a constant head 

of pressure of 100 mmHg for 10 min, measured with a sphygmomanometer. Following 

this, the arteries were carefully dissected, from the aortic bifurcation to the level of the 

inguinal ligament. They were then placed in formaldehyde 10% v/v for at least 48 hr to 

ensure complete fixation. From each artery, two sections of 3 mm in length, were taken 

from the proximal EIA adjacent to the CIA bifurcation and from the distal end of the 

specimen, immediately proximal to the inferior epigastric artery origin.

These specimens were mounted in paraffin blocks and 4 pm transverse sections cut and 

stained, with an elastin stain. Four sections were mounted on each slide. The sections 

and stains were performed by a single member of the histology department laboratory 

staff, to optimise the consistency of preparation. This was important, as slight variation in 

preparation (section thickness and staining) might have had profound effects on the 

detection ability of the measuring system (Sowter 1990). The slides were coded and 

analysed using a semi-automated grey-scale computerised digital analyser (IBAS II, 

Kontron Electronics, Munich. Germany). This machine comprises a microscope, with a 

black and white television camera, to provide the image input. The rest of the machine is 

a dual processor comprising a host computer and an array processor. In addition there are 

a number of peripherals, comprising a keyboard, digitising tablet, printer, serial data 

interface and a microprocessor for driving the microscope stage and focus (this was not 

used for this experiment). The television image is captured by the machine as a grey 

scale image of the histological section (Figs 5.5 and 5.6), which is then digitised and 

processed by programmes written with the software within the machine. It is therefore 

important to use a stain which can be easily detected as changes in grey scale values by 

the processing equipment.
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Using this equipment, a program me was written to detect three boundaries, the two elastic 

lam inae, and die luminal border (Fig 5.6). Once these were defined, the areas between 

each were measured as:

1. Media

2. Intima

3. Lumen (Fig 5.7)

Data obtained was expressed in pixels following correction for magnification differences 

in a few cases. It was not felt appropriate to express the results as an absolute 

measurement, as this could lead to misinterpretation if comparisons were drawn with other 

systems, where differences in equipment could lead to both systematic and random 

variations, between die two. Extensive calibration of this machine has been undertaken

recently, and the error o f measurement is less than 2% (Sowtcr 1990).

F ig u re  5.5: Photomicrograph o f histological slide of an artery (left) with the digitised 
image captured by the com puter (right). Note die retention of detail by die computer 
image on die right.
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Figure 5.6: Lines marking internal and external elastic laminae derived by the computer 
programme are shown superimposed on digitised image o f the artery (left), to permit 
accurate identification. Following m inor editing to close any delects, the boundaries of 
the intima arc clearly defined in digitised form (right).

Figure 5.7: Final com puter image prior to m easurem ent, derived by taking the areas 
between the lines in figure 5.6, and the initial measurement of the lumen. Red = media, 
blue = intima and yellow = lumen. The green area is adventitia which is not measured.
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Where possible the section nearest to the label of the slide was used for measurement, 

alternative sections being used when this was unsatisfactory. To assess whether each section 

on the slide provided the same measurement, initial measurements were carried out on 10 

slides over the four sections. The sections were measured between 10 and 18 times. The 

coefficient of variation was less than 10%. This was considered to be low enough to allow 

the selection of another section, if the first on the slide was not satisfactory.

Incomplete sections were re-submitted for further sectioning of the paraffin blocks and 

remeasured. Only 4 arterial sections, out of a total of 62, were repeatedly unsatisfactory for 

the purposes of computerised measurement.

To analyse the variation of the preparation technique, the distal abdominal aorta, of one 

rabbit, over about 1.5 cm was perfusion fixed at the same time as iliac perfusion. The aorta 

at this point has an almost cylindrical bore. The specimen was left in fixative for two weeks 

and then divided into six equal portions. These were then coded to deliberately give the 

impression that they came from separate rabbits and prepared and sectioned individually on 

separate days. Sections obtained in this way were then subjected to automated measurement 

using the same programme. To try to assess the true variation in the measurement, analysis 

was carried out only on the media of the aorta, as this measurement was assumed to be 

unaffected by the presence of a thickened intima.

As well as computerised measurement, the coded slides were scored by eye for evidence of 

plaque fracture (a tear peipendicular to the plaque surface running down to the internal elastic 

lamina (IEL)) or dissection (lifting of plaque from the IEL ± disruption). This was possible 

both immediately and at four weeks following treatment, as such defects remained apparent. 

In sections obtained immediately following angioplasty it was also possible to detect intra

mural haemorrhage in some sections.

STATISTICAL ANALYSIS

Normally distributed data was analysed using Student’s t-test. All other data was analysed 

using Mann-Whitney U test for pooled data and Wilcoxon paired-rank test for paired data. 

Data expressed as contingency tables was analysed using Fisher’s exact test.
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The numerical data for these experiments is tabulated in appendix 3.

Platelet Deposition

The results from this experiment showed a wide variation in the response to both LA and BA. 

There was no significant difference between the uptake following balloon angioplasty; median 

24.46 [arbitrary units of uptake, ± -1.25 to 42.45 inter-quartile range] and laser angioplasty; 

median 15.1 [± 7.9 to 31.9, p=0.554] (Fig 5.8).

1 2 0 -.
Q  B A L L O O N
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- 2 0  -J 2 3 4 5
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6 7 8 9

Figure 5.8: Platelet uptake expressed as arbitrary units for each external iliac artery. Data is 
expressed as balloon and laser for each rabbit, p = ns (Wilcoxon paired rank test).
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Agreement between observers 

Rabbit angiography study
cn 2 . 5  - c Observers

2 -
O DCM v IBN1

O

A  DCM v IBN2

□  IBN1 v IBN2

o -0 .5 -u
a<u<D o

fc -1.5-
O O

O

-2 .5- O

Mean of pairs of observers

4

Figure 5.9: Plot showing difference between measurements plotted against mean of two
measurements. Lines show ± 2sd inter- (dashed) and intra-observer (dotted) measurement.

Angiography

There was agreement between the observations made both within and between observers, with 

a mean difference of zero in all comparisons, indicating that the mean observations were the 

same. The standard deviation of intra-observer difference was 0.256, and for the inter

observer difference they were 0.449 and 0.435 (Fig 5.9). In figures 5.10 and 5.11 the data 

is expressed as the mean for all three sets of observations.

The pooled data showed that there was a significant increase in lumen diameter, compared 

to control values, immediately following both balloon and laser angioplasty. At four weeks, 

there was significant restenosis in all arterial positions, compared to the immediate post

treatment lumen diameter, except at the laser treated middle position. There was no 

significant difference in lumen diameter between the laser and balloon treated arteries (Fig 

5.10), either immediately or after four weeks.

In the paired analysis, immediately following both BA and LA there was a significant 

increase in lumen diameter, compared to pre-operative control values at all three positions
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measured. There was no statistically significant difference in the increase in diameter 

between laser and balloon (Fig 5.11).

Four weeks later the balloon treated vessels had restenosed to pre-treatment diameters. 

However, in the laser treated group, there remained a significant increase in the lumen 

diameter compared to pre-operative controls, at the proximal and middle positions (Fig 5.11). 

At these two positions, the laser treated arteries had significantly greater diameters, compared 

to balloon. At the distal position, both laser and balloon treated vessels had restenosed 

equally, such that there was no difference between their respective diameters at four weeks.
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Figure 5.10: Graph showing results of angiographic experiment for pooled data. Data as mean ± sd. 
*p<0.05 vs control, +p<0.05 vs immediate.
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Overall the results of this part of the experiment were inconclusive, with few significant 

changes in arterial dimensions compared to the control, pre-operative, measurements.

1. Lumen

Following both LA and BA the cross-sectional area of the lumen increased compared to 

control. In the proximal position this increase was significant following LA but not BA. 

There was no significant difference between the two treatment groups (Fig 5.12, & Appendix 

2).

In the distal artery, there was a larger increase following BA than LA, with BA showing a 

significant increase compared to control. Again, no difference was demonstrable between LA 

and BA (Fig 5.13).
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Figure 5.11: Chart showing angiographic diameters of iliac arteries. Paired data as median and inter
quartile range. * p<0.05 vs pre-treatment, -f p<0.05 balloon vs laser 4 weeks.
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After four weeks the lumen had become smaller except in the BA proximal group in which 

there was a small non-significant increase in luminal area. In both LA positions and the BA 

distal position, the lumen area decreased by a non-significant amount. At all the times the 

lumen area was larger than control, but there was no significant difference, in luminal area, 

between the laser treated and balloon treated arteries at any position or time point.

2. Intima

The intimal area increased following BA in both the proximal and distal artery, with a 

significant change in the proximal position. Four weeks after BA there was a further non

significant increase in intimal area.

Following LA the intimal cross-sectional area fell significantly in the proximal position, 

consistent tissue ablation. However in the distal position, there was a slight non-significant 

rise in the area.

After four weeks, there was a rise in the intimal area in both positions, the areas being similar 

to pre-operative values and not significantly different from those of the controls or BA.

3. Media

There was a significant rise in the medial area compared to control following BA and LA in 

both proximal and distal positions, the changes being similar following BA and LA. At four 

weeks after initial angioplasty, the medial area had returned to pro-operative size in both BA 

and LA groups with no detectable difference between the two treatments.
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Figure 5.12: Bar chart showing areas for proximal iliac artery. Data in pixels as means ± sd. 
*p<0.05 vs control, -|-p<0.05 laser vs balloon.

Histology - Conclusion

Despite the trends shown, no significant could be demonstrated between LA and BA. Scoring 

of the vessels for plaque fracture and dissection, both immediately and 4 weeks post- 

operatively (Figs 5.14 & 5.15), revealed a high incidence in both LA and BA, at about 50%. 

There was no significant difference between BA and LA in the rate of these two findings 

(Table 5.1) .

There was a large variation in the data obtained from this part of the experiment, despite 

using a computerised measurement system, specifically designed to minimise observer bias 

and inaccuracy. The coefficient of variation of the aortic media area in six samples was 12%. 

When the coefficient of variation was calculated for the medial areas of both proximal and 

distal iliac specimens, it varied between 25 - 45% with the larger values in the restenosis 

group (appendix 3). It can be appreciated from these figures, that the processing of the 

arteries introduced a substantial proportion of the variation demonstrated, but that most of the 

variation was accounted for by variation between animals.
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Figure 5.13: Bar chart showing similar areas to fig 5.12 for distal iliac artery. Mean ± sd, *p<0.05 
vs control.
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Figure 5.14: Histological section through rabbit iliac artery, illustrating dissection in the 
media. Note the internal elastic lamina displaced to the right, with the neo-lum en to the left, 
x 40.
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F ig u re  5.15: Histological section showing evidence o f plaque fracture four weeks following 
balloon angioplasty. Note the tom  internal elastic lamina and plaque, with formation of neo- 
intima over the luminal surface, x 40.

NIL PLAQUE #
OR DISSECTION

IMMEDIATE

LASER 5 6
BALLOON 4 6

4 WEEKS

LASER 5 5
BALLOON 7 3

Table 5.2: Table showing rate of dissection and plaque fracture caused by recanalisation with laser 
and balloon angioplasty. p=ns Fisher’s exact test.
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This experiment showed that there was no difference between LA and BA in terms of platelet 

deposition onto treated surfaces. Laser angioplasty gave a superior result in terms of luminal 

diameter when assessed angiographically, but this could not be demonstrated using semi

automated histological measurement. Both treatments caused plaque fracture and dissection 

to an equal degree. The implication of these findings is that the trauma associated with laser 

recanalisation, using the ball-tipped fibres coupled to the pulsed-dye laser, is the same as that 

caused by balloon angioplasty, in this model.

Platelet Deposition

The amount of platelet uptake onto treated surfaces in this experiment varied widely, which 

accounted for the lack of difference between the two treatment groups. The wide variation 

in uptake could be attributed to the occurrence of dissection and plaque fracture in this model, 

which has been shown to be associated with increased platelet uptake (Marmur 1991). 

Marmur’s study showed that platelet uptake was markedly increased in the presence of plaque 

fracture or dissection. Methods which can recanalise without plaque fracture may be 

associated with less platelet deposition onto treated surfaces. It was hoped that the laser by 

ablating tissue rather than stretching it would be able to recanalise more cleanly, with less 

plaque disruption than balloon. Clearly this is not the case (table 5.1). Whether this is an 

inherent problem of applying pulsed laser energy to arterial tissue, or due to the relatively 

unsophisticated devices currently in use, remains a matter for debate. However, the 

implication of the finding of equal amounts of plaque fracture and dissection in both laser and 

balloon treated arteries, is that there is considerable mechanical injury associated with a stand 

alone laser angioplasty procedure in this model. Whether this is an inherent feature of 

angioplasty with the pulsed dye laser, or primarily related to the type of laser device used 

remains a matter for conjecture. It is clear that the current device does not offer a cleaner 

less traumatic means of recanalisation than balloon angioplasty, in this model.
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Both stand-alone laser angioplasty and balloon angioplasty cause an increase in the lumen 

diameter following treatment, when assessed by uni-planar angiography, however this is not 

so clearly seen using histological morphometry. Using the 2.5 mm balloon and a 2.3 mm 

ball-tipped laser fibre, similar size lumens were produced by each treatment

Angiographically the diameter of the arteries following treatment was just over 2.0 mm, being 

slightly, but not significantly, larger in the laser group. This arterial diameter is less than that 

of a normal uninjured artery in a 3 kg rabbit which is just under 2.3 mm. Both treatments 

failed to normalise the arterial lumen, despite being selected deliberately to achieve that end. 

The reasons for this are obscure, but may be due to either elastic recoil or spasm of the vessel 

wall following angioplasty.

The pooled data clearly showed that there was a significant increase in luminal diameter 

immediately following angioplasty by both balloon and laser. In addition there was 

significant restenosis four weeks later. The paired data, however, showed a slightly different 

result. Although there was a clear increase in luminal diameter immediately, as seen with the 

pooled data, four weeks later, the results were not so clear cut, with significant differences 

between LA and BA in the two proximal positions but not at the distal position. Examination 

of figure 5.11 shows that the largest difference between the two treatments occurred at the 

proximal position and that it progressively diminished as measurement progressed distally. 

The trauma due to stretching would be greatest in the smallest distal part of the vessel and 

least proximally. This may be responsible for the greater apparent restenosis in the distal 

artery, where one would expect smooth muscle cell injury to be greatest following application 

of mechanical forces to the vessel wall. Smooth muscle cell injury is known to be a 

stimulus to its own proliferation and subsequent intimal hyperplasia (Clowes 1989).

The implication of this finding is that the arterial response is closely linked to the degree of 

injury, which is determined by the size of balloon. The laser fibre would appear to cause a 

similar effect in relation to vessel size, even though it was deliberately selected to be a 

smaller size than the balloon. The laser fibre appears to cause as much vessel trauma as the 

balloon, either by purely mechanical means, or due to mechanical effects, such as shock 

waves, attendent on the application of pulsed laser energy. This is bom out by the
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histological scoring of the arteries for evidence of plaque fracture and dissection, which 

showed that this occurred with equal frequency in both LA and BA. There are clearly 

important mechanical factors involved in successful angioplasty using either the balloon or 

laser fibre. This study demonstrates that the laser - tissue interaction is only part of the 

process by which the laser fibre achieves recanalisation. However, attempts to pass an 

inactive ball-tipped laser fibre early in the process of setting up this experiment was 

uniformly unsuccessful, dissection or perforation of the artery resulting in all cases. The 

presence of laser energy clearly plays a significant role. The relative contributions of both 

mechanical and laser factors to successful angioplasty and to vessel wall trauma remains to 

be determined. Further study into the mechanism of recanalisation need to be undertaken, 

before it is possible to be certain that a true "stand alone" laser angioplasty procedure has 

taken place, however, although it would be possible to demonstrate that ablation took place 

in a bench model, by demonstrating a loss of mass following laser recanalisation, it would 

be very difficult to do more than infer this in vivo. The fact that some pressure is required 

to ensure progress of the device means that mechanical factors will always play a role in 

successful laser angioplasty. The problem remains as how best to maximise laser ablation 

of plaque and minimise mechanical trauma to the vessel wall. Further work, possibly with 

the use of a constant applied pressure to the device might help to answer the problem, but 

brief acquaintance with the technique of laser angioplasty demonstrates that the procedure 

requires both skill and a sensitive appreciation of tactical feedback to perform a successful 

angioplasty. At present therefore, the laser should be regarded as a means of supplying 

energy at the site of mechanical angioplasty to assist recanalisation.

Histology

Histological measurement was disappointing, despite using an objective measurement 

technique designed to eliminate observer bias. The lack of clear cut changes between the 

groups is due to the large variation in the data obtained. While some of this is due to natural 

variation between individual animals, the involved preparation of specimens, with pressurised 

perfusion fixation, sampling, sectioning, mounting, staining and measurement introduced 

further substantial variation into the data.
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Using the total variation obtained from the experiment, it is possible to calculate the number 

of rabbits that would be required for a significant result, using the technique described by 

Pocock with which the size of population required to obtain significance can be derived from 

the variation in a sample population (Pocock 1985). Although significant differences would 

be likely in some measurements with the addition of several animals, significance would only 

be obtained for most of the measurements with over 100 animals. This is clearly neither 

practicable nor desirable as the differences between the two techniques need to be substantial 

to suggest that there might be a worthwhile clinical effect.

Histological scoring was able to accurately identify plaque fracture and dissection, both in the 

immediate post-operative phase and at 4 weeks. Many of these features were not detected 

on angiography. Histological assessment of gross arterial wall injury was useful in this 

context, as it highlighted the high rate of plaque fracture and dissection seen with these 

methods of recanalisation. As discussed in the preceding section, the implication of these 

findings was that the mechanism of LA was as traumatic to the vessel wall as BA. 

Interestingly, the histological assessment of the arterial sections was also able to identify 

intra-mural haemorrhage, though this was not separately recorded. In a few gross instances, 

this was apparent on the digitised images, and this may account for the increase in medial and 

intimal areas seen on histological measurement, particularly following balloon angioplasty.

CONCLUSION

This experiment did not show a clear advantage from the use of a stand alone laser technique 

to recanalise atheromatous animal arteries, when compared to balloon angioplasty. The most 

striking finding is that the laser device caused as much mechanical injury to the vessel wall 

as the balloon. Whether this is a specific feature of the pulsed dye laser that would not be 

seen with other types of laser energy is a matter of debate. The use of lasers to provide 

thermal energy to remould atheroma as is seen with the hot-tip device (Sanborn 1987), has 

been shown to cause less restenosis when assessed angiographically, in the same animal 

model as used for this experiment. This might lead one to postulate that the mechanical 

shock waves generated by short pulsed lasers such as the dye laser used here, cause the injury 

seen. However, Sanborn’s group have also performed arterial recanalisation with the nano

second pulsed excimer laser and shown it to be less traumatic, in terms of platelet uptake
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onto treated surfaces, than the hot-tip device in the atherosclerotic rabbit (Marmur 1991). The 

evidence would seem to suggest that the wavelength and pulse duration are not critical to the 

outcome of this procedure.

The other question that remains to be answered, is whether the delivery device design plays 

an important role in the outcome of the procedure. It is clear from both early and late 

clinical series (Cumberland 1986a, Geschwind 1991) that bare cleaved optical fibres are more 

traumatic in terms of perforation of the arterial wall, than modified fibre tips of almost any 

design (see appendix 1, table 3). Bare cleaved fibres are associated with arterial perforation 

and aneurysm formation in experimental animals (Lee 1984a). In rabbit studies, the hot tip 

device causes marked thermal injury to the whole circumference of the arterial wall (Sanborn 

1985), and yet it is associated with an improved outcome in terms of vessel lumen diameter, 

compared to standard balloon angioplasty (Sanborn 1987). At the present time, the role of 

the delivery device is centred around its ability to track accurately within the lumen of the 

vessel, and few studies have compared devices directly in the live animal model or human, 

Marmur’s study being an exception (Marmur 1991). Further work in this area would be 

desirable. The ball-tipped device used in this experiment emits the laser beam from the 

central two-thirds of the ball diameter or less (Siedlitz 1990). This leads one to postulate that 

there must be a substantial mechanical element in the process of recanalisation. The clear 

difference in the ability of the device to progress through an atherosclerotic artery with the 

laser inactive or active clearly demonstrates that laser energy is an essential part of the 

process of recanalisation. Whether this is achieved by tissue ablation or mechanical 

disruption of tissue (using the pulsed dye laser), or by a combination of the two is still a 

matter for debate. There is no doubt that the laser can ablate atheroma (see chapter 4), but 

it is not established whether the ablation of atheroma is the principle means of recanalisation. 

To try and answer this question, further laboratory studies are being designed to answer this 

question in artificial arterial models initially.

The one factor that is clear from this experiment is that the current laser device in use with 

the pulsed dye laser was unable to recanalise vessels less traumatically than balloon 

angioplasty. Stand alone laser angioplasty is unlikely to have a major impact on the 

recurrence rate following angioplasty using current technology, although it appears to extend 

the severity of disease to which angioplasty techniques are applicable. Advances in catheter 

design may allow laser angioplasty to recanalise atheroma more cleanly with less evidence
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of plaque fracture. In this event, greater benefits may accrue from the application of a stand

alone technique.

The result of this experiment requires cautious interpretation as to the meaning of the findings 

presented. Equivalent recanalisation can be achieved with a smaller laser device than balloon, 

but at the same cost of dissection and plaque fracture, implying that the two processes are 

equally traumatic to the vessels. Four weeks later, there is angiographic evidence that the 

laser may provide a small benefit in terms of restenosis, in arteries that are of equivalent size 

to the laser device (ie. the proximal arteries in this study). If this is the case, then improved 

delivery device design to allow less traumatic recanalisation might result in an improvement 

in the long-term patency following angioplasty. However this study was unable to 

demonstrate this.

Restenosis arises as a result of complex interactions between the process of recanalisation, 

the vessel wall, platelets and other cells in the blood stream. Balloon angioplasty works 

because it is able to fracture and displace plaque by stretching of the muscular component of 

the arterial wall. This is thought not to be the case with the stand-alone laser technique that 

is described, in which the device diameter is deliberately chosen according to the size of the 

non-diseased vessel. However, the histological scoring of the vessels in this experiment do 

not support this contention. It would appear that mechanical factors, related to the device and 

the application of laser energy play a substantial role in the success of laser angioplasty.

Although platelet uptake did not differ between LA and BA in this experiment, some of the 

other stimuli to smooth muscle hyperplasia, such as stretching, may be reduced by the use 

of a ball-tipped laser fibre that is smaller than the balloon. It is possible that this underlies 

the differences in restenosis observed angiographically in this experiment. Indeed Clowes 

study which examined this factor demonstrated that stretching of the arterial wall is a potent 

stimulus to smooth muscle hyperplasia (Clowes 1989). Further work is required to elucidate 

the exact role of stretching and local shear forces induced by the balloon and laser to 

determine the validity of this proposal.

The similar platelet uptake between laser and balloon treated surfaces produces an equivalent 

long term response. Drugs capable of effectively modifying platelet deposition onto
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angioplasty sites might make the results of successful procedures more durable, which would 

enhance the role of angioplasty in the treatment of occlusive arterial disease.
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CHAPTER 6: BETA CAROTENE UPTAKE INTO ATHEROSCLEROTIC PLAQUE: 

ENHANCED STAINING AND PREFERENTIAL ABLATION WITH THE PULSED 

DYE LASER

INTRODUCTION

The yellow colour of atherosclerotic plaque is due to the presence of naturally occurring 

pigments called carotenoids (cf chapter 3). These are present in all plants and are thought 

to protect cell membranes from damage during photosynthesis by quenching free radicals. 

Their presence in atherosclerotic human aortas was described 30 years ago (Blankenhom 

1960). Dietary supplementation with 6-carotene can increase plaque concentrations in 

humans undergoing carotid endarterectomy (Prince 1988). However, when the drug is given 

orally, uptake into the blood is slow and variable (Prince 1991). 6-carotene is also of 

potential therapeutic benefit in humans in whom its administration has been shown to reduce 

subsequent cardiovascular events (Gaziano 1990). 6-carotene is highly fat soluble, and 

carried in association with Low Density Lipoprotein (LDL) (Krinski 1958).

Carotenoids absorb light at specific wavelengths between 430-530 nm. In vitro experiments 

their presence accounts for the preferential ablation of plaque, compared to normal arterial 

wall, following the application of laser energy of appropriate wavelengths (Prince 1986a, 

Murray 1988). This has lead to the successful application of the pulsed dye laser for 

angioplasty of human occlusive peripheral vascular disease (Murray 1989b). Methods of 

increasing the differential ablation of plaque have important implications for improving both 

the safety and efficacy of laser angioplasty. 6-carotene is a substance that has been given 

safely to humans over the last twenty years, for the treatment of photosensitivity in 

erythropoietic protoporphyria (Mathews-Roth 1977a & b). Administration of 6-carotene to 

patients can result in plaque pigmentation (LaMuraglia 1989). Increasing plaque 

concentrations to a greater degree than normal arterial wall might lead to increased 

preferential ablation of plaque by the pulsed dye laser.

At present little is known about the rate of tissue uptake of carotenoids or the way in which 

they penetrate arterial plaque. A study was undertaken to answer this question in an 

atherosclerotic animal model, using a single carotenoid, 6-carotene. The study had an
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additional aim of examining the effect of carotenoid dosage on plaque ablation by a pulsed 

dye laser operating at 480 nm. This wavelength was chosen, as opposed to 540 nm which 

had been used in the previous experiments, as 480 nm is at the absorption peak of 6-carotene. 

To optimise 6-carotene dosage, an intravenous preparation was used.

MATERIALS AND METHODS

Atherosclerotic New Zealand white rabbits (n=42) were used for this experiment. Although 

the plaque in this model is not representative of human plaque, that of other animal models 

is no more so. Watanabe rabbits were not used as they tolerate repeated anaesthesia poorly 

and would have been unlikely to survive the duration of the study. Animals were rendered 

atherosclerotic by balloon de-endothelialisation of the aorta and subsequent feeding with a 

2% cholesterol enhanced diet for four weeks, as described in chapter 5. 6-carotene was 

administered intravenously as a pure preparation solubilised in water, using ethoxylated 

hydroxystearic acid as an emulsifier and toluene as a stabiliser (Atherotene, Cardiospectrum 

Inc, Providence, RI, USA). The preparation contained 40 mg/ml 6-carotene, and was stored 

in the dark to prevent photodegradation. Rabbits were given 40 mg/kg of 6-carotene as a 

dilute solution, with an equal volume of 0.9% saline, by slow injection into an ear vein twice 

weekly. Using this technique, no animals died as a result of 6-carotene administration. 

Animals were killed, by thiopentone overdose, at 1, 6, 24, 72 hours and at 7 and 28 days 

following initial injection. In addition to the above groups which received 6-carotene twice 

weekly, a separate group of five rabbits were given daily injections of 6-carotene for 7 days 

prior to sacrifice, to study the efficacy of a more intensive administration regime. A further 

six animals received no 6-carotene and served as controls.

At sacrifice, samples of serum, urine, bile, skeletal muscle, subcutaneous fat, mesenteric fat 

and aorta were collected into sealed tubes and snap frozen under liquid nitrogen for 

subsequent analysis.
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Analysis of 15-carotene content of tissues

Specimens were allowed to thaw at room temperature and 6-carotene extracted by mixing 0.5 

ml of fluid samples with an equal volume of methanol. The mixture was vortexed for 20 

seconds and then extracted three times with n-hexane. Solid specimens (muscle, fat and 

aortic samples) were diced and incubated in a solution, containing 1.5 g KOH in 25 ml 

methanol, for 1 hour at 60°C. The 6-carotene was then extracted from the methanol using 

n-hexane as above. The absorption of the hexane/6-carotene solution was then measured on 

a spectrophotometer (HP8415A, Hewlett-Packard Co, San Diego, CA, USA) and the amount 

of 6-carotene calculated from the known extinction coefficient of 6-carotene in n-hexane at 

448 nm (Ej^m=2590). Pure preparations of arterial plaque were obtained by gently scraping 

the luminal surface of the artery, the plaque separated very easily from the underlying media 

and could be separately analysed.

Histological analysis

Samples of aorta were embedded and frozen sections cut to allow direct inspection of the 

depth of penetration of 6-carotene into plaque and normal wall.

Ablation threshold measurement

Aortic specimens were supported on white polystyrene with the luminal surface uppermost, 

immersed in 0.9% saline. They were exposed to laser irradiation at 480 nm from the pulsed 

dye laser. Laser energy was conducted through a 400 nm diameter quartz optical fibre 

(Polymicro Technologies Inc, Phoenix, AZ, USA). The tip of the fibre was placed in contact 

with the artery perpendicular to the luminal surface (Fig 6.1).

The reasons for performing ablation studies in this manner have already been discussed in 

chapter 4. Briefly a perpendicular fibre orientation was used as it could be standardised, 

whereas attempts to angle the fibre in relation to the tissue lead to rucking up of the tissue 

in front of the fibre, effectively creating and uncontrolled perpendicular approach. The 

ablation studies were conducted under saline to allow accurate fibre placement, previous
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Tissue specimen

Saline bath

Figure 6.1 Diagram showing relative position of optical fibre to tissue during ablation experiments.

studies in this institution having demonstrated that the effect o f blood is to enhance ablation 

to an equal degree in plaque and normal arterial wall (Mitchell 1989, Murray 1990), without 

altering the relation between the two.

At each exposure, 100 pulses were applied at 10 Hz. Ablation threshold was defmed as the 

energy at which 50% of 20 separate exposures showed evidence o f crater formation on visual 

inspection. From this description, it is clear that the threshold for ablation is a mathematical 

concept rather than a defmed energy level which demarcates ablation from no ablation. This 

is because the deposition o f energy from a laser pulse at energies similar to those needed to 

produce disruption o f m olecular bonds will not invariably produce the same effect. Energy 

may be dissipated from one pulse, by reflection or scattering, whereas the next will be 

absorbed and lead to disruption o f m olecular bonds. This random effect o f the photons in 

the laser pulse, means that threshold effects are the average effect of photons o f a given 

energy making up the laser pulse, and therefore a laser threshold is not an absolute value, but 

a point at which a predetermined level o f activity can be detected. The random effect of 

photons means that it is difficult to find an energy level at which no ablation is seen and 

above which ablation occurs. In an ideal situation, it would be possible to describe such a 

threshold and this m ight allow the ablation of plaque without any discem able effect on
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arterial wall. However, such a concept is of limited value, when one remembers the 

heterogeneity of human plaque, and considers the added effect of pressure, delivery device 

configuration, wavelength, pulse duration and other parameters. It is not possible to separate 

the effects of pulsed laser energy on plaque from those on normal wall, in the biological 

model used as there is an overlap between the effects on the two tissue types. It is for these 

reasons that it was decided to seek an easily understood and reproducible threshold 

measurement, which describes a set of parameters above which ablation is more probable than 

and below which it is less.

Ablation of arterial plaque and normal vessel wall

Ablation thresholds were determined for both arterial plaque and normal arterial wall in 

control animals and at all time points following administration of 6-carotene. After careful 

removal of the adventitia, aortic samples were supported on polystyrene as for threshold 

measurement. Ablation studies were carried out at two energies, firstly 15 mJ/p which is 

below the threshold for ablation of normal arterial wall, and secondly at 50 mJ/p which is 

well above threshold. For this part of the study, the fibre was weighted to 15 g to maintain 

tissue contact, arterial perforation (recognised by the fibre dropping through the specimen) 

being the experimental end-point. At each energy level, the number of pulses to perforation 

was recorded, up to a maximum of 1000 pulses at 15 mJ and 600 pulses at 50 mJ. The pulse 

numbers were chosen to avoid a fall in the applied energy during each ablation experiment. 

The output power of the laser was calibrated before and checked after each exposure with a 

volume absorbing power meter (Scientech 365, Scientech, Boulder, CO, USA). No detectable 

change in power was found during any single ablation experiment.

STATISTICAL ANALYSIS

Statistical analysis was carried out using a pooled t-test on normally distributed data. Time 

sequences were tested using the Kruskal-Wallis test and individual differences with the Mann 

Whitney U test for non-parametric data. Fisher’s exact test was used for analysis of data 

expressed as contingency tables. Significance was set at p<0.05.
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Accumulation of B-carotene in tissue (see appendix 4).

Following injection of B-carotene, fatty flecks in the iris were noted to change colour within 

2 minutes. The serum of animals being killed was obviously orange at all time points.

Direct inspection of plaque showed obvious accumulation of B-carotene at 6 hours following 

intravenous injection and this increased steadily throughout the period of administration (Fig 

6.2). On light microscopy of transverse sections of arterial wall, plaque accumulation of B- 

carotene was observed to occur initially at the luminal surface and spread progressively into 

the plaque thereafter, reaching full thickness at one week (Figs 6.3-6.5).
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Figure 6.2 Chart showing change in tissue concentration of B-carotene with time, for animals dosed 
twice weekly. Data in pg/mg of tissue, expressed as median ± inter-quartile range.



F igure  6.3: Photomicrograph o f a histological section of control aorta, showing arterial wall 
with plaque above. Lumen to top of picture. Unstained x 100.

F ig u re  6.4: Photomicrograph o f similar section to Fig 6.3 showing aorta 24 hours following 
intravenous B-carotene. Lumen to top. Note the yellow pigmentation of the superficial 
plaque. Unstained x 100.
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F ig u re  6.5: Photom icrograph taken one month after starting 8-carotene. Lumen to top, note 
dense yellow colour throughout plaque. Unstained x 40.

Tissue concentration of B-carotene rose significantly with time in all solid tissues (p<0.05 

Kruskal-wallis test). The levels of B-carotene rose rapidly in serum following injection. 

Levels in bile and urine showed little change from baseline. The levels in fat and muscle 

rose above baseline, by up to a factor o f 11.

The arterial wall showed an increase in the levels of B-carotene in both the normal wall and 

the arterial plaque. The levels of B-carotene rose more in plaque than the normal wall with 

a significant difference in concentration at all time points following administration of B- 

carotene (Fig 6.2). Although some pigmentation of the adventitial fat was noted on 

histological sections, there was no obvious change in the colour of the media, to the naked 

eye, at any time point.

LA SER  A B LA TIO N  STU DIES

1. A blation th resho ld

The ablation threshold of plaque and normal wall fell by the same amount at all time points 

following B-carotene administration. Although the threshold fell in both plaque and normal 

wall, the differential between the two widened from an initial ratio o f 3:2 to 3:1 (table 6.1).
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2. Ablation of 

p l a q u e  and  

normal wall

At 15 mJ/p the 

median number 

of pulses to 

perforation, of 

control plaque, 

was 790 (range 

71 - 1000).

The number of

pulses required to ablate plaque exposed to 6-carotene fell at one hour and all subsequent 

time points, reaching significance at 24 hours after a single intravenous injection of 40 mg/kg 

(Fig 6.6). There was a significant difference between perforation rate at 1 hour and all 

subsequent time points.

ABLATION THRESHOLDS

UNTREATED

NORMAL WALL 30.0 mJ
PLAQUE 20.0 mJ

C-CAROTENE TREATED

NORMAL WALL 17.5 mJ
PLAQUE 5.8 mJ

Table 6.1. Ablation thresholds for normal arterial wall and arterial 
plaque. Thresholds expressed as millijoules per pulse for untreated 
and treated vessels.
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Figure 6.6: Bar chart showing median (± IQ range) number of pulses to perforation at 15 mJ/p. 
*p<0.01 vs control (Mann Whitney U test).
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At the higher energy level, a similar trend with preferential ablation was seen, but this was 

less marked as the energy levels were clearly above the threshold for ablation of both normal 

and atherosclerotic tissue. However, there was significantly faster perforation through treated 

plaque versus control at 24 hours, 7 and 28 days (Fig 6.7).

The number of times that the adjacent normal wall could be perforated compared to plaque 

was measured at each time point Plaque perforation occurred significantly more frequently 

than normal wall at all time points (p<0.02 Fisher’s exact test) (table 6.2).

The effect of daily dosage over one week was to produce levels of 6-carotene in plaque that 

were similar to those seen at one month. The ablation of plaque in this group was very 

similar to that seen following twice weekly administration of 6-carotene for one month with 

no statistical difference between the two groups (Figs 6.6, 6.7, appendix 4).

PLAQUE PERFORATION: THE EFFECT OF G-CAROTENE
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Figure 6.7: Median number of pulses to perforation at 50 mJ/p. Data expressed as median and inter
quartile range. ’p<0.01 vs control (Mann Whitney U test).
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PERFORATION OF 
NORMAL ARTERIAL WALL AND PLAQUE

B-
CAROTENE

NORMAL ARTERIAL WALL PLAQUE

TIME ATTEMPTS
(N)

PERFORATION
(N)

ATTEMPTS
(N)

PERFORATION
(N)

p VALUE

Control 11 3 22 16 =0.017

1 hour 6 0 24 19 =0.0008

6 hours 16 9 34 31 =0.007

24 hours 13 2 24 22 <0.0001

72 hours 18 6 32 30 <0.0001

168 hours 12 3 24 24 <0.0001

672 hours 18 5 57 57 <0.0001

7 D x 7 21 10 49 49 <0.0001

Table 6.2: Showing the number of attempts to perforate normal arterial wall (normal) and arterial 
plaque (plaque) and the number of times perforation (perforation) occurred at 15 mJ/p, x 1000 pulses. 
Statistical analysis, normal versus plaque, using Fisher’s exact test.

To illustrate the differential ablation, a spot of 1 mm was aimed at the edge of an area of 

plaque, so that it partly illuminated the adjacent normal arterial wall. At 15 mJ/p, only the 

plaque was ablated without ablation of the adjacent normal wall. Attempts to ablate normal 

wall adjacent to the plaque were uniformly unsuccessful. The effect of 100 pulses at 15 mJ/p 

are illustrated in figure 6.8, which shows a section of 8-carotene stained plaque above, with 

a similar section after exposure to laser energy. It can be seen that the plaque is ablated 

without ablation of the underlying media (Fig 6.8).
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F igure  6.8: Photom icrograph showing plaque stained with B-carotene before (above) and 
after (below) non contact ablation, 15 mJ/p, 480 nm x 100 pulses.
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This study demonstrates that following intravenous injection of 8-carotene there is a rapid rise 

in tissue levels of the drug. The accumulation in plaque is substantially greater than that seen 

in other tissues, including fat.

Plaque accumulation of 8-carotene takes place from the luminal surface, which can be seen 

to be coloured soon after intravenous administration. This would account for the global 

change in ablation threshold seen following 8-carotene administration. However significantly 

improved preferential ablation is not seen until 24 hours after 8-carotene administration. This 

indicates that plaque penetration, rather than surface staining is required for enhanced 

ablation. The transport of 8-carotene in association with LDL, coupled with the greater 

increase in concentration seen in plaque compared to other tissues, suggests that an active 

transport mechanism may be involved. As macrophages are a prominent cell in plaque and 

are known to take up LDL, they may play a role in 8-carotene uptake into plaque.

With more prolonged dosage regimens, the plaque becomes uniformly coloured, by 7 days 

after the first injection. At this time, the energy required to achieve perforation has fallen 

significantly compared to the control values. When the higher pulse energy was used, 

differential ablation between the control and treated plaque was maintained. Preferential 

ablation due to 8-carotene is not dependent on using energy levels at threshold, although it 

is at this energy that the most striking differences in ablation of treated and untreated plaque 

are observed.

Despite increased levels of 8-carotene, the normal arterial wall remains much whiter than 

plaque treated at one day and longer time intervals. When pulsed laser energy at 480 nm is 

delivered to the normal wall, there is substantial reflection with little absorption, leading to 

the small amounts of tissue ablation and lack of perforation seen at 15 mJ/p. In plaque that 

is strongly pigmented following 6-carotene uptake, the laser energy is rapidly absorbed 

leading to tissue ablation. This allows the fibre to drop into the crater formed by preceding 

pulses. Containment of the fibre tip by surrounding tissue, coupled with propagation of shock 

waves (and possibly 6-carotene containing debris) in front of the fibre, result in a combination 

of optical and mechanical effects that lead to rapid perforation through both the plaque and
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the underlying normal wall in this model. However, when the laser is used in non-contact 

mode there is ablation of plaque with sparing of the underlying normal wall (Fig 6.8).

In the clinical situation, less traumatic modified fibre tips are used, and the laser energy is 

applied parallel to the vessel wall, interacting with plaque protruding into the lumen. The 

delivery device will only come into contact with the wall in a peipendicular orientation at 

branch points, or where the vessel wall is sharply angulated.

These results show that the ablation of atheromatous arterial tissue at 480 nm is enhanced 

following the administration of 8-carotene. The clinical implications of this finding are that 

laser angioplasty with the pulsed dye laser operating at 480 nm in patients receiving prior 

dosing with 8-carotene should be more efficient. The widened differential in the threshold 

of ablation should increase the safety of laser angioplasty and reduce the risk of laser-induced 

perforation through normal wall.
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CHAPTER 7: A CLINICAL SERIES OF LASER ASSISTED ANGIOPLASTY. THE 

TREATMENT OF 78 LIMBS WITH THE PULSED DYE LASER.

INTRODUCTION

Less invasive treatment of arterial occlusive disease began with the description of 

transluminal angioplasty (Dotter 1964). Its widespread application followed the introduction 

of balloon catheters (Griintzig 1974). At present, percutaneous transluminal angioplasty 

(PTA) is used to treat patients with stenotic or short segment occlusive disease. However, 

even in the most skilful hands, failure becomes more likely as the length of the occlusion 

increases (Martin 1981, Zeitler 1983, Krepel 1985).

The advent of laser therapy extended the type of disease that could be treated through 

percutaneous puncture or small cut-down incisions (see chapter 3). A clinical laser 

angioplasty programme using the pulsed dye laser started at St Bartholomew’s Hospital in 

1988, using ball tipped optical fibres backloaded into a standard balloon catheter (Murray 

1989b). This programme set out to treat patients with severe peripheral vascular disease, 

rather than extending the range of therapies available to treat stenoses and short occlusions 

which had been the focus of early series (Sanborn 1988). This chapter describes a series of 

78 limbs in 71 patients treated from February 1988 until March 1991.

PATIENTS AND METHODS

Patients presenting to the vascular surgical unit of St Bartholomew’s Hospital were assessed 

for laser assisted angioplasty (LAA) if they had evidence of arterial occlusion of their 

superficial femoral (SFA), popliteal (PA) or run-off vessels and were not considered suitable 

for PTA. When the study began it was a stipulation of the hospital ethical committee that 

these patients be at the point of amputation or facing a graft with a high likelihood of failure. 

All patients in this study gave fully informed consent prior to LAA.

As the study progressed the terms of suitability were broadened to include patients with 

severe claudication in whom it would be desirable to avoid grafting, but in the majority of
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whom PTA was likely to fail, due either to the occlusion being longer than 10 cm (n = 46), 

or occlusion of the artery at the origin of the superficial femoral artery (n = 23). The results 

of this series cannot therefore be readily measured against those of percutaneous transluminal 

angioplasty.

All patients had evidence of critical limb ischaemia (Dormandy 1989), or severe disabling 

claudication. There were 44 male and 27 female patients with a median age of 73 years 

(range 40 - 87). Of these patients 16 (23%) were diabetic, 19 (27%) had a history of 

previous myocardial infarction or disabling angina and 8 (11%) gave a history of previous 

stroke or transient ischaemic attack.

Of the presenting limbs, 46 (59%) suffered rest pain with evidence of ulceration or gangrene 

in 22 (28%): the remainder had severe disabling claudication. This series represented a 

severe test of a new interventional technology, with the majority of patients having extensive 

arterial disease.

Prior to angioplasty all patients underwent arteriography. Arteriograms were examined for 

evidence of proximal disease. Patients with marked iliac stenosis underwent pre- or per- 

operative PTA to improve run-in. Run-off was assessed arteriographically and graded as 

"good" if there were 2 vessels in continuity with the popliteal artery and patent to the ankle. 

Evidence of severe stenosis or segmental occlusion was counted as "half an artery" from the 

point of assessing run-off. "Poor" run-off was defmed as less than 2 vessels. In addition to 

arteriographic assessment, patients underwent ankle/brachial doppler testing at rest, after 

exercise (when able to exercise), and duplex scanning of the involved limb. Duplex 

ultrasound was used to confirm total vessel occlusion and to characterise the nature of the 

occluding lesion (Fig 7.1). Particular attention was paid to the presence or absence of arterial 

wall calcification, a factor known to affect the outcome of angioplasty (Fig 7.2).

Pre-operative angiography demonstrated total occlusion of segments of the lower limb 

vascular tree, with a median occlusion length of 18 cm (range 0.5 - 58). Mean pre-operative 

ankle/brachial index (ABI) at rest was 0.52 (± 0.19 sd). A number of limbs had high pre- 

operative ABI despite evidence of critical ischaemia, indicating that their arteries were 

incompressible. This finding was frequently associated with arterial calcification.
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PATIENT DETAILS

AGE Median 73 yrs (40-87)
SEX 44 male : 27 female

DIABETES 16 (22%)
MI/ANGINA 19 (27%)
CVA/TIA 8 (11%)

REST PAIN 46 (59%)
GANGRENE 22 (28%)
CLAUDICATION 32 (41%)

PRE-OP ABI 0.52 ± 0.19
POST-OP ABI 0.83 ± 0.26

Table 7.1: Patient details for the clinical series

All but four patients were treated under general or epidural anaesthesia. Sixty-nine limbs 

were treated through a cut-down incision. This was sited in the groin in 66 cases. In the 

remaining 3 cases, occlusions in the distal circulation were approached in a retrograde manner 

via incisions sited downstream. The reasons for using an open approach varied during the 

study. The first 25 cases were treated using a cut-down procedure to optimize entry of the 

device into the artery while the technique was being learned. Of the remaining 53 limbs, 23 

had occlusion of the origin of the superficial femoral artery, precluding a percutaneous 

approach by direct femoral puncture. Nine limbs required surgery to improve the arterial 

inflow at the same time as laser-assisted angioplasty. A further 13 limbs had an attempted 

percutaneous procedure, which was successful in nine. This reflects the learning curve of the 

operators in this series.

The laser delivery device used was a 600 pm diameter quartz optical fibre (Polymicro 

Technologies, Phoenix, Arizona, USA), on which an integral ball-tip was fashioned. For 

percutaneous cases, balls with a maximum diameter of 2.3 mm were used; this was the largest 

size that could pass through an 8 Fr introducer sheath. For open cases it was possible to use 

larger balls and typically a 2.8 mm ball-tipped fibre was used.



Figure 7.1: Duplex scan image showing arterial lumen containing thrombus, note lack of 
flow on Doppler trace.

The first six cases were performed with the brill-tipped fibre backloaded into an angiography 

catheter. Following laser crossing of the occlusion, the delivery device was removed and 

substituted with a guide-wire and balloon. After the first six cases, the fibre was backloaded 

into a standard balloon angioplasty catheter to create a combined laser and balloon dilatation

Figure 7.2: Plain X-ray showing extensive vascular calcification, typical of the marked 
calcification seen in many of the patients.
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Figure 73: Diagram showing the method of laser assisted angioplasty using an optical fibre
backloaded into a balloon catheter.

device (Fig 7.3). This avoided the need to cross the lesion with a laser fibre and then recross 

it with a guide wire prior to balloon dilatation, a situation which could result in guide-wire 

dissection. In the first six cases, the lesion was crossed with the laser and subsequently with 

a guide-wire and balloon. Following these cases, no further attempt was made to cross the 

lesion with a guide-wire first as reported in some studies, as we believed that guide-wire 

dissection would prejudice the results of lasing. The outcome of the procedure was classified 

as:

Technical success: Successful crossing of the lesion and balloon dilatation with

a satisfactory angiographic appearance at the end of the 

procedure.

Clinical success: Abolition of rest pain, demarcation of gangrene or ulcer

healing. Improvement in claudication and a rise in the ABI 

of 0.15. Where obvious clinical benefit was obtained 

without significant change in the ABI, for example, the 

abolition of rest pain, this overrode the ABI requirement 

This was seen in 3 cases.
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Following measurement of the power output, the device was introduced into the artery and 

advanced to the point of occlusion. At this time the laser was activated. We used 

wavelengths of 480 nm or 504 nm generated by flashlamp pumping of coumarin dyes 

dissolved in an ethylene glycoliwater mixture (see chapter 3). The study started using 480 

nm, as Murray’s work had shown that ablation of atheroma was optimal at this wavelength 

(Murray 1990). However, Candela wished to test the value of using 504 nm dyes, as these 

last much longer within the dye chamber, and need replacing less frequently, a factor of some 

commercial importance. At the time that this change was proposed, it was not felt, by the 

research team, that such a change would be detrimental to the efficacy of laser ablation of 

plaque in the clinical setting. As a result, half the patients have been treated using 480 nm 

and half with 504 nm. There has been no detectable difference in the clinical outcome in 

these two groups and for the purposes of this chapter, they will be assumed to constitute a 

homogenous group.

The laser was pulsed at 10 Hz generating pulses of lps duration with typical pulse energy 

between 80-100 mJ. During laser recanalisation progress of the ball was monitored by C ami 

fluoroscopy. After crossing the lesion, the channel was augmented by balloon dilatation as 

the device was withdrawn. At this point further angiography was performed to check the 

adequacy of the neo-lumen and to examine the run-off vessels. Spasm, if present, was treated 

by intra-arterial glyceryl trinitrate and any areas of residual disease were retreated with further 

dilatation. When a satisfactory appearance was observed, the device was withdrawn and the 

arteriotomy and wound closed.

Patients were mobilised the day following surgery. If the post-operative ABI and clinical 

appearance of the limb were satisfactory, patients were allowed home after 3 or 4 days. Early 

in the study, some of those with poor run-off (less than 2 vessels) were formally anti

coagulated, however, from the beginning of 1989 patients were given Aspirin 75 mg/d po 

unless they were being anti-coagulated for other medical indications (pulmonary embolism, 

atrial fibrillation, cardiac valvular lesions and previous peripheral arterial embolism). Anti

coagulation was not therefore standardised throughout this study, but is nevertheless broadly 

representative of the treatment that a group of patients with complex cardio-vascular 

pathology would receive.
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Prior to discharge each patient underwent exercise testing and a duplex scan to examine the 

recanalised segment. Patients were followed-up at two-weekly intervals for one month, 

monthly for three months and then three-monthly for one year. Following this they were seen 

every 6 months. Exercise testing was carried out at each visit and duplex scans at one, three, 

six months and one year with an annual scan thereafter.

Patients were considered to have reoccluded if their symptoms returned or if the ABI fell to 

within 0.15 of the preoperative level. At this point they underwent a further duplex scan, and 

arteriography if further intervention was contemplated. Patients requiring further intervention 

(eg PTA) were considered failures of treatment, even if total reocclusion had not occurred. 

Evidence of re-occlusion on duplex scanning was regarded as treatment failure.

Statistical analysis was carried out using t-tests for normally distributed data. Grouped data 

was analysed by Fisher’s exact test. Significance was set at p<0.05.

RESULTS

Since February 1988 we have treated 78 limbs in 71 patients. Technical success was 

achieved in 58 limbs (74%), with clinical success in 46 (59%). The procedure was more 

successful in shorter occlusions (Table 7.2), and in non-calcified arteries (Table 7.3).

The resting ABI rose from a mean pre-operative value of 0.52 (± 0.19) to 0.83 (± 0.26) post- 

operatively prior to discharge from hospital (p<0.001 Student’s paired t-test) (see appendix 

5).

Technical failure occurred in 20 limbs. The main cause was dissection which occurred in 15 

cases, resulting in technical failure in 10. In 10 of these 15 cases there was evidence of 

marked calcification, with dissection occurring at the point of calcification. In 8 of the 

calcified cases, dissection resulted in technical failure. Perforation occurred in 8 instances, 

leading to failure of the procedure in 4. In the other cases, contrast extravasation was noted. 

In 3 a retrograde approach was adopted with successful recanalisation. In the remaining case, 

withdrawal and reintroduction of the delivery device resulted in a successful outcome.
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OCCLUSION NUMBER TECHNICAL CLINICAL
(cm) SUCCESS SUCCESS

0 - 7 13 12 (92%) 12 (92%)*

> 7 65 46 (71%) 34 (52%)*

TOTAL 78 58 (74%) 46 (59%)

*p<0.01 Fisher’s exact test

Table 7.2: Table showing immediate outcome of laser assisted angioplasty in relation to occlusion 
length. TS = technical success, CS = clinical success.

There were 4 instances of the ball tip breaking away from the fibre, all associated with the 

use of a percutaneous introducer sheath. The breakage occurred at the neck between ball and 

fibre while the ball was being withdrawn through the sheath. Although fused silica optical 

fibres are strong under compression, they are weak under extension, especially if subjected 

to sharp angulation. Breakage was especially likely to occur if the patient was obese, or if 

the percutaneous approach was steeply angled. In none of the cases could the ball be 

retrieved percutaneously. In the first occurrence, an immediate check angiogram was normal, 

the lost ball was not identified, and the artery remains patent at 13 months. In two cases the 

ball lodged in the mid SFA and the patients underwent femoro-popliteal bypass. In the fourth 

case, the ball was retrieved with an embolectomy catheter and the artery remained patent until 

the patient’s death at 3 months from myocardial infarction.

Follow up, in technically successful cases, ranged between 1 and 35 months, with a mean of 

10 months. Cumulative patency for technically successful cases was 67% at 6 months, 45% 

at 12 months and 42% at 18 months (Fig 7.4). Primary patency rates for all 78 limbs were 

37% at 6 months, 25% at 12 months and 23% at 18 months.

In non-calcified vessels, cumulative patency was 71% at six months and 47% at one year. 

For calcified vessels the corresponding figures were 47% and 35%, though the numbers at 

one year are very small (Fig 7.5). These differences were not statistically significant, using 

the log-rank test.

Patency was adversely affected by lack of run off vessels, being 58% at 6 months and 38% 

at 12 and 18 months in those with less than two vessels. Similar figures for those with two
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OCCLUSION TECHNICAL CLINICAL
(Median cm) SUCCESS SUCCESS

NON-CALC 21.5 47 (84%)* 37 (69%)*

CALCIFIED 15.5 11 (50%)* 9 (41%)*

TOTAL 18.0 58 (74%) 46 (59%)

Table 73: Table showing effect of arterial calcification on immediate outcome of laser assisted 
angioplasty. * p<0.05 calcified vs non-calcified.

1

90

80

70

60

5 0 T E C H N I C A L  S U C C E S S

Z Z i - _______

ALL L I MB S

40

30

20

24 30 3 60 6 1 2 1 8

A = 78  39  36  2 8  1 9 1 6 1 3 1 0 8 6 1

TIME ( mo n t h s )

Figure 7.4: Life table showing cumulative patency of laser angioplasty, for all limbs and those that 
were technically successful. Numbers refer to numbers of limbs remaining patent.

or more patent tibial arteries were 76% and 54%. These differences failed to reach statistical 

significance (Fig 7.6).

During follow-up, duplex scanning detected evidence of 50% restenosis, as measured by 

increased velocity profile, in 12 limbs. This was not counted as a treatment failure, as we 

have not established the natural history of this finding. Nine patients with these changes on
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Figure 7.5: Life table showing cumulative vessel patency for calcified and non-calcified vessels. 
Numbers refer to limbs remaining patent at each time interval. p=ns. long rank test.

duplex scanning have remained patent for periods in excess of 18 months.
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Figure 7.6: Life table showing cumulative vessel patency for limbs with good and poor run-off. 
Numbers refer to limbs remaining patent at each time interval. p=ns. log rank test.
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During the period of the study, a total of 25 limbs have reoccluded. Twenty-one further 

procedures have been carried out in 12 of these re-occluded limbs. Nine limbs have come 

to eventual major amputation, for unsalvageable ischaemia in 8 and as a life saving procedure 

to eliminate a septicaemic focus in one. In 3 cases, bypass grafting was not feasible 

following failure of laser assisted angioplasty.

In this series, a total of 19 patients (24%) underwent grafting. Operative reconstruction was 

perfoimed in 11 cases following failed laser angioplasty and in 8 limbs that re-occluded 

following successful recanalisation. Amputation without prior grafting was carried out on 4 

occasions, 3 following re-occlusion and one after technical failure. In addition, 4 limbs 

underwent PTA for symptomatic restenosis, and 3 were re-lasered, all successfully. At the 

present time 32% of patients are patent at the site of LAA after a single procedure, at a mean 

follow-up of 10 months.

Over the period of the study a total of 10 patients (14%) are known to have died. There were 

2 peri-operative deaths (2.6%). One occurred from myocardial infarction 10 days after 

successful aorto-bifemoral grafting and laser angioplasty of the SFA in a 71 year old man. 

The other death was in a man of 74 with severe chronic obstructive airways disease who died 

of respiratory failure despite a successful procedure carried out percutaneously under local 

anaesthesia. The remaining deaths were due to myocardial infarction in 7 cases and rupture 

of an abdominal aortic aneurysm in one.
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This series demonstrates that laser assisted angioplasty is capable of recanalising long arterial 

occlusions of the lower limb. The results showed a trend to decreased success with 

increasing length of occlusion, with success being significantly worse in those with occlusions 

over 7 cm in length (Table 7.2).

Although the success of the procedure was not as impressive as surgical bypass, the majority 

of patients in this series would have had to undergo grafting, even if PTA had been attempted 

first. Only 28% of occlusions (22 limbs) were less than 10 cm, and in addition 23 limbs had 

flush occlusion of the origin of the SFA. PTA in longer occlusions is associated with a high 

likelihood of failure (Zeitler 1983, Krepei 1985). Recent reports of improved success in 

longer occlusions have avoided tackling those over 10 cm in length (Morgenstem 1989).

Nine patients had amputations in this series, giving a limb salvage rate, in those presenting 

with rest pain or tissue loss, of 80%. There was no significant difference in the amputation 

rates between the successful and unsuccessful laser groups, although a larger number of 

amputations were subsequently undertaken in the former group. In no case did the 

performance of a laser procedure preclude subsequent bypass grafting.

In this series, 72% of occlusions were longer than 10 cm. Although a cut-down procedure 

was required in the majority, this was in large part due to the initial work being done by 

vascular surgeons. A percutaneous approach is now used increasingly and is becoming the 

approach of choice. However, failure of the delivery device has only occurred in combination 

with the use of percutaneous introducer sheaths, and is related to sharp angulation of the 

sheath at the point where it enters the artery. To reduce this problem we are careful to keep 

the angle of approach of the percutaneous introducer to a minimum and to withdraw the ball- 

tipped fibre into the percutaneous sheath before removing both together at the end of the 

procedure. At the present time moderate obesity, preventing easy access to the common 

femoral artery, is a contra-indication to the use of percutaneous access.

The ball breakages are a cause for concern and design modifications are now being 

undertaken to attach the ball more securely to the lasing device. The most recent method is 

to use bio-compatible glues to glue the ball directly to the balloon catheter, having fashioned
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holes adjacent to the catheter tip to allow injection of contrast. It is hoped that this will 

reduce the incidence of ball loss, as this factor will limit the widespread use of such delivery 

devices. During preparation of this thesis, the Federal Drug Administration in the USA, have 

licensed commercially produced ball-tipped optical fibres for use in a small number of named 

centres.

The failure of laser assisted angioplasty in calcified arteries goes against previous in vitro data 

showing that calcified plaque could be preferentially ablated by the pulsed dye laser using 

cleaved optical fibres with very high irradiance (Murray 1988 & 1989a). More recently the 

ablation of calcified plaque has been examined with the newer ball-tipped devices and 

multifibre catheters. Although shattering of plaque can be achieved, crater formation is rarely 

accomplished at currently used pulse powers (see chapter 4). The commonest cause for 

failure is dissection immediately proximal to the calcified plaque. Intra-operative duplex 

scanning has demonstrated that the plaque is lifted by the device during lasing. It may be 

that there is a change in plaque elasticity from an area of relatively soft plaque to one of 

much firmer consistency may set up stresses in the boundary region, which could account for 

the tendency for dissection to occur at this point.

Perforation occurred in 8 patients. The only evidence of haematoma formation occurred in 

a case that was subsequently successful, where a popliteal fossa haematoma resulted following 

a small perforation of the popliteal artery. Perforation occurred commonly at the level of the 

adductor hiatus. It is at this point that the course of the superficial femoral artery curves as 

it passes into the popliteal fossa and is constrained in its movement by surrounding tendons. 

The adductor hiatus may also coincide with the point of maximal disease. As this is also the 

commonest area to encounter dissection, improvements in delivery device design, allowing 

angulation of the tip, may well improve the technical success rate of this procedure.

Using current techniques and anti-thrombotic measures, our restenosis rate appears to be 

worse than that seen after standard PTA in shorter lesions (Martin 1981, Krepei 1985), 

although better than that described in long arterial stenoses (Murray 1987). This may relate 

to the injury caused by balloon dilatation over a more extensive area of vessel wall. In 

published laser angioplasty series, using different delivery devices, with long lesions, the 

results are similar to this series (Sanborn 1988, Geschwind 1991).
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Although the results are clearly not as robust as bypass grafting, this does not mean that a 

substantial number of patients did not benefit. In this series, one third of the patients were 

improved and remained so after a single procedure. If those who required pre-operative 

inflow augmentation are excluded, then 41% of patients required grafting or amputation post- 

operatively, leaving 59% who avoided major surgery. Of those who avoided grafting or 

amputation, only 7 required further angioplasty at the current follow-up.

The mean follow-up is short in this series and as a result, it is difficult to make any 

significant claims for laser assisted angioplasty at this time. It does offer a means of 

recanalising extensive arterial occlusions in patients with severe peripheral vascular disease, 

without obviously jeopardising the ability to perform bypass grafting subsequently if this 

proves necessary. However, the laser is expensive, retailing at $150,000 and it is unlikely, 

with the current limitations of delivery device technology, that such cost could be justified 

on the grounds of the present clinical results. Further investigation is required into improving 

delivery devices and making them both robust and steerable. In addition, clinical trials of this 

method of laser assisted angioplasty is required both against PTA in long occlusions, and 

against femoro-popliteal bypass, particularly in those patients without adequate vein. A 

clinical trial of laser angioplasty against femoro-popliteal bypass has been mounted and to 

date four patients recruited.
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CHAPTER 8: DISCUSSION OF THE WORK CONTAINED IN THIS THESIS

A review of the literature demonstrated that a proportion of all re-vascularisation procedures 

fail, the rate being highest in the first few months after treatment. Endarterectomy was one 

of the earliest routinely practised operations for disobliteration of occluded arteries. While 

successful and durable in arteries with high flow rates, such as the aorta, iliac, profunda 

femoris and carotid arteries, longer-term patency rates in the femoral and popliteal arteries 

were disappointing, and the procedure has been largely abandoned in favour of bypass 

surgery. Femoro-popliteal bypass remains the "gold-standard" treatment, when an adequate 

vein is used. However, when the vein is absent or insufficient for bypass, the substitution 

of prosthetic grafts adversely effects long-term patency, especially if the graft crosses the knee 

joint (Veith 1986). Both vein and prosthetic bypasses are prone to restenosis and subsequent 

occlusion, due to proliferation of smooth muscle cells (SMC) brought about by the exposure 

of a de-endothelialised surface to flowing blood. The same response is seen after 

endarterectomy and also after percutaneous transluminal angioplasty (PTA).

Restenosis due to SMC proliferation is termed intimal hyperplasia, and may occur in any 

graft or angioplasty, irrespective of length. At present there is no reliable method of 

predicting which patients will suffer restenosis, and the current clinical solution is to monitor 

patients closely. After femoro-popliteal grafting stenoses can be identified by angiography 

(Szilagyi 1973) or duplex scanning (Taylor 1990). Intervention to correct graft stenoses, 

leads to improved patency rates during follow-up (Moody 1990). At present no such study 

has been performed with PTA, but it is likely that the long-term results would be improved 

by re-intervention.

PTA has extended the indications for treatment of peripheral vascular disease, primarily to 

individuals with less extensive lesions. Despite improvements in guide-wire technology and 

claims of improved success in femoro-popliteal occlusions (Morgenstem 1989), no results 

have been forthcoming that show technical success rates better than 53% in occlusions over 

7 cm. In our inexperienced hands, the technical success rate of laser assisted angioplasty in 

similar occlusions was 71%. There are documented accounts of the limitation of the guide- 

wire technique in expert hands (Zeitler 1983, Krepei 1985). PTA is associated with a 

mortality of about a quarter to one-tenth that of bypass. The decreased mortality and lower
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morbidity of PTA may have been responsible for the widespread adoption of this technique 

without resort to clinical trials.

The ability of a laser to ablate arterial tissue was first described in 1963 (McGuff 1963), but 

little active research was performed until the early 1980’s when descriptions of ablation of 

arterial tissue in vitro and in vivo appeared in the literature (Macruz 1980, Lee 1981, 1982). 

Early studies were performed with bare optical fibres, using cw Argon and NdrYAG lasers, 

which were being used, at that time, for treating ophthalmic disorders.

The first account of a laser being used to treat peripheral vascular disease was in 1984 

(Ginsburg 1984). This and other early cases using bare cleaved optical fibres, were 

associated with high perforation rates (Ginsburg 1985, Cumberland 1986a). More widespread 

use of lasers followed the development and licensing of the metal cap or "Hot-Tip" in the 

USA. The majority of patients have been treated with hot-tip devices which recanalise 

arteries by thermal ablation and remodelling of atheroma (Verdaasdonk 1990). In Europe the 

hot tip has not been as widely adopted with research focusing on the use of direct laser 

energy-tissue interaction, initially using cw Nd:YAG lasers (Lammer 1988). The energy from 

these lasers is transmitted along an optical fibre and through an industrial sapphire attached 

to its distal end. The properties of these sapphires vary (Ashley 1990). This is important as 

rapid heating, which leads to thermal ablation of tissue, appears to be the predominant 

mechanism of cw Nd:YAG action (Verdaasdonk 1990). Thermal ablation of arterial wall and 

plaque resulted in charring and vacuolation of tissue, with a wide zone of thermal injury 

which extended into the normal arterial wall (Lee 1983b, 1984a). Concern about possible 

adverse effects of thermal injury, led to examination of pulsed lasers as an alternative source 

of energy. Lasers of sufficiently short pulse duration, when pulsed at rates which allow tissue 

cooling between pulses, can ablate tissue with minimal accompanying thermal injury 

(Deckelbaum 1985, Isner 1985).

Soon after these reports, came descriptions of experiments showing that arterial plaque 

preferentially absorbs wavelengths between 450 and 520 nm (Bowker 1986, Prince 1986a), 

due to the presence of carotenoids (Prince 1986a). The application of pulsed laser energy at 

480 nm, using a 1.4 ps pulse from a pulsed dye laser, was shown to selectively ablate 

atheroma in vitro (Prince 1986b, Murray 1988), with minimal thermal injury (Murray 1989a).
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Calcified plaque could also be preferentially ablated using the pulsed dye laser in vitro 

(Prince 1987).

The development of a clinical programme using the pulsed dye laser was slowed by the lack 

of suitable delivery devices. Attempts to use sapphire tipped fibres were unsuccessful, as 

they could not tolerate the high peak powers generated by 1.4 ps pulse (Murray 1990). The 

invention of integral ball-tipped fibres was central to the development of the current clinical 

programme.

Laser angioplasty with the pulsed dye laser was initiated at St Bartholomew’s Hospital in 

1988 and a dozen patients had been treated at the time the work described in this thesis 

commenced. At this early stage in the development of laser angioplasty, information as to 

the indications and contra-indications to treatment was limited. It was the aim of this thesis 

to expand the understanding of the mechanisms of laser angioplasty, with particular reference 

to the use of the ball-tipped optical fibres in clinical use at that time.

STAND-ALONE LASER ANGIOPLASTY VERSUS BALLOON ANGIOPLASTY

The clinical series was designed to examine the feasibility of recanalising long arterial 

occlusions in patients facing amputation or bypass with a high risk of failure. It was not 

intended to supplant PTA, but to extend the severity of disease amenable to endo-luminal 

recanalisation. At the inception of the clinical programme, the use of balloon augmentation 

was required as the channel created was inadequate to support flow. At that time, a number 

of delivery devices were at the design stage, and a stand-alone procedure looked like 

becoming a clinical reality. The animal experiments described in this thesis were designed 

to compare stand-alone laser angioplasty to balloon angioplasty and to examine longer-term 

patency after the creation of similar size channels. As platelets play a pivotal role in the 

development of intimal hyperplasia, the experiments also compared platelet uptake within 

animals following balloon and laser angioplasty. The laser device was deliberately chosen 

at 2.3 mm as this was the desired channel size. The balloon was selected to be slightly 

larger, at 2.5 mm, in order to provide a similar size lumen following angioplasty. Assessment 

of change in luminal dimensions was performed both histologically and angiographically.
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The experiment (chapter 5) demonstrated that the two techniques produce a similar size of 

lumen angiographically (Figs 5.9, 5.10 and appendix 3) with the laser device tending to 

produce a slightly larger lumen than the balloon at 2.2 mm. Following angioplasty there was 

no difference in platelet uptake onto the treated vessel surfaces between balloon and laser 

angioplasty. Histological measurement performed with a computerised image analysis 

programme, written for this experiment, was unable to demonstrate any consistent difference 

between the control and treated arteries, apart from a consistent increase in medial area 

following both laser and balloon angioplasty. This was not due to an inability of the 

programme to detect the stained elastic laminae (Figs 5.5, 5.6), but to the wide variation in 

arterial dimensions following processing prior to histological sectioning. In addition there 

was marked biological variation between some animals. As a result, the large variation in 

the control population rendered attempts to detect changes in vessel area following 

angioplasty by histological morphometry useless. It is of interest that one of the studies 

which used a similar technique following balloon angioplasty, also demonstrated a large 

variation in the data obtained (Faxon 1984). It may be that obtaining animals from more than 

one breeder, as was the case in this experiment, leads to increased inter-animal variation. 

Demonstration of significant changes with the degree of variation experienced would have 

required at least one hundred animals, which would have been neither feasible nor produced 

a meaningful result. As a result of this study, the role of histological morphometry in 

assessing changes in the area of vessel walls following angioplasty should be viewed with 

caution.

Angiographic measurement proved a more reliable way to assess changes following 

angioplasty, although again a wide variation between animals was found. Both balloon and 

laser angioplasty produced an immediate and significant enlargement of the arterial lumen to 

a similar degree. After four weeks, there was a significantly larger lumen in the laser treated 

arteries at two of the three positions measured, using paired analysis. The results of this 

experiment are not conclusive, but suggest that stand-alone laser angioplasty may offer a 

slight long-term advantage over balloon angioplasty. Clearly further studies will be required, 

if a suitable delivery device can be designed.
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THE EFFECT OF CALCIFIED PLAQUE

This series has now accumulated 78 limbs in 71 patients over a period of 3 years. As the 

series progressed, it became apparent that the two main causes of failure were dissection of 

the arterial wall and perforation, although this latter problem decreased with increasing 

experience. Dissection was seen more frequently in the presence of calcified plaque, the 

presence of which slowed progress of the ball-tipped device. As a result, two experiments 

were designed. The first was a laboratory bench study of the efficacy of ball-tipped fibres 

to ablate human plaque. At the same time, the performance of newer multi-fibre catheters 

was compared to the ball-tipped fibres. It was hoped that the multi-fibre catheters would be 

able to be used as stand-alone laser devices, but the problems of ablating calcified plaque in 

vivo, made it desirable to test them in the laboratory prior to extensive clinical use. The 

study examined the ability of these devices to ablate normal wall and plaque and to 

demonstrate whether the selective ablation of plaque seen with bare fibres was maintained. 

It was possible that lower irradiance devices might photo-bleach plaque before ablation 

commenced and decrease or abolish the selectivity of ablation.

This experiment showed that the preferential ablation of soft yellow plaque described 

previously was maintained. In addition, preferential ablation of fibrous plaque, which is 

much whiter, was also demonstrated. This was an important observation, as fibrous plaque 

makes up the majority of human atheroma. The preferential ablation of fibrous plaque with 

these devices had not been previously described. Attempts to ablate calcified plaque were 

uniformly unsuccessful, although superficial crazing could be achieved with all the devices 

studied. Disappointingly, attempts to use pulse energies in excess of 125 mJ/p output power 

resulted in the destruction of the proximal fibre bundle of the multi-fibre catheters. This 

study indicated that there are major design limitations to be overcome with multi-fibre 

catheters before they will be suitable for clinical use. It is highly likely that these devices 

act to a large part mechanically. The ball-tipped device produced the most consistent crazing 

of calcified plaque. However, attempts to use device output energies higher than 150 mJ/p 

were thwarted by lack of adequate laser energy output. Despite a full service, and 

reassurance that the laser should deliver more power, at present, the maximum energy output 

from the laser cavity remains between 300 - 330 mJ. Further study into the ablation of 

calcified plaque and the optimal lasing parameters to achieve this, are required. It is clear 

from this experiment that claims that a particular laser can ablate calcified plaque need to be
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examined carefully. The findings with bare optical fibres, which have high irradiance, do not 

necessarily translate into clinical success.

ENHANCING SELECTIVE ABLATION - 6-CAROTENE

The selective ablation of arterial plaque by the pulsed dye laser is due to the increased 

absorption of laser energy by carotenoids within plaque. Despite this factor, perforation and 

dissection in non-calcified plaque still occurs. This is thought to be due to ablation through 

both plaque and normal arterial wall, by the supra-threshold energies used clinically. These 

energies are used as lower pulse energies result in very slow progress of the catheter and 

perforation usually occurs when lasing is carried out with the device stationery. If the 

difference in energies required to ablate plaque and normal wall could be widened, to increase 

the selectivity, then it would be possible to use energies well above plaque threshold, but still 

below that of arterial wall. An early study by Prince demonstrated that B-carotene 

administration increased plaque concentrations (Prince 1988). However, the effect of this 

increased concentration on the ablation of both plaque and normal wall had not been studied. 

Secondly, the way in which B-carotene enters plaque and the concentrations obtained in 

relation to other tissues had never been documented.

A study was performed in atherosclerotic rabbits given intravenous B-carotene at a dose of 

40 mg/kg, twice weekly for intervals between 1 hour and 28 days. In addition, 6 rabbits were 

given daily doses for 7 days. Analysis of tissue concentrations of B-carotene showed that it 

accumulated preferentially in plaque compared to other tissues. Accumulation within plaque 

commenced at the luminal surface and achieved full thickness by one week. Ablation studies 

demonstrated that threshold fell in both plaque and normal wall (indicating some 

accumulation in the normal wall), but that the difference between the thresholds had widened. 

When ablation was compared to control untreated plaque, then the increased ablation, as 

measured by perforation times, had increased significantly after 24 hours of B-carotene 

administration.

This study demonstrated that the selectivity of plaque ablation using the pulsed dye laser 

could be enhanced by administration of 6-carotene. In addition, B-carotene was concentrated
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in plaque to a much greater degree than other fatty tissues, implying that an active uptake 

process might be involved.

As a result of this study, two further studies have been set up. The first is a study of the time 

course of uptake of B-carotene into human plaque, involving patients awaiting endarterectomy. 

The second is a study of human monocyte uptake of B-carotene in vitro, to see if these cells, 

which are involved in lipid uptake within plaques as macrophages, actively take up B- 

carotene. It is hoped that these studies will cast further light on the uptake of B-carotene in 

humans and define dosage parameters to allow optimal plaque staining prior to clinical laser 

angioplasty.

CLINICAL LASER ANGIOPLASTY - CURRENT STATUS AND FUTURE 

DEVELOPMENTS

The experience accumulated from treating 78 occluded lower limb arteries with the pulsed 

dye laser, has demonstrated that the technique is both feasible and applicable to patients with 

advanced vascular disease. At the present time it is possible to cross 74% of occlusions and 

provide a meaningful clinical result to the patient in 59%. The figures are not so good in 

long occlusions over 7 cm with technical success of 71% and clinical success of 52%. This 

is a much better result than could be anticipated from treating similar patients with PTA. 

This series does not compare very favourably to femoro-popliteal bypass, where graft patency 

is clearly superior with both vein and PTFE (Tables 2.2, 2.3). However, when compared to 

PTA the results are impressive. Although table 2.5 gives the impression that PTA carries a 

high success rate, this is only true for short femoro-popliteal occlusions, with success rates 

falling sharply for lesions over 3 cm in length. Although no direct comparison with PTA was 

undertaken, no series of patients with femoro-popliteal occlusions of this length has been 

described. This series of patients with extensive disease represented a severe test of a new, 

partially developed technology and cannot be regarded as a definitive statement as to the 

efficacy of laser angioplasty with the pulsed dye laser.

At the present time laser assisted angioplasty must still be considered an experimental 

procedure. It is clear that the optimism that accompanied early developments in this field 

have not been realised and that a number of developments are required to enhance the
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efficacy of laser ablation of arterial tissue. There are two important areas where major 

improvements are required. The first is to improve delivery device design to permit more 

efficient power transmission. However, improved power delivery to arterial tissue is not 

sufficient in itself and needs to be coupled to improved steerability and imaging. The 

development of a robust yet small and steerable laser catheter is not likely to become a reality 

for a few years yet. The current generation of multi-fibre catheters look like being early 

precursors of more advanced designs but, as the experimental work in this thesis illustrates, 

considerable changes will be required to make them more robust. The development of 

delivery systems that permit a stand-alone procedure would allow the hypothesis that 

recanalisation without stretching of the vessel wall would give a superior long-term result. 

It may be that this question could be answered by studies of the effect of stand-alone laser 

angioplasty of diseased tibial vessels. The few tibial vessels treated as part of the clinical 

series have shown an equal tendency to re-occlude as more proximal vessels. There are 

difficulties with mounting such a study, in that passage of a laser device through the popliteal 

trifurcation to open occluded vessels, carries the risk of damaging arteries already patent, 

which could have disastrous results in patients with a single run off vessel. It is for this 

reason that such a study has not been undertaken as part of this thesis. Many mechanical 

atherectomy devices are now being developed, and the role of these devices requires detailed 

examination. It may be that one method will offer particular advantages, but this is unlikely, 

as all will cause trauma to the vessel wall. It is probable, in these cost conscious times, that 

the least expensive form of effective technology will prove the most popular. Clearly further 

study of the efficacy of recanalisation and healing following angioplasty is required.

The second aspect of endo-luminal revascularisation procedures that needs addressing is that 

of restenosis. This remains a problem of all endo-luminal procedures despite claims of 

improved results by their manufacturers. Balloon dilatation may provoke a more aggressive 

response than the newer devices due to the stretching of the vessel wall (Clowes 1989). The 

use of drugs to modify and reduce the intimal hyperplastic response to re-vascularisation 

holds the promise of reduced restenosis rates. Aspirin as currently used, tends to be given 

in an arbitrary manner, which may not optimally inhibit platelet reactivity. Studies on 

patients undergoing laser assisted angioplasty at St Bartholomew’s Hospital have shown that 

the use of 75 mg/day of aspirin, fails to inhibit platelet reactivity. Further work is under way 

to examine the effect of individually tailored aspirin dosing on subsequent restenosis. In 

addition, there are a number of newer agents, such as heparin moieties and angiotensin
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converting-enzyme inhibitors being investigated which may further improve the long-term 

results of angioplasty and bypass procedures. The next few years hold the promise of rapid 

development in this field. However, the benefits should accrue to all modalities of endo- 

luminal recanalisation and not just laser angioplasty.

The considerable interest in endo-luminal re-vascularisation springs from the desire of both 

clinicians and patients to treat arterial occlusion without recourse to major operative surgery. 

At the present time this goal has been partly attained by the application of PTA. However, 

despite advances in guide-wire technology, the success of PTA at crossing long arterial 

occlusions remains limited. The extension of these techniques to more severe arterial 

pathology is in its infancy. There are a number of energy sources such as lasers and radio

frequency probes, that can be applied to remote targets, of which the pulsed dye laser is one. 

The pulsed dye laser possesses the merits of precise tissue ablation and exhibits a degree of 

selectivity in the ablation of arterial plaque which is not seen with devices which rely on 

thermal processes to achieve tissue removal. In addition, the selectivity of the pulsed dye 

laser may be enhanced by the administration of naturally occurring pigments. However, the 

current delivery devices lack the necessary sophistication to ablate the wide variety of plaque 

encountered in clinical practice. Further development of improved instruments and design 

of new imaging devices to aid accurate control of treatment will help to establish endo- 

luminal surgery for the treatment of occlusive peripheral vascular disease. It is only when 

the engineering solutions begin to emerge, that it will be possible to establish the role that 

lasers have to play in vascular surgery.
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APPENDIX 1

TABLE 1. FEMORO-POPLITEAL BYPASS

AUTHOR NO LIMBS % RP/G A/COAG

LINTON 1962 76 RSV 33 NS
CONNOLLY 1970 306 ISV

46 DAC NS
BLUMENBERG 1971 45 VEIN 100 NS
DARLING 1972 345 RSV 43 NS
IMPARATO 1973 39 VEIN NS
KAMINSKI 1973 123 RSV 58 NS
CUTLER 1976 298 RSV 39 NS
DEWEESE 1977 113 RSV 59 NS
NAJI 1978 100 0 NS
SZILAGYI 1979 597 RSV 75 NS
GRIMLEY 1979 329 RSV 20 WARFARIN
BLACKSHEAR 85 MIXED
1980 80% VEIN 27 NO
KACOYANIS 1981 111 TIBIAL 99 NO

VEIN
MARTIN 1981 133 MIXED 50 NS
SIMONE 1981 44 VEIN 65 NS

65 PTFE 65 NS
BREWSTER 1983 555 MIXED NS NO

347 VEIN NS NO
208 PROSTH

McAULEY 1984 122 PTFE 68 NO
WILLIAMS 1985 180 PTFE 90 NO
BARRY 1985 265 MIXED

56% VEIN 79 NS
VEITH 1986 845 V /PTFE

147 VEIN ASA 300 MG
171 RN PTFE + DPM 125MG
167 OB PTFE 91

GANNON 1986 146 ISV 81 NS
CLYNE 1987 70 MIXED 60 ASA/DPM

78 MIXED 59 NO
HARRIS 1987 215 VEIN

98 ISV 65 NO
102 RSV 70 NO

NAJMALDIN 1987 313
104 ISV
209 RSV 60 NO

EICKHOFF 1987 55 PTFE
50 HUV 76 VARIABLE

BLANKEN-
STEIJN 1988 109 RSV

101 PTFE
41 HUV NS NS

AALDERS 1988 45 HUV
45 PTFE 16 COUMADIN

LEATHER 1988 1000 ISV 91 NO
RUTHERFORD 249 MIXED
1988 96 ISV

100 RSV NS VARIABLE
WILSON 1989 49 MIXED

49 PTA 27 NO
CLIFFORD 1989 115 ISV TIBIAL 94 NO
TAYLOR 1990 564 MIXED

92% VEIN 80 NO
BERGAMINI 1991 361 ISV 93 NO
McCOLLUM 1991 549 VEIN

263 PLACEBO NS RANDOM
286 ASA/DPM NS TRIAL

MORTALITY

1.3

7
3.2
3.7 
5
1.7 
3 
0
2.2 
0.37

0
4.5

NS
3.9
3.9
1.5
1.7 
0.5 
NS 
NS

2.3
3.8

NS
1.35
1.35

2
2

2

NS

0.5 FOR ALL

3.2
6.7

NS
0.8
0.0
1.8

1.3
3

NS
NS
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30 DAYS

91 
97
97 
89 
94
98
92 
97 
76 
97 
86
93

99'
75

93
83
95

70

86

89
88

95'
85
90
100
98
78
96

97 
93

1 YEAR 3 YRS 5 YRS 10 YRS

86 (18mth) 86
78 (2 y) - 
54 (2 y) -

54 (6 y) -
88 79 72 54
81 62 40
80 75 62

77 74 69
65 61 59 38
86 80 69
67 59 53 41
92 85 70 34

82 67 52 47
56 50 46

61 42 (2 y) -
73
63 51 (31 m)-

65 60
73 61
35

63 48 40 35 (7 y)
40 20 19

71 59 49

81 (2 y) 73
77 54 (4 y)

78'
84
65

60 29

68
77

74 71
79 71
53 25 22(4y)
74 53 42

87 81 (861) 75
82 59 (79') 40
85 84 (94') 75
90 86 (18m)
67 63
90' 84' 761 (59)
64 60
84 84
74 66
77 66
69 59

80

87 78 75
78 67 63

72
78

60
61
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FEMORO-POPLITEAL BYPASS

KEY: 1 denotes 2° patency. All data as 1° graft patency unless stated.
ISV = in-situ vein. RSV = reversed vein. PTFE = expanded polyfluorotetraethylene. HUV = human umbilical vein. PTA = 
percutaneous transluminal angioplasty.
NS = not stated. ASA = aspirin. DPM = dipyridamole.
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APPENDIX 2

TISSUE ABLATION EXPERIMENT: Tissue volume ablated per 100 pulses

23  mm BALL TIP

Pulse energy (mJ) No Mean volume (mm3/100p) Standard
deviation

Normal Wall

50 6 0.0113 0.012
62.5 6 0.0213 0.006
75 6 0.0800 0.008
100 6 0.1074 0.015
125 5 0.1364 0.014

Fibrous Plaque

50 6 0.1786 0.044
62.5 6 0.2754 0.024
75 6 0.2837 0.013
100 6 0.3537 0.028
125 6 0.5163 0.072

Soft Yellow Plaque

50 6 0.3876 0.052
62.5 6 1.025 0.137
75 6 2.403 0.433
100 6 1.854 0.224
125 6 2.497 0.243

7 Fr MULTI-FIBRE CATHETER

Pulse energy (mJ) No Mean volume (mm3/100p) Standard
deviation

Normal Wall

50 6 0.134 0.010
62.5 6 0.202 0.006
75 6 0.314 0.012
100 6 0.567 0.034
125 8 0.825 0.035

Fibrous Plaque

50 6 0.240 0.022
62.5 5 0.451 0.026
75 6 0.674 0.041
100 6 0.945 0.035
125 6 1.338 0.109
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Soft Yellow Plaque

50 6 0.341 0.016
62.5 6 0.467 0.044
75 7 1.012 0.063
100 7 1.008 0.063
125 5 1.951 0.113

9 Fr MULTI-FIBRE CATHETER

Pulse energy (mJ) No Mean volume (mm3/100p) Standard
deviation

50
62.5
75
100
125

50
62.5
75
100
125

50
62.5
75
100
125

6
6
13
4
6

6
5 
8 
11
6

10
6
6
10
6

Normal Wall

0.258
0.310
0.317
0.409
0.591

Fibrous Plaque

0.385
0.715
0.957
0.842
1.542

Soft Yellow Plaque

1.657
1.425
0.962
1.683
3.250

0.015
0.017
0.038
0.051
0.039

0.089
0.054
0.126
0.042
0.234

0.267
0.190
0.090
0.188
0.375
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REGRESSION LINE EQUATIONS FOR GRAPHS IN CHAPTER 4 

23  mm BALL TIP

Normal volume = -0.0730 + 0.00175 energy 

r = 0.875 p<0.001

Fibrous volume = -0.0128 + 0.00405 energy 

r = 0.772 p<0.001

Soft Yellow volume = -0.357 + 0.0241 energy

r = 0.64 p<0.001

7 Fr MULTI-FIBRE CATHETER

Normal volume = -0.374 + 0.0095 energy 

r = 0.972 p<0.001

Fibrous volume = -0.444 + 0.014 energy 

r = 0.945 p<0.001

Soft Yellow volume = -0.673 + 0.0197 energy

r = 0.922 p<0.001

9 Fr MULTI-FIBRE CATHETER

Normal volume = 0.0529 +0.0041 energy 

r = 0.67 p<0.001

Fibrous volume = -0.089 + 0.0116 energy 

r = 0.634 p<0.001

Soft Yellow volume = 0.347 + 0.0176 energy

r = 0.482 p=0.001
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APPENDIX 3 

PLATELET LABELLING WITH "T cm-HMPAO

1. Take 8.5ml blood into 1.5ml ACD

2. Add 1 vol 6% hydroxyethyl starch (Hespan) to 10 vols 
ACD-blood

3. Centrifuge at 150g for lOmin

4. Remove PRP

5. Add 1 vol ACD to 10 vols PRP and respin at 150g for 5 min

6. Take off PRP

7. Centrifuge at 640g for 10 min to pellet platelets

8. Spin at lOOOg for 10 min to pellet remaining platelets

9. Resuspend platelets in 0.5 - 1.0 ml of ACD-plasma

10. Leave to stand for 40 min at room temperature

11. Incubate with "Tcm labelled HMPAO for 60 mins

12. Pellet platelets and remove radioactive supernatant

13. Resuspend platelets in 2 ml of ACD-plasma

14. Assess radioactivity

15. Re-inject into anaesthetised rabbit

RADIO-LABELLED PLATELET UPTAKE STUDY

Median area uptake Inter-quartile range

Laser (9) 15.1 7.9 - 31.9

Balloon (9) 24.5 -1.3 -42.5

p = 0.554 Wilcoxon paired rank test

Data expressed as arbitrary units of uptake, generated as an area under the curve following 
standardisation for aortic and background count.

The coefficient of variation of counting was less than 10% for all regions of interest.
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ANGIOGRAPHIC ANALYSIS (pooled data)

Position

Control Proximal 
Control Middle 
Control Distal

N

60
60
60

Mean
(mm)

CONTROL

1.48
1.30
1.28

± standard 
deviation

0.60
0.70
0.50

IMMEDIATE

Balloon Proximal 17 2.07' 0.34
Balloon Middle 17 2.241 0.76
Balloon Distal 17 1.881 0.46

Laser Proximal 16 2.351 0.31
Laser Middle 16 2.421 0.72
Laser Distal 16 2.031 0.64

FOUR WEEKS (RESTENOSIS)

Balloon Proximal 9 1.502 0.59
Balloon Middle 9 1.462 0.57
Balloon Distal 9 1.372 0.59

Laser Proximal 9 1.773 0.69
Laser Middle 9 1.75 0.79
Laser Distal 9 1.363 0.53

’Immediate treatment versus control, p<0.Q5 (2 sample t-test). 
2Balloon restenosis versus balloon immediate, p<0.05.
3Laser restenosis versus laser immediate, p<0.05.
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ANGIOGRAPHIC ANALYSIS (paired data)

Position N Median
(mm)

CONTROL

Inter-quartile
range

Balloon Proximal 14 1.62' 1.34 - 1.84
Balloon Middle 14 1.56' 1.15 - 1.87
Balloon Distal 14 1.551 0.83 - 1.58

Laser Proximal 14 1.681 1.00 - 1.80
Laser Middle 14 1.371 0.70 - 1.92
Laser Distal 14 1.35' 1.00 - 1.56

IMMEDIATE

Balloon Proximal 13 1.962 1.68 - 2.26
Balloon Middle 13 1.98 1.87 - 2.57
Balloon Distal 13 1.77 1.52 - 1.98

Laser Proximal 13 2.282 2.05 - 2.49
Laser Middle 13 2.47 1.58 - 2.68
Laser Distal 13 2.04 1.69 - 2.29

FOUR WEEKS (RESTENOSIS)

Balloon Proximal 8 1.643 1.41 - 1.84
Balloon Middle 8 1.643 1.14 - 1.74
Balloon Distal 8 1.55 1.18 - 1.72

Laser Proximal 8 1.933 1.81 - 2.15
Laser Middle 8 1.813 1.37 - 2.10
Laser Distal 8 1.58 1.41 - 1.70

Statistical analysis:
1 Immediate treatment versus control at all positions p<0.01 (Wilcoxon paired rank test).
2 Balloon immediate proximal versus Laser immediate proximal p<0.05, not significant at middle and 
distal positions.
3 Balloon restenosis versus Laser restenosis

ASSESSMENT OF OBSERVER VARIATION

N Mean
difference

± sem

OBS 1 - OBS 2a 192 -0.0233 0.0324
OBS 1 - OBS 2b 189 -0.0248 0.0316
OBS 2a - OBS 2b 189 -0.0018 0.0186
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HISTOLOGICAL ANALYSIS

AUTOMATED COMPUTERISED MEASUREMENT

Proximal Arteries Mean ± sd
(pixels)

CONTROL

Media (18) 14323 3258
Intima (18) 33941 21862
Lumen (18) 42865 22435
TOTAL 91129 33703

IMMEDIATE LASER

Media (10) 188141 5524
Intima (10) 199572’3 16532
Lumen (10) 678034 25725
TOTAL 106573 26911

IMMEDIATE BALLOON

Media (11) 190731 5091
Intima (11) 43792s 28357
Lumen (11) 49438 23455
TOTAL 112303 35501

RESTENOSIS LASER

Media (9) 17310 7773
Intima (9) 32170 25401
Lumen (9) 62076 17697
TOTAL 111556 37686

RESTENOSIS BALLOON

Media (10) 18577 8434
Intima (10) 45193 39522s
Lumen (10) 52119 16763
TOTAL 115889 41382

KEY: 1 p<0.05 versus control. 2 p=0.069 compared to control. 3 p<0.05 laser versus balloon. 4 
p<0.05 versus control.

No significant difference in any of the restenosis data, laser versus balloon. 5 single large extreme 
value.
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Distal Arteries Mean ± sd
(pixels)

CONTROL

Media (17) 12479 2779
Intima (17) 25231 17173
Lumen (17) 33875 13487
TOTAL 71585 27019

IMMEDIATE LASER

Media (9) 161731 4608
Intima (9) 27281 22557
Lumen (9) 44222 23124
TOTAL 87676 27726

IMMEDIATE BALLOON

Media (11) 176701 4511
Intima (11) 26740 20032
Lumen (11) 461202 15721
TOTAL 905303 21890

RESTENOSIS LASER

Media (9) 11720 5028
Intima (9) 28903 18819
Lumen (9) 40058 20385
TOTAL 80681 28824

RESTENOSIS BALLOON

Media (10) 16802 4342
Intima (10) 39702 23025
Lumen (10) 41617 19913
TOTAL 98121 21039

KEY: 1 p<0.05 versus control. 2 p<0.05 versus control. 
3 p = 0.053 versus control.

No significant difference in any of the restenosis data, laser versus balloon.
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APPENDIX 5

LASER ASSISTED ANGIOPLASTY, CLINICAL DATA

Patient Sex Age (y) Symptoms DM MI CVA Smoke

1 M 78 RP No No No Ex
2 M 62 RP/U Y/ID Yes No Yes
3 F 78 IC No Yes No No
4 M 76 RP/G/U Yes No No Ex
5 F 83 RP/U No No No Yes
6 M 62 IC No No No Yes
T M 40 IC No No No No
8 M 80 RP/G Y/ID No No -

9 F 75 IC Yes No No -

102 M 84 RP/U No No No Ex
11 M 79 RP No No No Yes
12 F 69 RP No No No No
13 M 69 RP No No No Yes
14 M 54 RP/U Yes Yes No Yes
15 M 59 RP/U No No No No
16 M 61 RP Yes Yes No No
17 M 61 IC Yes Yes No No
18 F 83 RP/U No No No Ex
19 F 61 IC No No Yes Yes
20 F 72 IC No No No Yes
21 F 72 IC No No No Ex
22 F 87 RP No No No Ex
23 M 73 IC No No No Ex
24 M 66 RP/G No No No Yes
25 M 80 RP/G No No No Yes
26 M 65 IC No No No Ex
27 M 77 IC No Yes No Yes
28 M 51 IC No No No Yes
29 M 51 IC No No No Yes
30 F 65 RP Yes - - -

31 M 66 RP/U Yes No No Yes
32 M 79 RP No No No Yes
33 F 75 RP No No No Yes
34 F 75 RP No No No Yes
35 M 74 RP/G No No No Yes
36 F 67 RP Yes - - -

37 F 77 RP No No No Yes
38 M 48 IC No No No Ex
39 M 69 IC No Yes No No
40 M 74 IC No No No Yes
41 M 71 IC No No No Ex
423 M 52 RP/G Y/ID Yes No Ex
43 M 64 RP Yes Yes No Ex
44 M 74 IC No No No Ex
45 F 86 RP Yes Yes No -

46 F 86 RP Yes Yes No -

47 F 75 RP - - - -

48 M 49 RP Y/ID - - -

49 M 77 RP No Yes No -

504 M 64 RP Y/ID Yes No Ex
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Patient Sex Age Symptoms DM MI CVA Smoke

51 M 71 IC No No No Ex
52 F 68 IC No Yes No Yes
53 F 80 RP/U No No No Ex
54 M 63 IC No No No Ex
55 M 57 IC No No No Ex
56 F 74 RP No No Yes Ex
57 M 77 IC No Yes No Ex
58 F 77 IC No No No No
59 F 78 IC No No Yes Ex
60 M 68 RP No Yes No Ex
61 M 68 RP No Yes No Ex
62 F 77 IC No Yes No No
63 F 74 IC No No No Ex
64 M 62 IC No No No Yes
65 M 79 IC No Yes Yes Ex
66 M 79 IC No Yes Yes Ex
67 F 81 RP No Yes Yes No
68 M 67 IC/U No No No Yes
69 M 72 RP No - - Yes
70 F 76 IC No Yes No Ex
71 M 74 RP No Yes No Ex
72 M 75 RP No Yes No Ex
73 F 79 RP/U No No No Ex
74 M 60 RP/G Yes Yes No Ex
75 F 64 RP/U No No Yes Yes
76 M 66 IC No No Yes Ex
77 M 71 RP No No Yes Ex
78 F 61 RP Y/ID No No No

1 8-Thalassaemia & sickle cell disease.2 Respiratory cripple (previous mustard gas poisoning). 3 
Diabetic with renal transplant. 4 Diabetic nephropathy on continuous ambulatory peritoneal 
dialysis.

KEY: DM = diabetes mellitus, Y/ID = insulin dependent, Yes = diet or oral hypoglycaemic agent 
control. MI = previous myocardial infarct. CVA = Stroke or TIAs in past or currently (TIA).
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LASER ASSISTED ANGIOPLASTY, CLINICAL DATA

Patient Occ Calc R/O PRE ABI TS CS POST ABI

1 10.0 N 3 0.37 N N 0.61
2 23.0 N 3 0.33 Y Y 1.10
3 4.5 Y 1 0.73 N N 0.79
4 41.0 N 1 0.41 Y N 0.45
5 14.0 N 1 0.56 Y Y 0.82
6 18.0 N 1.5 0.64 Y Y 1.00
7 9.0 N 3 0.68 Y N 0.68
8 13.5 N 1 0.30 Y Y 1.00
9 25.5 N 2 0.44 Y N 0.44
10 13.5 N 2 0.00 Y Y 0.37
11 35.5 N 1 0.34 Y N 0.34
12 5.5 N 2 0.65 Y Y 0.92
13 21.0 N 1 0.54 N N 0.54
14 23.0 N 3 0.42 Y N 0.42
15 9.0 Y 1 0.31 N N 1.081
16 30.0 N 1 0.39 N N 1.061
17 25.5 N 2 0.66 Y Y 1.07
18 30.5 N 3 0.52 Y Y 0.70
19 24.5 Y 1 0.57 Y N 0.72
20 8.0 N 1.5 0.58 Y N 0.60
21 18.0 N 3 0.48 Y Y 1.11
22 6.0 N 1 0.46 Y Y 0.46
23 5.5 N 3 0.80 Y Y 1.08
24 43.0 Y 1 0.24 Y Y 0.98
25 33.0 N 2 0.55 N N 1.351
26 29.0 N 3 0.53 Y Y 0.79
27 41.0 N 3 0.61 Y Y 0.90
28 16.0 N 3 0.80 Y Y 1.05
29 24.5 N 3 0.67 Y Y 1.13
30 23.0 N 1 0.43 Y N 0.00
31 2.0 Y 2 0.38 Y Y 0.27
32 13.5 N 2 0.38 Y Y 0.68
33 32.0 N 2 0.54 Y Y 0.69
34 33.5 N 2 0.41 Y Y 0.69
35 23.5 Y 2 0.58 Y Y 0.83
36 28.0 N 0 0.37 Y N 0.49
37 58.0 Y 1 0.00 N N 0.451
38 23.5 N 3 0.50 Y Y 0.72
39 23.0 Y 3 0.17 Y N 0.521
40 4.5 N 3 0.59 Y Y 0.84
41 13.0 N 3 0.73 Y Y 1.02
42 15.5 Y 1 0.72 Y Y 1.02
43 27.0 N 2 0.67 N N 1.30
44 25.5 N 1 0.57 Y Y 0.95
45 13.5 Y 1 0.65 Y Y 0.77
46 11.0 Y 1 0.68 N N 0.68
47 43.0 N 3 0.55 Y Y 1.06
48 3.5 N 1 0.33 Y Y 0.87
49 23.5 Y 1 0.55 Y Y 1.14
50 9.0 Y 1 0.68 N N 1.222
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Patient Occ Calc R/O PRE ABI TS CS POST ABI

51 15.0 N 1 0.51 Y Y 1.05
52 6.0 Y 1 0.15 Y Y 0.86
53 44.0 N 1 0.38 Y Y 0.66
54 5.5 N 1 0.53 Y Y 0.98
55 7.0 N 0.76 Y Y 0.99
56 23.0 N 1 0.47 N N 0.99
57 9.0 N 1 0.74 Y N 0.72
58 3.0 N 0.60 Y Y 1.00
59 27.0 N 1 0.59 N N 1.001
60 38.0 N 1 0.64 Y Y 1.00
61 0.5 N 1 1.03 Y Y 1.00
62 9.0 Y 1 0.81 N N 0.94
63 30.0 N 3 0.35 Y Y 1.03
64 9.0 Y 3 0.60 N N 0.60
65 18.0 N 2 0.55 Y Y 0.94
66 13.5 N 2 0.55 Y Y 0.80
67 3.0 N 1 0.35 Y Y 0.92
68 28.5 N 2 0.64 N N 1.051
69 27.0 Y 0.5 0.48 N N 0.48
70 8.0 N 3 0.70 Y Y 0.96
71 11.0 Y 1 0.55 Y Y 0.76
72 8.0 N 1 0.61 Y N 0.69
73 15.5 Y 1.5 0.66 N N 0.81
74 32.0 N 1 0.15 Y Y 0.88
75 16.0 Y 1 0.41 N N 0.65
76 22.0 N 3 0.70 N N 0.70
77 27.0 Y 1 0.00 Y Y 0.36
78 18.0 Y 2 0.65 N N 0.39

1 = Simultaneous bypass.

KEY: Occ = occlusion length. Calc = Calcified artery (Y = yes, N = no). R/O = run-off. ABI 
ankle/brachial index. TS = technical success (see chapter 7). CS = clinical success.
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LASER ASSISTED ANGIOPLASTY, CLINICAL DATA

Patient FU
(m)

Patent Occ time
(months)

Other Died

1 19 No TF - MI 19m
2 8 No 8 ISVbk -

3 6 No TF Nil -

4 7 No 0.5 FPer + AKA -

5 2 Yes - - MI 2m
6 9 No 9 - -

7 6 No CF Nil (IC) -

8 3 No 0.5 BKA + AKA MI 3m -
9 6 No 0.5 Nil (Bladder Ca) -
10 0.5 Yes - - RF 0.5m
11 1 No 0.5 - LOST
12 13 No 12 Nil (IC) -
13 - No TF Re-Laser (TS, CS) -
14 1 No 0.5 PB bk + BKA -

15 - No TF ISVak -

16 - No TF ISV ak -

17 13 Yes - - -

18 18 Yes - - -

19 6 No CF PB ak -

20 24 No CF Nil (IC) -

21 28 Yes - - -

22 10 Yes - - -

23 6 Yes - - -

24 6 No 1 toe amp -

25 - No TF PB bk -

26 3 No 3 fail PTA -

27 24 Yes - - -

28 27 Yes - - -

29 9 No 9 PTA -

30 2 No CF AKA -

31 1 No 0.5 TKA -

32 18 Yes - - -

33 15 No 7 PB bk MI 15m -

34 18 No 10 - MI 18m
35 14 Yes - - -

36 3 No 0.5 PB bk + AKA 2m -

37 10 No TF PB per AAA 10m
38 15 Yes - - -

39 3 No 0.5 PB bk -

40 20 Yes - - -

41 7 Yes - - -

42 9 Yes - - -

43 2 No TF EMBOLY -

44 23 Yes - - -

45 1 Yes - - MI lm
46 1 No TF - MI lm
47 16 Yes - - -

48 26 No 26 Nil -

49 9 Yes - - -

50 1 No TF PTA -
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Patient FU Patent Occ time Other Died

51 24 No 7 PTA + ISV _

52 7 No 7 PTA -

53 22 No 8 LAA + AKA 22m -

54 27 Yes - - -

55 18 Yes - - -

56 4 No TF BKA 2m -

57 6 No TF Nil -

58 3 No 1 Nil -

59 24 No TF ISV ak -

60 12 No 6 Re-Laser -

61 22 Yes - - -

62 9 No TF ISV bk -

63 24 No 11 Nil -

64 - No TF Lost -

65 9 Yes - - -

66 7 Yes - - -

67 34 Yes - - -

68 1 No TF ISV ak -

69 3 No TF BKA (Lost) -

70 3.5 Yes - - MI 3.5m
71 5 No 5 Nil -

72 1 No CF ISV ak -

73 3 No TF ISV ak -

74 26 Yes - - -

75 16 No TF ISV ak -

76 - No TF Nil -

77 <0.5 Yes - - MI 9d
78 - No TF ISV ak -

KEY: ISV - in-situ vein graft. PB - prosthetic bypass (PTFE). FPer - femoro-peroneal bypass. 
PTA - percutaneous transluminal angioplasty. LAA - laser assisted angioplasty, ak - above knee, 
bk - below knee, amp - amputation. AKA - above knee amputation. BKA - below knee 
amputation. TKA - through knee amputation. TF - technical failure. CF - clinical failure. MI - 
myocardial infarction. AAA - ruptured abdominal aortic aneurysm. RF - respiratory failure, m - 
months. EmboP - embolectomy
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LIFE TABLE FOR TECHNICALLY SUCCESSFUL PROCEDURES

TIME INTERVAL 
(months)

Number Failed Withdrawn

0-1 58 14 2
1-2 42 2 1
2-3 39 0 1
3-4 38 1 1
4-5 36 0 0
5-6 36 1 0
6-7 35 1 1
7-8 33 3 2
8-9 28 2 0
9-10 26 2 3
10-11 21 1 1
11-12 19 1 0
12-13 18 1 0
13-14 17 0 1
14-15 16 0 1
15-16 15 0 1
16-17 14 0 1
17-18 13 0 0
18-19 13 0 3
19-20 10 0 0
20-21 10 0 1
21-22 9 0 0
22-23 9 0 1
23-24 8 0 1
24-25 7 0 1
25-26 6 0 0
26-27 6 1 1
27-28 4 0 2
28-29 2 0 1
29-30 1 0 0
30-31 1 0 0
31-32 1 0 0
32-33 1 0 0
33-34 1 0 0
34-35 1 0 1
35-36 0 0 0
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LIFE TABLE FOR NON-CALCIFIED AND CALCIFIED VESSELS

Calcified Non-calcified

TIME (MONTHS) No Fail Withdraw No Fail Withdraw

0-1 11 3 1 47 11 1
1-2 7 1 1 35 1 0
2-3 5 0 0 34 0 1
3-4 5 0 0 33 1 1
4-5 5 0 0 31 0 0
5-6 5 1 0 31 0 0
6-7 4 0 0 31 1 1
7-8 4 1 0 29 2 2
8-9 3 0 0 25 2 0
9-10 3 0 2 23 2 1
10-11 1 0 0 20 1 1
11-12 1 0 0 18 1 0
12-13 1 0 0 17 1 0
13-14 1 0 0 16 0 1
14-15 1 0 1 15 0 0
15-16 0 - - 15 0 1
16-17 14 0 1
17-18 13 0 0
18-19 13 0 3
19-20 10 0 0
20-21 10 0 1
21-22 9 0 0
22-23 9 0 1
23-24 8 0 1
24-25 7 0 1
25-26 6 0 0
26-27 6 1 1
27-28 4 0 2
28-29 2 0 1
29-30 1 0 0
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LIFE TABLE FOR GOOD AND POOR RUN-OFF

GOOD POOR

TIME (MONTHS) No Fail Withdraw No Fail

0-1 30 5 1 28 9 1
1-2 24 1 0 18 1 1
2-3 23 0 0 16 0 1
3-4 23 1 1 15 0 0
4-5 21 0 0 15 0 0
5-6 21 0 0 15 1 0
6-7 21 0 1 14 1 0
7-8 20 1 2 13 2 0
8-9 17 1 0 11 1 0
9-10 16 1 1 10 1 2
10-11 14 1 0 7 0 1
11-12 13 1 0 6 0 0
12-13 12 1 0 6 0 0
13-14 11 0 1 6 0 0
14-15 10 0 1 6 0 0
15-16 9 0 1 6 0 0
16-17 8 0 1 6 0 0
17-18 7 0 0 6 0 0
18-19 7 0 3 6 0 0
19-20 4 0 0 6 0 0
20-21 4 0 1 6 0 0
21-22 3 0 0 6 0 0
22-23 3 0 0 6 0 1
23-24 3 0 0 5 0 1
24-25 3 0 1 4 0 0
25-26 2 0 0 4 0 0
26-27 2 0 0 4 1 1
27-28 2 0 1 2 0 1
28-29 1 0 1 1 0 0
29-30 0 - - 1 0 0
30-31 1 0 0
31-32 1 0 0
32-33 1 0 0
33-34 1 0 0
34-35 1 0 1
35-36 0 - -
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